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nm.  The internal structure includes a helical arrange-
ment of nucleoprotein.  They also are negative strand
viruses.

Among the retroviruses512– 514 are types B and C
oncoviruses which induce malignant tumors in mam-
mals and birds515 and the human immunodeficiency
virus (HIV), the apparent causative agent of AIDS.
Their RNA functions in a surprising way.  Each virion
contains a reverse transcriptase, an enzyme that
transcribes copies of circular dsDNA copies from the
one or two mRNA-like molecules that make up the
virus genome.  Following action of the reverse trans-
criptase, one of the transcribed DNA circles becomes
covalently spliced into the host’s own cellular DNA.
There it remains permanently as a provirus.  RNA
molecules transcribed from the provirus serve as
mRNA for virus-encoded proteins and also as the
genomes for new virus particles.

Double-stranded RNA is unusual in nature but
constitutes the genome of the reoviruses.516  The RNA
of these viruses fragments into segments upon infec-
tion.  One member of the group is thought to be the
cause of acute diarrhea of infants.517

4.  Viruses without Nucleic Acid?

The cause of the slow, fatal neurological disease of
sheep known as scrapie has been a mystery for many
years.  Similar human diseases include kuru and
Creutzfeldt-Jakob disease.518 – 520  Scrapie can be trans-
mitted by injection and this has permitted isolation of
the apparent infective agent, a 27-  to  30-kDa hydro-
phobic protein particle521 which is devoid of DNA or
RNA.  Prusiner521 suggested the name prion (protein-
aceous infectious particle) for the scrapie agent.  How-
ever, mRNA for the prion is present in normal as well
as infected brains, and protein produced in mouse
cells from cloned prion genes did not cause scrapie
infections.  Therefore, there was doubt about the caus-
ative agent for the disease.  The prion concept is now
generally accepted and is considered further in Chapter
29.  There are still some who are looking for a nucleic
acid component.519,522– 524

5.  Life Cycles

Viruses have many modes of life.  They enter cells
in various ways.  Some enter through coated pits from
which they are taken into lysosomes via endocytosis.
Others are literally injected into the cells (See Box 7-C).
Within cells some viruses are assembled in the nucleus,
some in the cytoplasm, and some in membranes.  The
typical life cycle of a virus leads to rapid formation of
large numbers of progeny.  Within 20 minutes after
entrance into a bacterial cell, a bacteriophage can

induce the formation of 100 – 200 new bacteriophage
particles.  One of the bacteriophage genes encodes a
protein that is also synthesized by the host and which
induces lysis of the cell membrane and destruction of
the cell.  Many animal viruses destroy cells in a similar
fashion.

Temperate bacteriophage, the best known being
phage λ, have a very different life cycle.  Their DNA
usually becomes integrated at a specific point into the
genome of the bacterium (Chapter 27).  Only rarely is
an infected cell lysed.  The retroviruses that attack
mammals and birds have a similar characteristic.
Their DNA is also integrated into the host genome.
Some viruses that usually produce lysis of cells, e.g.,
SV40, adenoviruses, herpes viruses, and hepatitis B
virus, can occasionally be integrated into the DNA of
the host.  If such integration occurs in the middle of a
gene, that gene will be mutated.  This is one way in
which such viruses may induce cancers.

One of the most important results of integration of
viral DNA into the host genome is that the integrated
genes are replicated as part of the genome and are
transmitted from one generation to the next.  Among
these are the cancer-causing viral oncogenes (v-onc),
which are discussed in Box 11-D and in Chapter 11,
Section H.  While viruses are important causes of
cancer in some animals, relatively few human cancers
are thought to result directly from the action of viruses.
However, the Epstein–Barr virus, which causes mono-
nucleosis, can sometimes be integrated into epithelial
cells of nasal regions and can evidently cause cancer.  The
same virus appears to be responsible for Burkitt’s lym-
phoma, a common cancer in certain areas in Africa.525

6.  Plasmids and Transposable Genetic
Elements

In addition to their chromosomal DNA, bacteria
often carry extra small pieces of DNA as permanent
parts of their genome.  These plasmids (sometimes
called episomes), which are about the size of the DNA
of viruses, replicate independently of the host chromo-
somes.  Each bacterial cell usually contains more than
a single copy of the plasmid.  For example, the “colici-
nogenic” plasmid ColE1, that infects E. coli is a circular
piece of DNA of molecular mass 4.2 x 106 Da.  Over 20
copies are normally found per cell but in the presence
of a suitable concentration of the drug chloramphenicol
the number may rise to 1000–2000.

Plasmids carry a variety of genes which are often
useful to bacteria.  Some proteins encoded by plasmid
genes confer drug resistance to a bacterium.  Some are
antibiotics.  For example, a protein encoded by a gene
in plasmid ColE1 is toxic to other strains of E. coli.
Some plasmids carry genes for enzymes needed for
the oxidation of hydrocarbons.  Some plasmids contain
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genes for the restriction endonucleases which have
become essential to present-day molecular biology and
genetic engineering (Section H, 2).

As with some viruses, the DNA of many plasmids
can become integrated into the genome of the host.
An example is provided by the large 62-kDa plasmids
known as sex factors. They contain genes encoding
the protein subunits of the sex pili (Chapter 7) and
can become integrated into the bacterial chromosome.
Bacteria containing integrated sex factors are “male”
and are able to transfer genes not only of the sex factor
but also of virtually the entire bacterial genome into
other susceptible bacterial cells.  This provides bacteria
with the means for sexual reproduction.  The transfer
of DNA between the bacteria may occur via the sex
pili (see Chapter 26).  In this respect the sex factors are
similar to viruses such  as M13 that also appear to gain
entrance to bacteria via sex pili.72

Integrated viruses are also related to transposable
genetic elements (transposons).  These are segments
of DNA that allow genes to move from place to place
within the chromosomes (Chapter 27).

H.  Methods of Study

Many of the methods discussed in Chapter 3 are
directly applicable to nucleic acids.  A few additional
methods will be considered in this section.525a

1.  Isolation and Separation of Nucleic Acids

RNA is often extracted from lysed cells or tissues,
separated ribosomes, mitochondria, plastids, or nuclei
by warming with aqueous phenol and a detergent
such as sodium dodecyl sulfate (SDS).  Proteins are
denatured by this treatment and are dissolved by the
phenol, while RNA remains in the lighter aqueous
layer.  Depending on the conditions DNA may either
remain in the aqueous layer or be removed.526– 528

Various precipitation and extraction procedures may
be used to separate the RNA in the aqueous layer from
polysaccharides, from DNA (if present), and from their
components.526,528,529  DNA may be extracted from cells
or nuclei as a nucleic acid–protein complex using 1 M
NaCl.  The protein can then be denatured with an
organic solvent, by detergents, or by phenol.  It is
desirable to digest proteins away with a nonspecific
protein-hydrolyzing enzyme such as proteinase K.528

After removal of proteins DNA is often precipitated
with cold ethanol.

During isolation of RNA, bentonite (a type of clay)
or other inhibitors of ribonuclease are often added.
For the same reason, chelating agents that complex
metal ions needed for the action of deoxyribonucleases
are used to protect DNA.  Care is necessary to avoid

shearing of the very long, narrow strands of DNA.
Even rapid pipetting of solutions will cause such
breakage.

Extracted RNA molecules may be separated from
each other by centrifugation in a sucrose gradient
(Chapter 3).528  Fragments of DNA are purified in the
same way or by equilibrium centrifugation in CsCl
gradients.37  Concentration gradients in the dense salt
solution are stable, and the sharpness of banding of
particles is ensured by use of a high centrifugal field.
Single-stranded DNA may be separated from double-
stranded DNA, and DNAs of differing G + C content
can be separated.  The latter separation is based on
differences in buoyant densities ρ in CsCl which are
approximately shown in Eq. 5-9.

ρ = 1.660 + 0.098 (mole fraction C + G)

One of the most important methods for separating
either RNA or DNA mixtures is zone electrophoresis
through polyacrylamide or agarose gels.  The separat-
ed bands may be visualized by scanning in ultraviolet
light or by fluorescence of intercalated dyes such as
ethidium bromide (Figs. 5-20, 5-22).  This method is
being displaced to some extent by HPLC using DEAE
type ion exchange columns530,531 for small lengths of
DNA including plasmids.  The procedure called pulsed
field electrophoresis makes it possible to isolate very
large pieces of DNA, up to several million base pairs
in length.532 – 534  The separation is carried out in agarose
gels, through which the long DNA rods must move in
a snakelike fashion.534  The current is delivered in a
pulse and then, after a period of a second to several
minutes, a second pulse in a different direction, usually
at 90° to the first.  The procedure is repeated many
times.  The size of the DNA seems to affect the time
required to reorient the molecules and to start moving
in the second direction.  Intact DNA from small chro-
mosomes can be separated (Fig. 5-42).  To prevent
breakage of the DNA by shearing, intact cells are
suspended in liquid agarose and allowed to gel into a
block about 2 x 5 x 10 mm in size.  The block is treated
with enzymes and detergents to lyse the cells and to
remove all protein and RNA.534  The block, containing
the residual DNA molecules, is then embedded in the
electrophoresis gel.  Other methods of DNA separation
include chromatography on hydroxyl-apatite and gel
filtration.

2.  Hydrolysis and Analysis

Both DNA and RNA are easily broken down by
acid-catalyzed hydrolysis.  Thus, heating at 100°C for
one hour in 12 M HClO4 is sufficient to hydrolyze
nucleic acids to their constituent bases.  However, for
analysis of RNA it is better to heat in 1 N HCl for 1 h at

H.  Methods of Study

(5-9)
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100°C.  The products are adenine, guanine, cytidine-5'-
phosphate, and uridine-5'-phosphate.535  As is suggested
by this distribution of products, the glycosylamine
linkages to purines are more labile than those to pyri-
midines.  The linkages are also less stable in DNA than
in RNA.  A procedure based on these differences and
useful in sequencing by the Maxam-Gilbert method, is
to leave DNA overnight in the cold at pH 2 to cleave
off all of the purine bases.  The resulting polymer is
known as an apurinic acid.

In alkaline solutions RNA is hydrolyzed to a mix-
ture of 2'- and 3'-nucleotides.

The mechanism involves participation of the free
2'-OH of the ribose groups and formation of cyclic 2',
3'-phosphates and is similar to that of pancreatic ribo-
nuclease (Chapter 12).  Because deoxyribose lacks the
free 2'-OH, the phosphodiester linkages in DNA are
quite stable in base.

Hydrolytic cleavages of nucleic acids by the en-
zymes known as nucleases are of great practical value.
Pancreatic ribonuclease, an endonuclease, cuts a chain
adjacent to a pyrimidine in nearly random fashion,
leaving phospho groups attached to the 3' position in
the nucleotide products (Fig. 5-43).  Exonucleases
cleave from the ends of chains.  For example, the phos-
phodiesterase of snake venom cleaves from the 3' end,
which must have a free 3'-OH group, to give 5'-nucleo-
tides.  On the other hand, the phosphodiesterase from
spleen has the opposite polarity, cleaving chains from
the 5' end to give 3'-nucleotides.  Similar variations in
specificity are found among enzymes that cleave DNA.
For example, pancreatic DNAase I, which cleaves
preferentially between adjacent purines and pyrimidines,
yields 5' mononucleotides whereas DNAase II gives
3'-mononucleotides.  Various hydrolytic cleavage reac-
tions of polynucleotides are summarized in Fig. 5-43.

The most striking specificity in DNA hydrolysis is
displayed by the restriction endonucleases which
are discussed further in Chapter 26.  These fussy cata-
lysts cleave only at points within or close to a defined
sequence of several nucleotides in double-stranded
DNA.  For example, the enzyme EcoR I cuts only at
the following palindromic sequence:

The cuts in the two strands are made at the points
indicated by the arrows.  This one endonuclease will
cut almost any DNA into long pieces averaging about
5000 base pairs each.  These pieces can in turn be
cleaved by other restriction endonucleases to form
smaller fragments.  Since there are about 2400 of these
enzymes known, with 188 different specificities,536 it
is possible to cut any piece of DNA down to a size of
100–500 base pairs, ideal for sequencing.537– 539  Each
fragment has known sequences at the two ends.  Some
restriction enzymes cleave outside their specific recog-
nition sequence (see Table 26-2).  Some recognize 16-
nucleotide palindromes and cut at rare sites.

It is sometimes desirable to cut a large DNA mole-
cule at only a few points.  One approach is to protect
most sites of a restriction enzyme’s action by methyl-
ating them (see Chapter 26) while protecting the desired
cleavage site, for example by a repressor protein540 or by
a PNA molecule (p. 227) of specific sequence designed to
“clamp” the site chosen for protection.541  Ribozymes
(Chapter 12) have been engineered to be as specific or
more specific than endonucleases.542,543  Other new
approaches are being developed.544

The base composition of either RNA or DNA can
be determined after hydrolysis catalyzed by 98% formic
acid at 175°C for 30 min or by 12 M perchloric acid at
100°C for 1 h.545  The bases can then be separated by
ion exchange chromatography on a sulfonated poly-
styrene resin.  RNA can be hydrolyzed to a mixture of
nucleoside 2’- and 3’-phosphates by 0.3 M NaOH at
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Figure 5-42  Intact DNA from the chromosomes of three
strains of the malaria parasite Plasmodium falciparum, ranging
from 750 Kb to 5 Mb, separated by pulsed-field gel electro-
phoresis.  Courtesy of C. Smith and T. E. Wellems.  Repro-
duced by permission of Amersham Pharmacia Biotech Inc.
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37°C for 16 h and DNA can be hydrolyzed to nucleotides
enzymatically.  The negatively charged nucleotides can
then be separated by ion exchange chromatography on
a quaternary base-type resin (Chapter 3).  Periodate
cleavage (Eq. 4-12) and reduction of the resulting dialde-
hydes by [3H]NaBH4 to trialcohols allows introduction of
a radioactive label (Fig. 5-44).  Alternatively, the dialde-
hydes can be reductively alkylated by an amine plus
NaCNBH3.546

The total content of RNA + DNA in tissues may
be estimated from the phosphorus content or by color
reactions of the sugars.37,545  These reactions depend
upon dehydration to furfural or deoxyfurfural by
concentrated sulfuric acid or HCl (Eq. 4-4).  Furfural
formed from RNA reacts with orcinol (3,5-dihydroxy-
toluene) and ferric chloride to produce a green color
useful in colorimetric estimation of RNA.  A similar
reaction of DNA with diphenylamine yields a blue color.

Quantitative determination of over 90 free nucleotide
compounds found within cells can be accomplished
by thin layer chromatographic procedures on as few
as 106 bacterial cells (~ 2 µg) labeled by growth in a
32Pi-containing medium.547

3.  Characteristic Reactions of the Bases and
Backbone

Reactions of nucleophiles.  A number of nucleo-
philic reagents add reversibly at the 6 position of pyrim-
idines.  Thus, bisulfite adds to uridine (Eq. 5-10).528

Hydroxylamine (HONH2) adds in a similar fashion to
give a compound with – HNOH in the 6 positions.528

Sodium borohydride (NaBH4), which can be viewed
as a donor of a hydride ion (H –), reduces uridine to
the 5,6-dihydro derivative.  This presumably occurs
by attack of the hydride ion at position 6 in a manner
analogous to the reaction of bisulfite in Eq. 5-10.

Cytidine reacts in the same way, but the bisulfite
addition compound is unstable.  These C5–C6 adducts
of cytidine all have a greatly enhanced reactivity at C4,
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The free 2' –OH in RNA and other ribonucleotides can
participate in b-type cleavage by nucleophilic attack 
on the phosphorus (see Fig 12-25 )

Cleavage here by weak acids (pH 2) yields an “apurinic acid”

a b

B

Pancreatic ribonuclease b cleavage 
is to the right of pyrimidines

Figure 5-43  Some hydrolytic cleavage reactions of polynucleotides.  Reactions of both RNA and DNA are included.

A.  Cleavage at point a is catalyzed
1.  Throughout the molecule by endonucleases

Pancreatic deoxyribonuclease I
2.  Only at the 3' end by exonucleases

Venom diesterase, nonspecific, attacks DNA and RNA.  A free 3'-OH is essential

B.  Cleavage at point b is catalyzed
1.  Randomly throughout the molecule by endonucleases and by bases (nonenzymatically)

Pancreatic ribonuclease cleaves only to the right of a pyrimidine-containing nucleotide
Ribonuclease T1 of Aspergillus oryzae cleaves to the right of a guanine-containing residue (3'-guanylate) in ssRNA
Ribonuclease T2 of Aspergillus oryzae cleaves to the right of an adenine-containing residue (3'-adenylate) in ssRNA
Pancreatic deoxyribonuclease (DNase) II
Micrococcal DNase

2.  Only at the 5' end by exonucleases
Bovine spleen phosphodiesterase hydrolyzes both polyribo- and polydeoxyribonucleotides
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presumably because of the lessened aromatic character
of the ring.  Cytidine is slowly deaminated by base,
presumably as a result of attack by hydroxyl ion on the
electrophilic center at C4 and subsequent elimination
of NH3 (Eq. 5-11).  The reaction is catalyzed by buffer

salts and by bisulfite and hydroxylamine.  Catalysis
probably occurs, at least in part, as a result of addition
of these nucleophiles at the 6 position to form com-
pounds with increased nucleophilic reactivity at C4.548

Hydroxylamine and methoxyamine (NH2OCH3) par-
ticipate in reactions parallel to that of the hydroxyl ion
in Eq. 5-11.  Products contain –NHOH or –NH–OCH3
in place of – NH2 but tautomerize to the more stable
forms shown in Eq. 5-12.  Similar substitution reactions
occur with other amines.33  The C6 adduct with hydra-
zine can undergo ring cleavage (Eq. 5-13).  The initial
product then undergoes β elimination, leaving ribo-
sylurea or deoxyribosylurea.  The same reaction can
be carried out on intact strands of DNA and is widely
used in determination of nucleotide sequences.
The conversion of 5-hydroxymethylcytosine to the

Figure 5-44  Fluorographs of 2’3'-[3H] nucleoside trialcohols from Bacillus subtilis grown in the absence (A) and presence (B)
of 5-fluorouracil.  About 2.3 nmol of nucleosides from each sample was chromatographed and exposed to X-ray film for 90 h.
at – 80 °C.  Or (origin) B1, B2, and B3 contain unidentified material present in a reaction mixture lacking RNA.  Abbreviations
used:  FU, 5-fluorouridine; FC, 5-fluorocytidine; U, uridine; C, cytidine; G, guanosine; A, adenosine; I, inosine; m’G, 1-meth-
ylguanosine; m7G, 7-methylguanosine; m’A, 1-methyladenosine; m6A, 6-methyladenosine; m6

6A, 6,6-dimethyladenosine; t6A,
N-[9-(β-D-ribofuranosyl) purin-6-yl carbamoyl] threonine; H5

6U, 5,6-dihydrouridine; ψ, pseudouridine; ψD, decomposition
product of ψ; m5U, 5-methyluridine (ribosylthymine); mo5U, 5-methoxyuridine; N’, a nucleoside trialcohol obtained by reduc-
tion of a nucleoside dialdehyde with [3H]NaBH4; FU-5 and FU-20 samples correspond to tRNAs from cells grown at that final
concentration of 5-fluorouracil in µg / ml.  Courtesy of Ivan Kaiser.
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5-methylenesulfonate (5-CH2SO3
–) by reaction with

bisulfite should also be mentioned.549  This is a nucleo-
philic displacement on the electron-deficient methylene
group of this base.

Reactions with electrophilic reagents.  Reactions
of nucleic acids with the simplest electrophile, the proton,
have been considered in Section A2.  Somewhat similar
are the reactions by which metal ions bind at many sites
on both the bases and the phosphate groups of the back-
bone.550

An important reaction is the deamination of amines
by dilute nitrous acid.  This reagent, by a complex
mechanism, converts the amino groups of cytidine,
adenosine, and guanosine to hydroxyl groups; hydroxy
compounds tautomerize to the corresponding amides
(Eq. 5-14).

Cytidine reacts more rapidly than does adenosine
which in turn reacts more rapidly than guanosine.  The
reaction converts cytosine into uracil and adenine into
hypoxanthine.  The changes are mutagenic because
during replication the modified bases of the DNA pair
differently than do the original bases.  Guanine is con-
verted to xanthine but this is not likely to be highly
mutagenic.  Nitrous acid can also convert uridine to
5-nitrouridine.

The amino groups of the bases react reversibly
with aldehydes but to a lesser extent than do the more
strongly basic amino groups of the amino acids.  Form-
aldehyde forms adducts containing either one or two
molecules of the aldehyde (Eq. 5-15).
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These are reversible reactions.  A more nearly irrevers-
ible crosslinking can occur by elimination of water
between one of these products and a nucleophilic
group in another base.  A dicarbonyl reagent that is
widely used because of its specificity toward guanine
is kethoxal (Eq. 5-16).

Formation of the cyclic product is a consequence of the
presence of the adjacent amino and NH groups in the
guanine ring.

Pyrimidines undergo halogenation at position 5
(Eq. 5-17), while guanine reacts at position 8.  Adenine
is quite unreactive.  Elemental halogens or a variety of
other halogenating reagents may be used.  Of special

Br2 + cytidine → 5-Br-cytidine + H+ + Br–

value is iodination with 131I or 125I, by which a high
level of radioactivity may be introduced into nucleic
acids.

Alkylation reactions are not only of use in struc-
tural studies but also provide the basis for the action
of a large class of mutagenic compounds.528  Treatment
of a nucleoside, nucleotide, or nucleic acid with an
alkyl iodide or a dialkylsulfate converts residues of
guanosine to an N7-alkyl-guanosine (Eq. 5-18).
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Reaction occurs at other nitrogen atoms as well as the
oxygen atom of the base and of the ribose ring to a
lesser extent.  Adenine is alkylated preferentially at
N-1 and cytosine and thymine at the corresponding
position (N-3) almost exclusively.  Uridine and thymi-
dine react very slowly.  Adenine is also alkylated at
N-3, N-7 and at the exocyclic N-6.

Other alkylating reagents include the powerful
mutagens dialkylnitrosamines and alkylnitrosoureas.

Epoxides alkylate by a nucleophilic displacement
reaction that opens the ring (Eq. 5-19).

The nitrogen and sulfur mustards undergo internal
ring closure to an iminium ion (Eq. 5-20) which can
then open by attack of a nucleophilic atom of the
nucleic acid.

Other alkylating agents react through nucleophilic
addition to a carbon–carbon double bond.  Thus,
acrylonitrile reacts with the nitrogen or oxygen atoms
of nucleic acids in the same manner as does the SH
group in Eq. 3-25.  The water-soluble carbodiimides
react as in the first step of Eq. 3-10 to form adducts of
the following type:

There are many other alkylating agents which often
display widely varying reactivity and specificity toward
particular nucleic acid bases and particular nucleotide
sequences.

A striking effect of alkylation of guanine in nucleic
acids is the labilization of the N-glycosyl linkage to the
ribose or deoxyribose.  This effect can be understood
in terms of the induction by resonance of a partial
positive charge on the nitrogen of the glycosyl linkage.

As is indicated by the small arrows on the right-hand
structure, the positive charge assists in an elimination
reaction that produces an oxycarbocation.  The latter
can then react with a hydroxyl ion from water.

Reactions causing cleavage of the sugar-
phosphate backbone.  Treatment of DNA with 16 – 18
M hydrazine (Eq. 5-13) leads to the destruction of the
pyrimidine rings.  The reaction can be made some-
what specific for cytosine by carrying it out in the
presence of a high concentration of chloride.551  The
remaining polymer, an apyrimidinic acid, contains
residues of ribosylurea.  These undergo an amino-
catalyzed displacement and a β elimination sequence
that cleaves the polynucleotide chain (Eq. 5-21).
Hydration of the aldehyde (Eq. 13-1) and several
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tautomerization steps are involved in step e of this
equation.  This reaction is very useful in sequence
determination (Section 6).  Notice that “tracts” of
purine nucleotides remain intact after this treatment.
A similar base-catalyzed reaction sequence can be
used to displace N7-methylguanine and to cleave the
polynucleotide.  Ethylnitrosourea, in its reaction with
purines, is useful as a structural probe of RNA.

4.  Melting, Hybridization, and Polynucleotide
Probes

Like proteins, nucleic acids can undergo denatur-
ation.  The strands of the double helix of DNA are
separated and the double-stranded regions of RNA
molecules “melt.”  Denaturation can be accomplished
by addition of acids, bases, and alcohols or by removal
of stabilizing counter ions such as Mg2+.  The product
is a random coil and denaturation can be described as
a helix → coil transition.  Denaturation of nucleic acids
by heat, like that of proteins, is cooperative (Chapter 7,
Section A,3) and can be described by a characteristic
melting temperature.

A plot of the optical absorbance at 260 nm (the
wavelength of maximum light absorption by nucleic
acids) versus temperature is known as a melting
curve (Fig. 5-45).  The absorbance is lower, by up to
40%, for native than for denatured nucleic acids.  This
hypochromic effect (Chapter 23) is a result of the
interaction between the closely stacked bases in the
helices of the native molecules.  The melting tempera-
ture Tm is taken as the midpoint of the increase in
absorbance (Fig. 5-45).  As the percentage of G + C
increases, the nucleic acid becomes more stable toward
denaturation because of the three hydrogen bonds in
each GC pair.  Tm increases almost linearly with in-
creases in the G + C content.  In the “standard” citrate
buffer (0.15 M NaCl + 0.015 M sodium citrate, pH 7.0)
Eq. 5-22 holds.  The exact numerical relationship depends
strongly upon the ionic composition and pH of the
medium.37,72,552,553

% (G + C) = 2.44 (Tm – 69.3); Tm in °C

The curves in Fig. 5-45 appear simple, but using newer
apparatus and plotting the first derivative of the melt-
ing curve yields a complex pattern that depends on
the sequence of bases.555

Complete denaturation of DNA leads to separation
of the two complementary strands.  If a solution of
denatured DNA is cooled quickly, the denatured strands
remain separated.  However, if the temperature is
held for some time just below Tm (a process known as
annealing), the native double-stranded structure can
be reformed.  An important tool for studying DNA
has been the measurement of the kinetics of reasso-
ciation of separated strands of relatively short DNA
fragments.72,556,557

Because it depends upon the concentration of two
separated strands, reassociation obeys second-order
kinetics (Chapter 9) and Eq. 5-23, which is readily
derived by integrating Eq. 9-8 for [A] = [B] = C from
time 0 to t:

C / C0 = 1/ (1 + k C0t)
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The initial concentration of denatured DNA, C0, is
related in this way to the concentration C of DNA
remaining dissociated at time t.  A plot of the fraction
of molecules remaining single-stranded versus the
logarithm of C0t (Fig. 5-46A) is a convenient way of
displaying data.  As indicated in Fig. 5-46B, the value
of C0t increases in direct proportion to the length of
the DNA chain in the genome, but it is very much
decreased if the sequence of bases is highly repetitive
[poly(T) and poly(A)].  The slope of the plot at the
midpoint gives an indication of the heterogeneity of
the DNA fragments in a solution.

Denatured DNA fragments can sometimes reasso-
ciate with DNA from a different source to form hybrid
duplexes.  Such double helices, in which one strand
comes from one strain of an organism and the other
strand from a genetic variant of the same organism or
from a different species, are known as heteroduplex.
Some mutations consist of deletions or additions of
one or a substantial number of bases to a DNA chain.
Heteroduplexes prepared from DNA of such mutants
hybridized with that from a nonmutant strain have
normal hydrogen-bonded Watson–Crick base pairs for
the most part.  However, they may have single-stranded
loops in regions where long deletions or additions
prevent complementary base pairing.

Hybridization measurements have been used in
many studies of homology of nucleic acids from differ-
ent species.  A nucleic acid is cut (e.g., by sonic oscilla-
tion) into pieces of moderate length (~ 1000 nucleotides)
and is denatured.  The denatured DNA fragments are
mixed with denatured DNA of another species.  Nu-
cleotide sequences that are closely similar between
species tend to hybridize, whereas sequences that are

drastically different between two species do not (Fig.
5-46).  One way to do such an experiment is to immo-
bilize the long-chain denatured DNA from the one
organism by embedding it in an agar gel558 or by
absorbing it onto a nitrocellulose filter.559,560  The DNA
fragments from the second organism are passed through
a column containing “beads” of the DNA-containing
agar or through the filter with adsorbed DNA.  Pairing
of fragments with complementary sequences occurs

Figure 5-46  Reassociation curves for DNA from Britten
and Kohne.556,561  (A)  Time course of an ideal, second-order
reaction to illustrate the features of the log C0t plot.  The
equation represents the fraction of DNA which remains
single-stranded at any time after the initiation of the reaction.
For this example, k is taken to be 1.0, and the fraction remain-
ing single-stranded is plotted against the product of total con-
centration and time on a logarithmic scale.  (B)  Reassociation
of double-stranded nucleic acids from various sources.  The
genome size is indicated by the arrows near the upper nomo-
graphic scale.  Over a factor of 109, this value is proportional
to the C0t required for half-reaction.  The DNA was sheared,
and the other nucleic acids are reported to have approximately
the same fragment size (about 400 nucleotides, single-stranded).
Correction has been made to give the rate that would be
observed at 0.18 M sodium-ion concentration.  The tempera-
ture in each case was optimal, i.e., ~ 30°C below the melting
temperature Tm.  The extent of reassociation was established
by measuring optical rotation (calf thymus DNA), ribonu-
clease resistance (MS-2), or hypochromicity.
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and such paired fragments are retained while strands
that do not pair pass on through the column (or filter).

Both DNA hybrids and DNA–RNA hybrid du-
plexes are very important to present day genetic
research.560,562  Molecules of mRNA that represent
transcripts of a particular gene will hybridize only
with one of the two separated strands of DNA for that
gene.

A major use of hybridization is to locate a gene or
other DNA or RNA sequence by means of a synthetic
probe.563  This is a small piece of DNA or RNA which
is labeled in some way, e.g., with a radioisotope such
as 3H, 32P, or 125I.  Alternatively, the probe may carry a
highly fluorescent dye or a “tag” that can be recognized
by a specific antibody.564,565  An example of the latter is
the use of the vitamin biotin and the specific binding
protein avidin (see Box 14-B).566  Related procedures
employ labeling with digoxigenin and often employ
chemiluminescent detection.567– 569  Several methods
for preparation of probes are in use.  Some are enzy-
matic but the direct chemical synthesis of oligonucleo-
tide probes is probably used the most.

One of the first methods devised for making a
highly radioactive DNA probe is called nick transla-
tion.570  A piece of dsDNA, e.g., a “restriction” frag-
ment cut from a larger piece of DNA by restriction
endonucleases, is selected.  A small amount of pancre-
atic DNase I is added.  It creates “nicks” in which one
strand has been cut and some nucleotides have been
removed leaving a gap.  Now the DNA is incubated
with DNA polymerase I (pol I) and a mixture of the
four mononucleotide triphosphates, the precursors of
biological synthesis of DNA (Chapter 27).  Usually a
32P or 35S label with high radioactivity is present in
one of the nucleotide triphosphates as indicated in
the following structure.  The polymerase fills the gap,
adding nucleotides to the exposed 3' end of the nicked
chain. E. coli pol I has a second enzymatic activity
which allows it to digest a polynucleotide chain from

Probes may also consist of DNA copied from
mRNA.  This is known as cDNA and is also widely
used to determine indirectly the sequences of mRNA
molecules.  Messenger RNA may be isolated from the
total cellular RNA by affinity chromatography on
bound poly (dT) or poly (U).  These materials selec-
tively hold RNA with the poly (A) tails characteristic
of most eukaryotic mRNA (see Chapter 28).  Another
source of mRNA is polyribosomes (polysomes), which
are “reading” mRNA and actively making proteins.
An antibody to the protein for which mRNA is desired
will often bind to the protein chains being synthesized
and precipitate the polysomes.  The mRNA can be
recovered and used as a template for cDNA.

Synthesis of cDNA, usually in radiolabeled form is
accomplished with reverse transcriptase, the enzyme
from retroviruses that synthesize a DNA–RNA hybrid
from ssRNA.570 – 572  A short oligo (dT) primer is usually
hybridized to the 3' poly (A) tail to initiate synthesis.
Reverse transcriptase also has ribonuclease (RNase H)
activity and will digest away the RNA.  If desired,
synthesis of the second strand can be carried out by
a DNA polymerase to give a complete DNA duplex.
Many gene sequences have been deduced from cDNA
copies.

Often the most practical approach to obtaining a
DNA probe is synthesis of a mixture of short oligonu-
cleotides, often in radioactive form as described in the
next section.  The “redundancy” in the genetic code,
i.e., the existence of two or more codons for most
amino acids, presents a problem in designing an oligo-
nucleotide probe based on amino acid sequence infor-
mation.  Examination of Table 5-5 suggests part of the
solution.  Whereas only Met and Trp have single un-
ambiguous codons nine amino acids have only two
codons each.  We should try to find an amino sequence
that contains Met and Trp and as many of the nine
others as possible.  We should avoid sequences that
contain Ser, Leu, or Arg because each has six codons.
We can then make a mixture of oligonucleotides, using
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the 5' end.  Thus, as synthesis proceeds at the 3' side
the nick is “translated” as shown in (Eq. 5-24).
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the various coding possibilities.  Mixtures of as many
as 1024 (210) oligonucleotides have been used.  One of
these may bind tightly and specifically to the desired
DNA segment.  Instead of such a complex mixture it
may be more useful to incorporate a modified base at
the most ambiguous positions.  For example, inosine,
which occurs in the wobble position in anticodons
(Fig. 5-30), can pair with A, C, or T.573  Substitution
of 2-aminoadenosine can cause a probe to bind more
tightly because a third hydrogen bond will be present
in each AT pair.574

Another important procedure is labeling ends of
polynucleotides.  Most often the 5' end is labeled with
a radioisotope or by covalent attachment of a fluores-
cent dye.  For example, a polynucleotide kinase can
be used to transfer a radioactive γ-phospho group from
ATP to the 5' end of a polynucleotide that has a free
5'-OH group.

5.  Synthesis of Oligonucleotides
and Polynucleotides

Efficient solid-phase methods of syn-
thesis analogous to those for polypeptides
(Fig. 3-15) have been devised.  The pioneer-
ing work was done by H. G. Khorana, who
made the first synthetic gene575 and later
synthesized a gene for the visual pigment
rhodopsin (Chapter 23).  Several synthetic
approaches have been developed.576  Cur-
rently the most popular method involves
the use of phosphite esters.  Most nucleo-
philic groups of the monomers are deriva-
tized with removable blocking groups.
For example, N-4 of cytosine and N-6 of
adenosine may carry benzoyl groups.  The
5'– OH of each nucleotide is blocked by a
di-p-anisylphenylphenylmethyl (also called
dimethoxytrityl, DMTO) group.  The 3'–OH
is converted to one of a number of activated
derivatives such as the following N, N-
diisopropylamino phosphines.575,577– 579

Solid-phase synthesis is usually done
on a silica support with a covalently at-
tached succinamide as shown in Eq. 5-25.
The first nucleotide at the 3' end of the
chain to be synthesized is attached by an
ester linkage to the bound succinamide
(step a, Eq. 5-25).  The 5'-protecting group
is removed in step b and the 5'-OH reacts
with the activated phosphine of the second
nucleotide (step c, Eq. 5-25).  Steps b and c
are then repeated as often as necessary to
complete the chain.  The finished polynu-
cleotide can be removed from the solid
support, the cyanoethyl groups removed

from the phosphorus atoms by β elimination and all of
the other blocking groups removed by treatment with
concentrated NH3.  The whole procedure has been
automated.580– 582

If a large piece of DNA is needed several oligonu-
cleotides can be joined end to end enzymatically (Eq.
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BOX 5-D  DNA FINGERPRINTING

Jeffreys et al.a – c digested human DNA to comple-
tion with Hin f I and Sau3A restriction endonucleases.
Certain fragments, which originated from “mini-
satellite” bands of repetitive DNA showed a very
high degree of polymorphism among the population.
Many different fragments sharing these repeated
sequences were formed in the restriction digest.  If a
suitable labeled probe was used, it hybridized with
as many as 80 different bands.a,d – f  The resulting
pattern appeared, like a fingerprint, to be different
for every individual, as is shown in the accompany-
ing photo.  Unlike a fingerprint the DNA pattern
also contains information that often allows deduc-
tions about parentage.

The technique has come into widespread use in
forensic analysis, with DNA typing being possible
from a single hair.g  In a famous early case it was
used to allow an immigrant child to be reunited
with his motherh and it is being used regularly to
protect innocent persons accused of rape or murder.i

It is also widely used to provide evidence of guilt.
However, the very small chance of a close match
between unrelated persons prevents the use of DNA
typing alone as proof of guilt.  Because DNA samples
are often “amplified” by PCR (Section H,6), there is
also a possibility of contamination and forensic use
of DNA typing is still controversial.i– m

However, DNA typing continues to be improvedf,n,o

and to be applied in a great variety of ways.  For
example, the skeletal remains of a murder victim
were identified by DNA fingerprints after being
buried for eight years.p  DNA typing is also used to
study mating habits of birds,q the genetic variability
of populations of whales sampled by biopsy,r etc.

DNA “fingerprints” made from one or two drops of blood
from ten different individuals.  DNA was isolated, digested
to completion with restriction endonuclease Hin f I, and
subjected to electrophoresis in a 20-cm-long agarose gel
until all DNA fragments smaller than 1.5 kb in length had
passed off the gel.  The DNA was then transferred to a
nitrocellulose filter by Southern’s method and hybridized
with a 32P-labeled single-stranded DNA probe prepared
from cloned human minisatellite DNA.  The probe used
had the “consensus” composition (AGAGGTGGGCAG-
GTGG).  Within the 29 tandem repeats in this 0.46-kb
probe there are various sequences close to the one shown.
Filters were then autoradiographed for four days.  Two
duplicate samples (marked D) were taken from the same
individual and two others (marked S) from two sisters.
A number of bands in common are evident.  From Jeffreys
et al.c

a Jeffreys, A. J., Wilson, V., and Thein, S. L. (1985) Nature (London)
314, 67– 73

b Lewin, R. (1986) Science 233, 521 –522
c Jeffreys, A. J., Wilson, V., and Thein, S. L. (1985) Nature (London)

316, 76– 79
d Vassart, G., Georges, M., Monsieur, R., Brocas, H., Lequarre, A.

S., and Christophe, D. (1987) Science 235, 683 –684
e Huang, L.-S., and Breslow, J. L. (1987) J. Biol. Chem. 262, 8952–

8955
f Kirby, L. T. (1990) DNA Fingerprinting, Stockton Press, New

York
g Higuchi, R., von Beroldingen, C. H., Sensabaugh, G. F., and

Erlich, H. A. (1988) Nature (London) 332, 543 –546
h Jeffreys, A. J., Brookfield, J. F. Y., and Semeonoff, R. (1985)

Nature (London) 317, 818 – 819
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l Lander, E. S., and Budowle, B. (1994) Nature (London) 371,
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m Lewontin, R. C. (1994) Nature (London) 372, 398
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27-5).  For example, a functional 17-bp gene for the 53-
residue human epidermal growth factor was synthe-
sized by joining ten oligonucleotides of lengths 11 – 59
bp.575  DNA is often synthesized enzymatically using
methods described in Chapter 26. Cloned sequences
of synthetic DNA can also be transcribed to produce
polyribonucleotides of any desired sequence.583

New nonenzymatic methods for RNA synthesis have
also been devised.583– 587

6.  The Polymerase Chain Reaction (PCR)

This important technique was first described in
1971–1974 by Khorana and associates588,589 but was not
used until it was rediscovered in 1983 by Mullis.590 – 593

It was quickly developed591,592,594– 596 and has played a
major role in biochemistry ever since.  It continues to
be applied in numerous ways.589,597– 599a

The PCR technique provides a way of “amplifying”
a small number of DNA molecules, i.e., to produce
many copies.  This is often done by cloning but PCR
offers a quick and easy way to obtain millions of copies
of a desired relatively short segment of DNA.  Standard
PCR can be used for up to about 5000-nucleotide
pieces.  More recently modified procedures have
allowed 35-kb segments to be amplified.600

The basic PCR procedure is initiated by hybridiz-
ing two oligonucleotide primers onto opposite strands
of denatured DNA, one at each end of the section chosen
for amplification (Fig. 5-47).  A DNA polymerase is then
used to convert each of the separated strands into a
duplex.  The mixture of products is then heated to
denature the two new duplexes.  After cooling, the
primers, which are present in great excess, hybridize
to all four strands.  In a second cycle of polymerase
action these are all converted to duplexes, etc.  After 20
cycles millions of copies will be made.  At first, copies
with tails extending beyond the limits specified by the
oligonucleotide primers will be formed.  However, it is
easy to see that after a few cycles, most molecules will
be of just the desired length.  A heat-stable polymerase
from Thermus aquaticus (Taq polymerase) is used so that
the enzyme is not denatured by the repeated cycles of
heating and cooling, which are conducted automatically
by a simple apparatus.

The polymerase chain reaction is being used to
speed up prenatal diagnosis of genetic diseases, to
detect viral infections, for tissue typing needed for
organ transplantation, in forensic procedures, and in
the study of the DNA of ancient tissues such as those
of frozen wooly mammoths.601 – 603  If suitable restriction
enzyme sites are present in the primers, the amplified
DNA can be cloned readily.604  The 3.3 x 10–9 fmol of a
DNA sequence found in a diploid chromosome pair in
a single cell can be amplified in 50 cycles to 5–500 fmol,
enough to study by hybridization with radioactive

probes.605  A large sample of a few pg of DNA can be
amplified in 20 cycles to micrograms.  By placing
sequencing primers within the amplified segments,
it is possible to generate DNA that can be sequenced
directly using the dideoxy sequencing technique
(Chapter 5) without cloning.606  The PCR technique
has also been used to amplify cDNA molecules formed
from RNA transcripts present in very low abundance.
One of the problems with the PCR is that priming may
occur by DNA fragments other than the added primers.
Contamination must be scrupulously avoided.  Another
problem is that errors are introduced into DNA during
amplification by PCR.  Perhaps 1 in 200 of the copies
will contain an incorrect base.607  If such a molecule is
cloned the error will be perpetuated.  Good practice
requires that more than one clone is selected and
sequenced to allow such errors to be avoided.

7.  Sequence Determination

Satisfactory (but slow) methods for determining
sequences of RNA molecules have been known for
over 30 years.  The procedures are somewhat parallel
to those used in sequencing proteins.  However, no
similar method could be devised for DNA.  Little
progress was made until rather recently when new
approaches led to extremely rapid procedures for
sequencing DNA.  As a consequence, it is now much
easier to learn the sequences of genes than it is to
sequence the proteins which they encode!

Preparing the DNA.  The first step is to obtain a
sample of enough identical DNA molecules to permit
sequence analysis.  This in itself may be a complex
undertaking.  Perhaps we want to know the sequence
of one particular gene in the 3,500,000 kilobase pairs
of DNA present in a single human cell.  How can this
gene be found and the DNA be obtained for analysis?
Three techniques have been essential:  cutting the DNA
with restriction endonucleases, hybridization, and
cloning.  More recently PCR and related methods608

have simplified the sample preparation.  DNA can often
be amplified using primers that contain sequences that
will later serve as sequencing primers.

Restriction maps and Southern blots.  Although
it doesn’t require the synthesis of a primer, the Maxam
–Gilbert procedure usually demands that a “restriction
map” of the DNA be prepared to help keep track of
the fragments being sequenced.609 See also Chapter 26.
Figure 5-48610 – 612 shows the restriction map of the mito-
chondrial DNA gene, oxi3 from yeast.  This gene, which
encodes one of the subunits of cytochrome oxidase
(Chapter 18), consists of 9979 base pairs.  It was cloned
in a suitable plasmid after which the restriction map
(Fig. 5-48) was prepared by cutting with 18 different
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restriction enzymes.611  The protein  subunit contains
510 residues and therefore requires a coding capacity
in the DNA of 1530 base pairs.  This is only 16% of the
total length of the gene, the majority of whose DNA is
found in the three large introns.

One way to select a desired segment of DNA from
a digest of chromosomal DNA is to sort out the “restric-
tion fragments” by gel electrophoresis.613  The DNA
from the gel can be transferred to a nitrocellulose sheet
while retaining the separation pattern using a method
devised by Southern.560,614,615  In this Southern blot
technique, solvent flows from a pool beneath the gel
up through the gel and the nitrocellulose sheet into
paper towels.  The DNA is trapped on the nitrocellu-
lose in the same pattern observed in the electrophero-
gram.  A suitably labeled probe such as cDNA with

incorporated 32P is flowed repeatedly across the nitro-
cellulose sheet under conditions that favor formation
of hybrids.  Only the DNA complementary to the
cDNA probe will retain the label.  This DNA can then
be located with the help of a autoradiogram.  It is
important that single-stranded DNA be used.  If double-
stranded restriction fragments are separated on the
electropherogram they must be denatured while in
place in the gel before hybridization is attempted.

Once the desired piece of DNA has been identified
it is usually necessary to increase its amount.  The
conventional approach is to incorporate the DNA
fragment into a plasmid and clone by the methods
described in Chapter 26.  The selected DNA can usually
be cut cleanly from the plasmid used for cloning with
the same restriction endonuclease originally used in
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Figure 5-47  Amplification of DNA
using the polymerase chain reaction
(PCR).  Double-stranded DNA is dena-
tured by heating to 90 – 99° C (step a)
and oligonucleotide primers complemen-
tary to short 12 – 18 nucleotide sequences
at the two ends of the piece of DNA to
be amplified are annealed to the separated
strands by cooling to 40 – 75° C (step b).
The two DNA strands serve as templates
for synthesis of new complementary
strands using a heat-stable DNA polymer-
ase and a mixture of the four nucleotide
triphosphates.  Nucleotide units are
added to the 3' ends of the primers, with
the new chains growing in the 5' → 3'
direction (step c).  Steps a, b, and c are
then repeated as many as 30 times using
a thermal cycler device that periodically
raises and lowers the temperature with
a cycle time of a few minutes.  The poly-
merase is unharmed by the heating and
is reused in each cycle.  An excess of the
primer and of the nucleotide triphos-
phates sufficient for all of the cycles is
present initially.  In the early cycles new
long and intermediate length templates
are created.  However, the number of
short templates increases exponentially
and the final product consists predomi-
nately of the short selected DNA segment
(short templates).
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fragmenting the DNA.  An alternative procedure is to
clone a mixture of DNA fragments and then sort colo-
nies of bacteria containing the cloned fragments using
DNA–RNA hybridization.616  Bacteria from the selected
colonies are then propagated to produce large amounts
of the plasmid DNA.  Alternatively, PCR can be used
directly on the selected DNA fragment.  This is more
often the preferred choice.604,606

The Sanger dideoxy method.  The rapid sequencing
methods all depend upon the fact that single-stranded
DNA fragments under denaturing conditions migrate
on electrophoresis in polyacrylamide gels strictly
according to their length.  Thus, if a mixture contains
all lengths of radiolabeled polynucleotides from very
short oligonucleotides to fragments containing 200 or
300 bases, the polynucleotides will all appear, one above
the other, as a series of bands that can be visualized by
radioautography.  The first of these methods was pub-
lished by Sanger and Coulson617 in 1975 and was followed
in 1977 by the method which is now used.618– 621

A sample of double-stranded DNA is denatured.
One of the resulting single strands is used as a template
to direct the synthesis of a complementary strand of
radioactive DNA using a suitable DNA polymerase.
The “Klenow fragment” of E. coli, DNA polymerase I,
reverse transcriptase from a retrovirus, bacteriophage
T7 DNA polymerase, Taq polymerase, and specially
engineered enzymes produced from cloned genes
have all been used.

Before the sequencing begins it is necessary to
prepare a short primer that is complementary to a
sequence at one end of the DNA strand to be sequenced.
This may be prepared enzymatically,622,623 or by non-
enzymatic synthesis.  The short primer is annealed to
the end of the DNA and the resulting molecule is incu-
bated with a DNA polymerase and a mixture of the four
mononucleotide triphosphates, one of which is radio-
labeled in this position.  Four reaction mixtures are
prepared.  Each mixture contains all four nucleoside
triphosphates and also one of four different chain-
terminating inhibitors, the most popular of which
are the 2', 3' – dideoxyribonucleoside triphosphates:

These inhibitors are added in a ratio of about 100:1
with the natural substrates.  In this ratio they are
incorporated into the growing DNA chain about once

in 200 times on the average.  However, in the various
growing DNA chains they are incorporated at different
points ranging from the very first nucleotide to the
last.  Since the incorporated dideoxy monomer lacks
the 3-hydroxyl group needed for polymer formation,
chain growth is terminated abruptly.  Synthesized
polynucleotides are denatured and subjected to electro-
phoresis in four adjacent lanes.  The resulting patterns
contain bands corresponding to all of the successive
oligonucleotides but not all in the same lane.  A given
lane will contain only the bands of the oligonucleotides
terminated by the particular inhibitor used.  The other
bands will be found in the other three lanes.  Each
band will have been terminated by the inhibitor em-
ployed in that lane.  The nucleotide sequence can be
read directly from the banding pattern as is shown in
Fig. 5-49.  Arabinosyl nucleotide triphosphates have
also been used as chain-terminating inhibitors.  A
sequence determined by the Sanger method is usually
checked by also sequencing the complementary strand.
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Figure 5-48  A physical map of the oxi3 locus of yeast
mitochondrial DNA.  The restriction fragments used for
DNA sequencing are indicated by the arrows.  The extent to
which the sequences were read is represented by the lengths
of the arrows.  The map units are shown in the inner circle.
The following symbols, together with the names of the
restriction enzymes (Chapter 26), are used for the restriction
sites:

From Bonitz et al.611

Hinf I
Hpa II
Hae III
Taq I
Mbo I
Mbo II

Hha I
Rsa I
Hph I
Blg II
Bam HI
Hpa I

Alu I
Pvu II
Hinc II
Hind III
Eco RI
Eco RII
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A major factor in the success of the dideoxy sequenc-
ing method has been the development of cloning
techniques that provide ssDNA in a form ready for
use.  In any cloning procedure the DNA that is to be
sequenced has been covalently ligated to the end of a
DNA strand of the cloning vehicle, a modified plas-
mid or virus (Chapter 26).  Sequencing is often done
on DNA cloned in a modified ssDNA bacterial virus
such as M13.  Although dsDNA is ligated to the ds
replicating form of viral DNA, the virus particles
produced when the virus is propagated in E. coli cells
are single stranded.  Cleavage of the viral DNA with
its incorporated “passenger DNA” with an appropriate
restriction endonuclease releases the passenger DNA
(to be sequenced) with a short piece of DNA from
the cloning vehicle attached at the 3' end.  Since the
sequence of this small piece of the cloning vehicle is
known, a suitable primer of length ~12–18  nucleotides
can be synthesized (or purchased) and annealed to
the DNA.  This serves as the primer and allows the
sequence to be read from the 5' end to the 3' end of the
synthesized complementary strand.  Double-stranded
DNA attached to vehicles such as the pUC plasmids
can also be sequenced directly if the DNA is denatured
by alkali treatment.  After neutralization and precipita-
tion an appropriate primer is annealed to one or the
other of the two strands.624

Since its introduction, many modifications and
improvements have been developed.  The sequencing
gels have been improved.  The use of 35S labeling has
given sharper autoradiographs.625  Alternatively, a
silver stain can be used with unlabeled primers.626

GC-rich DNA sequences are often difficult to sequence,
probably because even in the denaturing polyacrylamide
gels used for sequencing they tend to form hairpin
loops, perhaps as a result of formation of Hoogsteen
base pairs (Fig. 5-7).  Formation of these loops results
in uneven spacing between the adjacent bands in the
sequencing gel, so-called “compression artifacts.”  Use
of a 7-deaza-dGTP in place of dGTP in the sequencing
reaction ameliorates this problem.627  Sensitivity can be
improved by use of “cycle sequencing” in which a heat-
stable polymerase such as Taq polymerase is used, and
after heating the same template DNA is used repeatedly
to give a higher yield of labeled fragments.628,629

About 200 – 400 bases can be successfully sequenced
manually in a single run.  By prolonging the time of
electrophoresis in a second run, the sequence can be
extended considerably.  By using the just obtained
sequence information, it is possible to select a new
start point 200 or more nucleotides further along the
template chain and to synthesize an oligonucleotide
primer to anneal to the template at this point.  In this
way it is possible to “walk” along the template adding
additional sequences at each step.  Another procedure
is to delete by mutation various segments of the cloned
DNA above the sequence that binds the primer.  This

H.  Methods of Study

Figure 5-49  A DNA sequencing gel obtained using a
segment of DNA from salmon sperm selected by suitable
oligonucleotide primers, amplified by PCR, and sequenced
with a 35S label in the primer.  Four samples were used, one
with each of the four dideoxy chain terminators (A, G, C, T,
A, C, G, T from left to right).  After electrophoresis the shorter
fragments are at the lower end of the gel.  The sequence of
the strand complementary to the template strand whose
sequence is being determined is read from the bottom of the
gel.  Here it starts CTATGATAC.  Reproduced by permission
of Amersham Pharmacia Biotech, Limited.

CTATGATAC

CA G T CA G T
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permits analysis of the whole cloned fragment via an
overlapping set of sequences from the deletion mu-
tants.630,631

Many DNA sequences continue to be determined
manually by the well-developed long gel procedures
as illustrated in Fig. 5-49.  However, sequencing whole
genomes has depended upon the development of high-
speed automated procedures.632   Instead of radiolabel-
ing, fluorescent dyes may be joined to the primer to
allow detection of the chain fragments produced during
sequencing.  Automatic sequencers use four dyes that
fluoresce with different colors.633,634  A different dye is
used for each of the reaction mixtures.  Then the four
samples are mixed together and the DNA fragments
are subjected to electrophoresis in a single lane.  A laser
beam excites the fluorescence, scanning several lanes
with different samples as the electrophoresis progresses.
A photomultiplier tube records the fluorescence inten-
sity of each band through a series of four filters in a
rotating wheel.  This allows automatic recognition of
the four different colors of fluorescence and therefore
of the nucleic acid base present in each position in the
sequence.  Improved strategies for “primer walking”635

and for “shotgun sequencing”19,632,636 have been devised.
In the shotgun strategy, whole bacterial genomes have
been cut by restriction enzymes into large numbers of
overlapping fragments which have been separated and
sequenced.637  A computer program is used to analyze
and assemble the sequences into a complete genomic
sequence.  An example is provided by the genome of
the Methanococcus jannaschii.  Its large circular chromo-
some contains 1,664,976 bp and there are two additional
pieces to the genome, one containing 58,407 bp and the
other 16,550 bp.  The sequences were deduced from
36,718 individual sequencing runs on high-speed auto-
matic sequencers.  For each run, on average, 481 bp
could be read.636  To sequence the human genome faster
methods are needed.638  Capillary electrophoresis with
a single laser beam scanning the output of 24 capillaries
has been demonstrated.639,640  Extremely rapid sequenc-
ing of oligonucleotides up to 100 bp in length can be
accomplished by mass spectrometry.641  This may be
an important technique for diagnosis of genetic defects
(Chapter 26).

The method of Maxam and Gilbert.  The nonen-
zymatic method devised by Maxam and Gilbert642– 644

can be used to sequence either ss or dsDNA.  Before
the sequencing is begun, a radioactive label is incor-
porated, usually at the 5' end.  This is often done by
cleaving off any phosphate groups present on the 5'
end with alkaline phosphatase and then transferring
a new radioactive phospho group with the assistance
of the enzyme polynucleotide kinase and radioactive
γ-32p-labeled ATP.  If dsDNA is used the strands are
separated so that each has a label only at one end.

The key step in sequencing by the Maxam–Gilbert

procedure is to cleave chemically the DNA at random
locations using reagents that have some specificity for
particular bases.  The cleavage process involves three
distinct steps:  (1) chemical modification, as specific as
is possible for the chosen base;  (2) displacement of the
modified base from the sugar; and (3) elimination and
chain cleavage using amine catalysis (Eq. 5-21).  Two
consecutive steps can often be combined.  There are
several versions of the method; one involves dimethyl
sulfate as the specific reagent for guanine.  It forms
N7-methylguanosine (see Eq. 5-18) which upon heating
with the strong base piperidine at 90°C undergoes
addition of hydroxyl ion with ring opening and dis-
placement of the modified base according to Eq. 5-26.
The product, a glycosylamine of piperidine, is in
equilibrium with a Schiff base which can undergo
chain cleavage as in Eq. 5-21.

A second sample of DNA is treated with a piperidine-
formate buffer of pH 2 in the cold.  This promotes the
acid depurination of both guanine and adenosine.
A third sample is treated with hydrazine, with both
cytidine and thymidine being cleaved to ribosylurea
according to Eq. 5-13.  Again, this is followed by dis-
placement and β elimination (Eq. 5-21) catalyzed by
piperidine.  The fourth sample is also treated with
hydrazine but in the presence of a high concentration
of NaCl which inhibits the reaction with thymidine,
by lowering the pKa of the thymine, and allows the
cleavage to be more nearly specific for cytidine.  Each
of the reactions is conducted in such a way that on the
average only one cleavage event occurs per molecule
of DNA.  Since the cleavages occur at many different
points, a family of nested radioactively labeled oligo-
nucleotides, one from each original molecule, is pro-
duced.  When these are sorted by polyacrylamide gel
electrophoresis, the pattern of the oligonucleotides
in the four adjacent channels allows the nucleotide
sequence to be read directly from the autoradiogram.

The Maxam–Gilbert method doesn’t require
synthesis of a primer and it sometimes works well for
sequences that are difficult to obtain with the Sanger–
Coulson procedure.  The two methods may both be
used to provide additional certainty about a sequence.
The Maxam–Gilbert method is very convenient for
sequencing small oligonucleotides which often react
poorly with the polymerase used for the chain termi-
nation method.  The method usually requires that a
restriction map be prepared.

Sequencing RNA.  The first known RNA sequence,
that of an alanine tRNA, was determined by Holley
and associates in 1965.  The RNA was subjected to
partial hydrolysis with pancreatic ribonuclease and
ribonuclease T1 (Fig. 5-43).  The small oligonucleotide
fragments were separated by ion exchange chromato-
graphy under denaturing conditions (7 M urea) and
were then characterized individually.645  The availability
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of additional enzymes such as ribonuclease U2, the B
cereus ribonuclease and ribonuclease Phy M of Physarum
(Fig. 5-43) and the use of radiolabeling and of two-
dimensional fingerprinting of digests have made the
procedures more versatile.646  A valine tRNA was se-
quenced independently by Bayev647 and Campbell.648

Since the development of the rapid methods for
sequencing DNA, many mRNA sequences have been
determined by using reverse transcriptase to make a
cDNA strand complementary to the RNA.  The cDNA
is then sequenced.649  Rapid sequencing methods parallel
to those used for DNA have also been devised.650– 652

Nearest neighbor analysis.  A technique developed
by Kornberg and associates before the availability of
sequencing methods is the nearest neighbor sequence
analysis.  Using a single radioactive 32P-containing
nucleoside triphosphate together with the three other
unlabeled nucleoside triphosphates, a primer chain
of DNA is elongated from the 3' end along a ssDNA
template chain using a DNA polymerase.  The incor-
poration of 32P from the α position of the nucleotide
triphosphate occurs in the bridge phosphates that
connect the nucleotide originally carrying the 32P to
the 3' position of the neighboring nucleotide.  Cleavage
of the 32P-containing product of the reaction with a
mixture of micrococcal DNase and spleen phospho-
diesterase, which catalyze b-type cleavage (Fig. 5-43),
gives fragments in which the 32P will now be attached
to what was the 5’ nearest neighbor to the radioactive

nucleotide in the DNA.72,653  Measurement of the
radioactivity in each of the 3' nucleotides of thymine,
cytosine, adenine, and guanine gives the frequencies
of the adjacent pairs, TA, CA, AA, and GA.  Using the
other radioactive nucleoside triphosphates one at a
time in separate experiments, all of the nearest neighbor
frequencies can be obtained.  From such an experiment
it was possible to deduce that the strands in the double
helix were oriented in an antiparallel fashion, as pre-
dicted by Watson and Crick.  If the strands had been
parallel, different nearest neighbor frequencies would
have been observed.

Understanding sequences.  Sequences of over 20
million nucleotides from hundreds of organisms had
been determined by 1988 and the number is doubling
each 2 – 3 years.654  Sequencing the human genome has
required rates of millions of bases per day.  With the
massive amount of data already available it has become
of great interest to compare sequences of genes, whether
they encode similar or dissimilar proteins, to make
comparisons between species, and to search for
sequences that bind specific proteins or that encode
particular regulatory signals.  Relationships of common
evolutionary origin or homology as well as other
sequence similarities are often sought.

To handle the mass of existing data, powerful
computer programs have been developed and various
graphical procedures have also been developed to
help the human mind comprehend the results.654,655

One important problem is to define and locate what
are called consensus sequences.  The problem is best
illustrated by examples.654  The cleavage site for the
EcoRI restriction endonuclease is GAATTC.  There
is no ambiguity.  In a DNA of random sequence this
would be expected to occur by chance in about (1/ 4)6

nucleotides (4 kb).  On the other hand, the HinII re-
striction endonuclease cleaves within the consensus
sequence GTYRAC where Y = C or T and R = A or G.
It would be expected to occur by chance in about 1/45

nucleotides.  Many binding sites for RNA polymerase,
the so called promoters (Chapter 28) contain the
consensus sequence TAtAaT, at position -10, ahead of
the 5' end of the sequence that is transcribed into mRNA.
The lower case t and a used here imply that other
nucleotides may often replace T or A at these positions.
There are many promoters and over 70% of those
described have this consensus sequence.  All have the
less restricted sequence TAxxxT, where x may be any
nucleotide.  Our definition of consensus sequence is some-
what arbitrary.  Now consider the problem of locating
a – 35 site whose consensus sequence is TTGACA
but which may, for different genes, be shifted back-
ward or forward by a nucleotide or two.  This is a
consensus sequence.  Therefore, in many cases one
or more substitutions in the sequence will have been
made.  The result is that the sequence of nucleotides in
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which the consensus sequence is to be found is likely
to appear entirely random.  Sophisticated computer
programs are helpful in locating it.654

8.  Protein–DNA Interactions

The most detailed information about interactions
of proteins with DNA is coming from X-ray crystallo-
graphic studies.  Examples are seen in Figs. 5-35 to 5-40.
Several other methods have also been very useful.
Much has been learned from the effects of mutations
in DNA-binding proteins or in regions of DNA to which
a protein binds.  Binding of proteins to DNA can also
be recognized by its effects on the mobility of DNA
during gel electrophoresis.656,657  Chemical658 or laser-
induced crosslinking can show that within a complex
a specific residue in a protein is adjacent to a certain
sequence in the DNA.

The technique of protection mapping or “foot-
printing” is widely used to determine which nucleo-
tides in a sequence are covered by a bound protein.659

A reagent which attacks and cleaves DNA nearly
randomly is used.  DNase I was first introduced for
this purpose659 and has been used widely.  An impor-
tant finding is that certain sites that are readily cleaved
(hypersensitive sites) are frequently located in chro-
matin undergoing transcription.  Footprinting has also
been accomplished with other nucleases, with dimeth-
ylsulfate (which acts on A and C), with carbodiimides
(which act on U and G), and with the Maxam–Gilbert
guanine-specific cleavage (Eq. 5-26).  One of the most
popular methods employs cleavage by hydroxyl radi-
cals.660 – 663 Photofootprinting depends upon decreased
or increased sensitivity to ultraviolet light at sites
bound by proteins.214,662,664  In footprinting experiments
the DNA to be studied is radioactively labeled at one
end of one strand.  In the absence of the protecting
protein, denaturation and electrophoresis of the cleaved
fragments yields a nearly random “ladder” of DNA
fragments.  In the presence of the binding protein some
cleavage products will be missing from the ladder.  The
bound protein leaves a “footprint” (Fig. 5-50A,C).

Related methods are being applied to the determi-
nation of the secondary structure of RNA molecules665,666

and to the study of interactions with proteins.  For
example, treatment with dimethyl sulfate under appro-
priate conditions methylates bases that are not paired,
giving largely 1-methyladenosine and 3-methyl-
cytidine.667

9.  Nuclear Magnetic Resonance

Much of the initial effort to study polynucleotides
by NMR spectroscopy was directed toward transfer
RNAs, only a few of which have been crystallized in a

form suitable for X-ray diffraction.  Study of the other
tRNAs by NMR techniques has established that all
of the tRNAs have a similar architecture and that the
structures observed in the crystals are preserved in
solution.668  Figure 5-51 shows the low-field end of the
NMR spectrum of a valine-specific tRNA from E. coli.
The spectrum is run in H2O rather than D2O so that
exchangeable hydrogens in the hydrogen bonds of
the Watson–Crick base pairs can be observed.669  The
protons giving rise to the downfield resonances are
primarily those attached to nitrogen atoms of the rings
and in hydrogen-bonded positions.  These protons are
shielded by adjacent electron-donating groups and by
their attachment to the semiaromatic rings of the bases.
The NMR signals are further shifted downfield to
varying degrees depending upon whether or not the
proton being observed is attached to a base that is
stacked with other bases.  The size of the shift also
depends upon which neighboring bases are present.
The proton on N-3 of AU base pairs is deshielded
more than the proton on the N-1 of GC base pairs.
Therefore, the AU protons appear further downfield
than the GC protons.  The stronger ring current in A
than in C enhances this separation.

All of the resonances in Fig. 5-51 have been
assigned to particular bases.  This was done in part by
varying the temperature, changing the magnesium
ion concentration, and predicting shifts caused by
ring currents in adjacent bases making use of the X-ray
crystal structures.  NMR spectra of hairpin helical frag-
ments also provided essential information.  From inte-
gration of the areas under the peaks it was concluded
that the 20 resonances seen below – 11 ppm represent
27 protons.  Twenty of these are in Watson-Crick base
pairs and correspond to those expected from the X-ray
structure.  Six more belong to protons involved in
tertiary interactions, such as base pair triplets or non-
Watson–Crick pairs.  One of these, labeled “G” in the
figure, is in the dihydrouridine stem and involves the
ring proton of N-1 of m7G46 which is hydrogen bond-
ed to N-7 of G22 in the major groove of the RNA.  G22
is located at the beginning of the “extra loop.”

Measurements of the NOE of nearby protons in
both small RNA molecules668,669 and DNA oligonu-
cleotides670,671 provided much additional information.
Figures 5-51B and C show NOESY spectra of the
tRNAVal and the way in which weak cross-peaks
between the H-bonded imino protons in adjacent base
pairs (Fig. 5-51B) can be used to establish connec-
tivities.669  Beginning with resonance B, it is possible
to establish the sequence of the NH groups giving rise
to these resonances as OBUGJNT.  Using other data as
well, it was concluded that these represent the seven
base pairs of the acceptor stem (see Fig. 5-30), with
resonance C representing the first GC pair, resonance
B the second, etc.  Resonance A was identified as
coming from the base triplet containing a Hoogsteen
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base pair of 4-thiouracil at position 8 with A14 (see Fig.
5-7).  Its connectivity to the sequence KCEO is also
outlined in Fig. 5-51B.  However, it could not be estab-
lished without additional data which also helped to
identify the sequence O-K as residues 10 – 13 of the
dihydrouracil stem.  Peak O is a multiproton peak
representing not only GC 10 but also UA 7.  In general,
the GC protons are at the higher field side of the spec-
trum and the AU protons at the lower side.  However,
AU 7 is shifted to an anomolously high position.
Cross-peaks between imino protons of uracil and the
nearby C2 protons of adenine in Watson–Crick AU base
pairs or C8 protons of Hoogsteen AU pairs can be ob-
served in the 6.5 – 9 ppm region as shown in Fig. 5-35B.
This region also contains information about other
protons bound to the nuclei acid bases.

Figure 5-50 (A) Hydroxyl radical footprints of phage
λ repressor on both strands of the 120-bp restriction
fragment of E. coli DNA carrying the OR1 operator
sequence. “Bottom” and “top” refer to the DNA
strands as drawn in (C), and as diagrammed in (B).
Labeling of the 5' end of the Bgl II restriction fragment
afforded data for the bottom strand and labeling of
the 3' Bgl II end afforded data for the top strand.  Lanes
1 and 12, untreated DNA, labeled on the bottom and
top strands, respectively;  lanes 2 and 10, products of
DNase I digestion of DNA labeled on the bottom and
top strands, respectively, with no repressor present;
lanes 3 and 11, products of DNase I digestion of DNA
labeled on the bottom and top strands, respectively,
complexed with λ repressor (675 nM); lanes 4 and 9,
products of Maxam–Gilbert guanine-specific sequenc-
ing reactions performed on DNA labeled on the bottom
and top strands, respectively; lanes 5 and 6, products
of hydroxyl radical cutting of DNA labeled on the
bottom strand, complexed with λ repressor.  Lane 5,
90-nM λ repressor and lane 6, 675-nM λ repressor.
Lanes 7 and 8, products of hydroxyl radical cutting
of DNA labeled on the top strand, complexed with λ
repressor.  Lane 7, 675 nM λ repressor.  Lane 8, 90 nM
λ repressor.  The labels a, b, c, a’, b’, and c’ mark the
hydroxyl radical footprints.  Courtesy of Thomas
Tullius.661
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Similar techniques are being used for the study of
DNA.672  The presence of a second hydrogen in the 2'
position of the deoxyribose rings of DNA adds several
H-H distances (Fig. 5-52) that can be measured in addi-
tion to those seen in RNAs.  Characteristic differences
are seen in the NOESY plots of A, B, and Z forms of
DNA.670,671,673,674  Although detailed structural infor-
mation has been obtained for short segments of DNA,
spectra of larger oligonucleotides are impossible to
analyze with two-dimensional methods because of
extensive overlap of resonances.665  The difficulty is
already apparent in the 17 base pair DNA segment for
which a one-dimensional spectrum as well as COSY
and NOESY spectra are shown in Fig. 5-53.

Some help with the complexity can be obtained
by incorporation of 13C-enriched methyl groups into
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Figure 5-52  Segment of a DNA chain in the B conformation illustrating
some intrachain NOEs that may be observed.  The close juxtaposition of
proton pairs is provided by the H2'-endo (2E) conformation of the sugar
rings with anti base conformation (Fig. 5-11).  After Cohen.675

Figure 5-51  (A)  The low-field region of the one-dimensional 1H NMR spectrum of E. coli tRNA1
Val at 27°C in H2O.  Resonances

are identified by letters A – X.  (B)  NOESY spectrum of the same tRNA under similar conditions showing the imino-imino NOEs.
In the lower right sector the connectivity traces of the acceptor helix and dihydrouridine helix are shown as solid and dotted
lines, respectively.  In the NOESY sample the two protons in peak EF are partially resolved whereas the two protons in peak
T have coalesced.  (C)  NOESY spectrum of E. coli tRNA1

Val at 32°C showing the imino and aromatic proton regions.  AU-type
imino protons have been connected horizontally by a dotted line to the cross-peak of their proximal C2-H or C8-H in the 7 to 9
ppm region, which has been labeled with the corresponding lower-case letter.  From Hare et al.669 Courtesy of Brian Reid.
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Figure 5-53  (A) 1H NMR spectrum of a 17 base-pair DNA segment from the operator sequence OR3 from bacteriophage λ in
D2O at 37°C.  (B)  Combined COSY above the diagonal and NOESY (below the diagonal) spectra.  C5H and C6H J coupling is
established from cross-peaks in box d for cytosines and in box a for thymines.  Two unresolved cross-peaks give rise to the more
intense spots marked by arrows.  Box b contains cross-peaks from scalar coupling of the two H2' protons to the H1' protons
of the deoxyribose rings.  Most of the aromatic proton resonances could be assigned using the NOE cross-peaks in box f.  For
further details see Wemmer et al.676  See also Bax and Lerner.672  Courtesy of B. Reid.
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278 Chapter 5.  The Nucleic Acids

1. Describe the typical distribution pattern of RNA
and DNA in bacterial cells and in eukaryotic cells.

2. Draw the structures of the Watson–Crick base
pairs guanine – cytosine (GC) and adenine – thym-
ine (AT).  Also draw the GU pair, which is not a
Watson – Crick pair.

3. Draw the tautomeric structures possible for the
cation formed by protonation of 9-methyladenine.

4. What unusual base pairs could arise from a minor
tautomer of cytosine or from a minor tautomer of
guanine?

5. The minor imino tautomeric form of adenosine
occurs infrequently in DNA.  Can this cause muta-
tions?  Explain; draw structures to illustrate your
answer.

6. Will the substitution of hypoxanthine for adenine
in DNA result in mutation?  Explain.

7. Why is the methylation of DNA to form O6-methyl
guanine mutagenic?

8. Draw the structure of a dinucleotide that might be
obtained by the partial hydrolysis of RNA.  Indicate
the following:
a) The 5' end
b) The 3' end
c) The torsion angle χ
d) The point of cleavage by pancreatic ribonuclease
e) The point of cleavage by periodic acid
f) Two points at which the structure might be

methylated by modifying enzymes
acting on a polynucleotide

9. Draw the structure of guanosine-5'-phosphate in
such a way that the configurations of the sugar
ring and of the glycosidic linkage are clearly indi-
cated.  State whether you have drawn a syn or an
anti conformer.  Circle the most acidic proton in
the guanine ring and indicate its approximate pKa.
Which is the most basic center?  What is the ap-
proximate pKa of the conjugate acid?

10. What are the chemical functional groups in DNA?
In RNA?

Study Questions

11.  Electrophoresis of a mixture of the dinucleotides
ApC and ApU at pH 3.5 separates two compo-
nents.  Identify these and explain the order of
migration.  Be as quantitative as possible.

12.  Draw the structure of the predominant form of
pGpC as it occurs at pH 3.5.

13.  Why is DNA denatured at pH 11?

14.  Draw a schematic representation of the polynucle-
otide portion of a DNA molecule and of an RNA
molecule and indicate positions of cleavage by the
following treatments:
a) Mild HCl
b) More vigorous HCl
c) Mild NaOH
d) More vigorous NaOH
e) Pancreatic RNase
f) Pancreatic DNase
g) Splenic DNase
h) Splenic phosphodiesterase
i) Snake venom phophodiesterase
j) Dnase from Micrococcus

15.  A sample of DNA from a virus was hydrolyzed by
acid and was found to have the following base
composition (in mol%): adenine, 30; thymine, 39;
guanine, 18; cytosine, 13.  This differs from that of
most DNA preparations.  Offer a possible explana-
tion.  Sketch the expected temperature-absorbance
profile of this DNA.  Do you expect much hyper-
chromicity?  Explain your answer.

16.  Adenine is found to constitute 16.3% of the nucleic
acid bases in a sample of bacterial DNA.  What are
the percentages of the other three bases?

17.  For the following DNA sequence

3'-CGATACGGCTATGCCATAGGC-5'

write a) the sequence of the complementary
DNA strand;

b) the sequence of the corresponding
segment of mRNA formed using the
DNA segment above as the template;

c) the amino acid sequence encoded by
this segment.

18.  What is the molecular mass of a segment of B-DNA
that encodes a 386-residue protein?  What is the
length in nm?  in Å?  Do not make allowance for
introns.
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Study Questions

19.  Complete the following table:

Protein
Polysaccharide
Nucleic acid
Teichoic acid
Poly-β-hydroxybutyrate

20.  What is meant by the Tm of a DNA sample?  How
does T m vary with base composition and what is
the explanation of this?

21.  Isolated “naked” bacterial DNA, from which
proteins have been removed, is supercoiled.  DNA
in the bacterial chromosome is also supercoiled.
When naked DNA is nicked, its supercoiling is
abolished.  In contrast nicking the chromosomal
DNA does not abolish its supercoiling.  Explain.

22.  A closed circular duplex DNA has a 90 base-pair
segment of alternating G and C residues.  Upon
transfer to a solution containing a high salt concen-
tration,  this segment undergoes a transition from
the B conformation to the Z conformation.
a) Explain why the high salt concentration

induces a B→ Z transformation.
b) What changes would you expect in (1) the

linking number Lk, (2) the writhe Wr, and (3)
the twist Tw of the DNA as a result of this
transition.

23.  Name two or more characteristics of a DNA se-
quence or of its environment that will favor con-
version of B-DNA into Z-DNA.

24.  Suppose one double helical turn of a superhelical
DNA molecule changes from a B conformation to
the Z conformation.  Calculate the approximate
changes in (1) the linking ∆Lk, (2) the writhe ∆Wr,
and (3) the twist ∆Tw of the DNA as a result of this
transition.  Show your calculations and explain
your answers.  For this problem assume that the B
form of DNA has 10.4 bp per turn.  Why is the B→
Z transition favored in naturally occurring super-
coiled DNA?

25.  A circular DNA plasmid of length 1144 bp is super-
coiled with a twist (Tw) of 110.  Assume that the
DNA has 10.4 bp per turn in its relaxed state.
a) What is the linking number Lk and the writhe

Wr in the plasmid?
b) Is the plasmid negatively or positively super-

coiled?
c)  Ethidium bromide is an intercalating agent that

inserts between the stacked base pairs, separat-
ing the stacks and causing local unwinding
that decreases the value of Tw.  What effect
would ethidium bromide have on the migra-
tion rate of the plasmid during electrophoresis?

d)  If part of the plasmid were to undergo a transi-
tion from B-DNA to Z-DNA, what would be
the effect on Lk, Tw, and Wr?

26.  You have been given a sample of nucleic acid,
describe two ways you could determine whether
it is RNA or DNA and two ways to determine
whether it is single- or double-stranded.

27.  What conclusions can you draw about the nature
of the protein binding site on DNA from the obser-
vation that methylation of cytosine residues in the
protein-recognition sequence inhibits protein
binding?

28.  The anticodon loop of one of the tRNA Gly mole-
cules from E. coli is as follows.  Identify the anti-
codon, reading from 3' to 5'.  This tRNA recognizes
two different Gly codons.  What are they?  Write
them from 5' to 3'.

The complete tRNA contains 75 nucleotides.
Sketch the rest of the molecule in the cloverleaf
representation.  Label the 5' and 3' ends and the
dihydrouridine and TψC loops.  What are the last
three nucleotides at the 3' end?

29.  Are viruses alive?  Explain your answer.

Name

Range of
molecular
massesLinkageMonomer

C
G
A

U

C
C

U
G

C
C

A
A

G
G
U
C
G

35

30

tRNAGly
3
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Ice and water are in equilibrium at 0°C and atmospheric pressure.  When ice melts under these conditions
the heat Q absorbed from the surroundings is the enthalpy change, ∆H, which equals 6.008 kJ mol–1.  For
a reversible reaction the entropy change, ∆S, equals ∆H/T and the entropy increases when the ice melts
by 6.008 x 103 J / 273.16 = 22.0 JK–1.  Along the frozen edges of the river the ice and water are not in a true
equilibrium but in a steady state.  It is an open system in which water flows and energy is exchanged
with the surroundings.  Similarly, the cells of Vorticella represent open systems through which water and
nutrients flow, and energy is exchanged with the surrounding water.  Many chemical reactions within the
cells are near equilibrium while the organism maintains its own structure.  Photos: Frosty River, Banff
Natl. Park, Alberta © Stephen J. Kraseman;  Vorticella courtesy of Ralph Buchsbaum.
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Thermodynamics and Biochemical Equilibria 6

We all know from experience the importance of
energy to life.  We know that we must eat and that
hard work not only tires us but also makes us hungry.
Our bodies generate heat, an observation that led
Lavoisier around 1780 to the conclusion that respira-
tion represented a slow combustion of foods within
the body.  It soon became clear that respiration must
provide the energy for both the mechanical work done
by muscles and the chemical synthesis of body constit-
uents.  All organisms require energy and the ways in
which living things obtain and utilize energy is a major
theme of biology.

The discovery of the first and second laws of
thermodynamics permitted the development of precise,
quantitative relationships between heat, energy, and
work.  It also allowed chemical equilibria to be
understood.  Modern biochemical literature abounds
with references to the thermodynamic quantities
energy E, enthalpy H, entropy S, and Gibbs energy
(also called free energy) G.  The purposes of this chapter
are:  (1) to provide a short review of thermodynamic
equations, (2) to provide tables of thermodynamic
quantities for biochemical substances and to explain
the use of these data in the consideration of equi-
libria in biochemical systems, and (3) to introduce
the adenylate system, which consists of adenosine
triphosphate (ATP), adenosine diphosphate (ADP),
adenosine mono-phosphate (AMP), and inorganic
phosphate (Pi).  This system plays a central role in
energy metabolism, and (4) to provide a quantitative
understanding of the effects of pH and of metal ions
on biochemical equilibria. Many readers will want to go
directly to Section D, which deals with the adenylate system
and its significance for life.

A.  Thermodynamics

Thermodynamics is concerned with the quantita-
tive description of heat and energy changes and of
chemical equilibria.1– 10  Knowledge of changes in
thermodynamic quantities, such as ∆H and ∆S, enables
us to predict the equilibrium positions in reactions and
whether or not under given circumstances a reaction
will or will not take place.  Furthermore, the consider-
ation of thermodynamic quantities provides insight into
the nature of forces responsible for bonding between
molecules, enzymatic catalysis, functioning of DNA
and RNA, and many other phenomena.

It is important to realize that while thermodynamic
information will tell us whether or not a reaction can
take place it says nothing about the rate of the reaction.
It will not even say whether a reaction will proceed at
all within a given period of time.  This has led to the
occasional assertion that thermodynamics is not rele-
vant to biochemistry.  This is certainly not true; it is
important to understand energy relationships in bio-
chemical reactions.  At the same time, one should avoid
the trap of assuming that thermodynamic calculations
appropriate for equilibrium situations can always be
applied directly to the steady state found in a living cell.

Thermodynamics is an exact science and its laws
deal with measurable quantities whose values are
determined only by the state of the system under
consideration.  For example, the system might be the
solution in a flask resting in a thermostated bath.  To
specify its state we would have to say whether it is
pure solid, liquid, or gas, or a solution of specified
composition and give the temperature and pressure.
The flask, the bath, and everything else would be
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(6-3)

(6-4)

(6-1)

called surroundings or environment.  The system plus
surroundings is sometimes referred to as the universe.

1.  The First Law of Thermodynamics

The first law of thermodynamics asserts the con-
servation of energy and also the equivalence of work
and heat.  Work and heat are both regarded as energy
in transit.  Heat may be absorbed by a system from the
surroundings or evolved by a system and absorbed in
the surroundings.  Work can be done by a system on
the surroundings or it can be done on a system.  The
first law postulates that there is an internal energy E
(also designated U), which is dependent only on the
present state of the system and in no way is dependent
upon the history of the system.  The first law states
that E can be changed only by the flow of energy as heat or
by work.  In other words, energy can neither be created
nor destroyed.

In mathematical form, the first law is given as
follows:

∆E E E Q W= − = −(products) (reactants)

Here Q is the heat absorbed by the system from the
surroundings and W is the work done by the system
on the surroundings.  Energy, heat, and work are all
measured in the same units.  Chemists have tradition-
ally used the calorie (cal) or kilocalorie (kcal) but
are switching to the SI unit, the joule (Table 6-1).10a

Work done by the system may be mechanical (e.g., by
changing the volume of the surroundings), electrical
(e.g., by charging of a battery), or chemical (e.g., by
effecting the synthesis of a polypeptide from amino
acids).

2.  Enthalpy Changes and Thermochemistry

We are most often interested in the changes in the
thermodynamic functions when a chemical reaction
takes place; for example, the heat absorbed by the
system within a bomb calorimeter where the volume
stays constant (Q

V
) is a direct measure of the change in E:

Q EV = ∆

To measure ∆E for combustion of a biochemical com-
pound, the substance may be placed in a bomb together
with gaseous oxygen and the mixture ignited within
the calorimeter by an electric spark.  In this case, heat
will be evolved from the bomb and will pass into the
surroundings.  Q

V
 and ∆E will be negative.  The bomb

calorimeter is designed to measure Q
V
 and thereby to

give us a way of determining ∆E for reactions.

Processes at constant pressure. Chemical and
biochemical reactions are much more likely to be con-
ducted at constant pressure (usually 1 atm) than they
are at constant volume.  For this reason, chemists tend
to use the enthalpy H more often than the internal
energy E.

H = E + PV

It follows from Eq. 6-3 that if the pressure is constant, ∆H
P

is equal to ∆E
P
 + P ∆V .  Since in a process at constant

pressure, P ∆V is exactly the pressure–volume work
done on the surroundings, the heat absorbed at constant
pressure (Q

P
) is a measure of ∆H

P
.

Since enthalpy changes can be obtained directly
from measurement of heat absorption at constant
pressure, even small values of ∆H for chemical and
biochemical reactions can be measured using a micro-
calorimeter.11,12  Using the technique of pulsed acoustic
calorimetry, changes during biochemical processes can
be followed on a timescale of fractions of a millisecond.
An example is the laser-induced dissociation of a
carbon monoxide–myoglobin complex.13

The term enthalpy was coined to distinguish H from
E, but we sometimes tend to be careless about language
and many discussions of energy in the literature are
in fact about enthalpy.  The difference is often not
significant because if the pressure–volume work is
negligible, E and H are the same.

Enthalpies of combustion and physiological
fuel values. The heat of combustion (–∆Hc) of an
organic substance is usually determined from ∆Ec,
which is measured in a bomb calorimeter.  Since ∆E

V

and ∆E
P
  are nearly identical, it follows that ∆H

P
 = ∆E

V

+ P ∆V.  Here ∆V is the volume change which would
have occurred if the reaction were carried out
at constant pressure P; thus, ∆H

P
can be estimated by

calculation.  Since ∆H is desired for combustion to
carbon dioxide, water, elemental nitrogen (N2), and
sulfur, correction must be made for the amounts of the
latter elements converted into oxides.  By these proce-
dures, it has been possible to obtain highly accurate
values of ∆Hc both for biochemical compounds and
for mixed foodstuffs.  In nutrition, – ∆Hc is sometimes
referred to as the gross energy.  Values are usually
expressed in kilocalories (kcal) by chemists but often
as Cal (with a capital C) in the nutritional literature.

Caloric values of foods (physiological fuel values)
are enthalpies of combustion but with an opposite
sign, (– ∆Hc), and corrected for energy lost in urine
(e.g., as urea) and feces.  While enthalpies of combustion
of foods are all negative, the caloric values are given
as positive numbers.  Caloric values for proteins are

(6-2)

QP = ∆EP + P ∆V = ∆HP
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calculated for the conversion of the nitrogen to urea,
the major nitrogenous excretion product in mammals,
rather than to elemental nitrogen.  Typical values are
shown in Table 6-2.

From a thermochemical viewpoint, can a human
or animal be regarded as just a catalyst for the com-
bustion of foodstuffs?  To answer this question, large
calorimeters were constructed into which an animal or
a human being was placed.  If, while in the calorimeter,
the subject neither gained nor lost weight, the heat
evolved should have been just equal to –∆H for com-
bustion of the food consumed to CO2, water, and urea.
That this prediction was verifed experimentally does
not seem surprising, but at the time that the experi-
ments were first done in the early years of the century
there may have been those who doubted that the first
law of thermodynamics applied to mammals.

In practice, animal calorimetry is quite complicated
because of the inherent difficulty of accurate heat
measurements, uncertainties about the amount of food
stored, and the necessity of corrections for ∆Hc of the
waste products.  However, the measurement of energy
metabolism has been of considerable importance in
nutrition and medicine.  Indirect methods of calorime-
tery have been developed for use in measuring the basal
metabolic rate of humans.  For a good discussion see
White et al.14

The basal metabolic rate is the rate of heat evolution
in the resting, postabsorptive state, in which the subject
has not eaten recently.  In this condition, stored foods
provide the energy and are oxidized at a relatively
constant rate.  The basal metabolic rate tends to be
proportional to the surface area; which can be approxi-
mated (in units of m–2) as 1/60 [height (cm) × mass
(kg)].15  For a young adult female, the basal metabolic
rate is typically ∼154 kJ h–1 m–2 and for a young adult
male ∼172 kJ h–1 m–2.  This is ∼320 – 360 kJ h–1 for a 70-kg
person.  Note that 360 kJ h–1 is the same as the power
output of a 100-watt lightbulb.  While there is consid-
erable variation among individuals, basal metabolic
rates far below or above normal may indicate a patho-
logical condition such as an insufficiency or oversupply
of the thyroid hormone thyroxine.  Metabolic rates fall
somewhat below the basal value during sleep and are
much higher than basal during hard exercise.  A human
may attain rates as high as 2500 kJ (600 kcal) per hour.
At a basal rate of 320 kJ (76 kcal) per hour, a person
requires 7680 kJ (1835 kcal) each 24 h to supply his or
her basal needs, plus additional energy during periods
of muscular exercise.  Routine light exercise as in the
office or during housework increases metabolism to
about double the basal rate.  Although the caloric values
in Table 6-2 are reliable for prediction of metabolic
energy needs, they must be adjusted to predict the
efficiency of utilization for growth.  In one study16 a
group of rats deposited 28% of the available energy
from sucrose as body protein and fats, but fats were
deposited with an efficiency of 36%.

The joule, SI unit of energy
1 J = 1 kg m2 s–2

= 1 N m (newton meter)
= 1 W s (watt second)
= 1 C V (coulomb volt)

Thermochemical calorie
1 cal = 4.184 J

Large calorie
1 Cal = 1 kcal = 4.184 kJ

Work required to raise 1 kg 1 m on earth
(at sea level) = 9.807 J

Gibbs energy of hydrolysis of 1 mole of ATP
at pH 7, millimolar concentrations =
– 12.48 kcal = – 52.2 kJ

Work required to concentrate 1 mole of a substance
1000-fold, e.g., from 10–6 to 10–3 M
= 4.09 kcal = 17.1 kJ

Avogadro’s number, the number of particles in a mole
N = 6.0220 x 1023

Faraday 1 F = 96,485 C mol–1 (coulombs per mole)

Coulomb 1 C = 1 A s (ampere second)
= 6.241 x 1018 electronic charges

The Boltzmann constant
kB = 1.3807 x 10–23 J deg–1

The gas constant, R = N kB

R = 8.3144 J deg–1 mol–1

= 1.9872 cal deg –1 mol–1

= 0.08206 1 atm deg–1 mol–1

and at 25°C RT = 2.479 kJ mol–1

The unit of temperature is the kelvin (K); 0°C =
273.16 K

ln x = 2.3026 log x

One atmosphere (atm) = 101.325 kilopascals (kPa)

TABLE 6-1
Units of Energy and Work and the Values of Some
Physical Constants

TABLE 6-2
Caloric Values of Food Components

Component Caloric values per gram

Carbohydrates 4.1 kcal 17 kJ

Pure glucose 3.75 kcal 15.7 kJ

Lipids 9.3 kcal 39 kJ

Proteinsa 4.1 kcal 17 kJ
a Nitrogen excreted as urea.

A.  Thermodynamics
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(6-5)

(6-6)

3.  The Second Law of Thermodynamics

Why does heat flow from a warm body into a cold
one?  Why doesn’t it ever flow in the reverse direction?
We can see that differences in temperature control the
direction of flow of heat, but this observation raises
still another question:  What is temperature?  Reflec-
tion on these questions, and on the interconversion of
heat and work, led to the discovery of the second law
of thermodynamics and to the definition of a new
thermodynamic function, the entropy S.

Consider the melting of ice.  This is a phase transi-
tion that usually takes place at constant temperature
and pressure.  At a temperature just above 0°C ice
melts completely, but at a temperature just below 0°C
it does not melt at all.  At 0°C we have an equilibrium.
In the language of thermodynamics, the melting of ice
at 0°C is a reversible reaction.  What criterion could
be used to predict this behavior for water?  For many
familiar phenomena, e.g., combustion, a spontaneous
reaction is accompanied by the evolution of a large
amount of heat, i.e., ∆H is negative.  However, when
ice melts it absorbs heat.  The ∆H of fusion amounts to
6.008 kJ mol–1 at 0°C and is nearly the same just below
0°C, where the ice does not melt, and just above 0°C,
where the ice melts completely.  In the latter case, the
melting of ice is a spontaneous reaction for which ∆H
is positive.  It is clear from such facts that the sign of the
enthalpy change does not serve as a criterion of spontaneity.

A correct understanding of the ice–water transi-
tion came when it was recognized that when ice melts
not only does H increase by 6.008 kJ mol–1, as the mole-
cules acquire additional internal energy of translation,
vibration, and rotation, but also the molecules become
more disordered.  Although historically entropy was
introduced in a different context, it is now recognized
to be a measure of “microscopic disorder.”  When ice
melts, the entropy S increases because the structure
becomes less ordered.

The second law of thermodynamics is stated in
many different ways, but the usual mathematical
formulation asserts that for the universe (or for an
isolated system)

∆S (system + surroundings) = 0
for reversible processes

∆S > 0
for real (nonreversible) processes

The second law is sometimes stated in another way:
The entropy of the universe always increases.

The second law also defines both S and the thermo-
dynamic temperature scale as follows:

dS q Treversible =

Here q is an infinitesimal quantity of heat absorbed
from the surroundings by the system and T is measured
in kelvins (K).  For a reversible phase transition such as
the melting of ice at constant pressure and temperature,
the change in entropy of the H2O is just ∆H/T.

∆ ∆S Q T H TP T) , , reversible = =

Entropy is measured in units of joules per kelvin (or °C)
or calories per K, the latter sometimes being abbreviated
as e. u. (entropy units).  Since the melting of ice at 0°C
is a reversible process, the second law asserts that the
entropy of the surroundings decreases by the same
amount that the entropy of the water increases.  The
value of T ∆S is numerically equal to the heat of fusion,
6.008 kJ mol–1 in the case of water at 0°C.  Thus, the
entropy increase in the ice as it melts at 0°C is 6.008 x
103 J/273.16 K = 22.0 J K–1.

The thermodynamic temperature. The definition
of thermodynamic temperature in kelvins (Eq. 6-8) also
follows from Eq. 6-6.  See textbooks of thermodynamics
for further treatment.

T E S H SV P= =( ) ( )∂ ∂ ∂ ∂

The entropy of a substance can be given a precise
mathematical formulation involving the degree of
molecular disorder (Eq. 6-9).

S k= B ln Ω

Here kB is the Boltzmann constant (see Table 6-1)
and Ω is given precisely as the number of microscopic
states (different arrangements of the particles) of the
system corresponding to a given macroscopic state,
i.e., to a given temperature, pressure, and quantity.  It
increases as volume or temperature is increased and in
going from solid to liquid to gaseous states.  Equation
6-9 is not part of classical thermodynamics (which
deals only with macroscopic systems, i.e., with large
collections of molecules).  However, using the methods
of statistical thermodynamics,17 this equation can be
used to predict the entropies of gases.

The racemization of an amino acid provides a bio-
chemical example that can be related directly to Eq. 6-9.
A solution of an L-amino acid will be efficiently changed
into the racemic mixture of 50% D and 50% L by the
action of an enzyme (a racemase) with no uptake or
evolution of heat.  Thus, ∆H = 0 and the only change
is an entropy change.  Let us designate Ω for the pure
isomer as Ω’.  Since there are just two choices of con-
figuration for each of the N molecules in 1 mole of the
racemate we see that for the racemate

Ω Ω= ′2 N

(6-7)

(6-8)

(6-9)

(6-10)
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Applying Eq. 6-9 we calculate ∆S as follows:

∆ Ω ΩS k k

Nk R

N= + ′ − ′

= = = − −

B B

B
1J K mol

(ln ln ) ln

ln ln .

2

2 2 5 76 1

Entropies from measurement of heat capacities.
It follows from Eq. 6-9 that S = 0 when T = 0 for a
perfect crystalline substance in which no molecular
disorder exists.  The third law of thermodynamics asserts
that as the thermodynamic temperature T approaches
0 K the entropy S also approaches zero for perfect
crystalline substances.  From this it follows that at any
temperature above 0 K, the entropy is given by Eq. 6-12.

S C d Tp

T
= ∫ ln

0

In this equation C
P
 is the heat capacity at constant

pressure:

C H TP P= ( )∂ ∂

If C
P
 is measured at a series of low temperatures down

to near zero K, Eq. 6-12 can be used to evaluate the
absolute entropy S.  If phase transitions occur as the
temperature is raised, entropy increments given by Eq.
6-7 must be added to the value of S given by Eq. 6-12.
For a few compounds, such as water (Chapter 2),

molecular disorder is present in the crystalline state
even at 0 K.  For these substances a term representing
the entropy at 0 K must be added to Eq. 6-12.

The entropies of a few substances are given in
Table 6-3.  Notice how the entropy increases with
increasing complexity of structure, with transitions
from solid to liquid to gas, and with decreasing hard-
ness of solid substances.

Measurements of Cp versus temperature for solu-
tions of macromolecules or for biological membranes
(Fig. 8-9) over a narrower temperature range are also
of interest.  These can be obtained with a differential
scanning calorimeter18,19 or by an indirect procedure.20

Denaturation of polymers or phase changes in mem-
branes may be observed.  Larger values of Cp are ob-
served for open, denatured, or random-coil structures
that are usually present at higher temperatures than
for tightly folded molecules.

4.  A Criterion of Spontaneity:  The Gibbs
Energy

We have seen that while many spontaneous pro-
cesses, e.g., combustion of organic compounds, are
accompanied by liberation of heat (negative ∆H), others
are accompanied by absorption of heat from the sur-
roundings (positive ∆H).  An example of the latter is
the melting of ice at a temperature just above 0°C,
during which there is a large increase in the entropy of
the water.  As we have seen, at 0°C at equilibrium T ∆S
is just equal to – ∆H (Eq. 6-7).

The recognition that ∆H – T ∆S = 0 for a system at
equilibrium led J. W. Gibbs to realize that the proper
thermodynamic function for determining the sponta-
neity of a reaction is what is now known as the Gibbs
energy or Gibbs function G (Eq. 6-14).

G H TS= −

In the older literature the Gibbs energy was usually
called the free energy or Gibbs free energy and was
often given the symbol F.  For a process at constant
temperature and pressure the change in G is given by
Eq. 6-15 in which all quantities refer to the system.

∆ ∆ ∆G H T ST P, = −

For a reversible (equilibrium) process doing only
pressure–volume work:

∆ ∆ ∆G H T ST) , reversible = − = 0

It can also be shown readily that ∆G is negative for any
spontaneous (irreversible) process.  Such a process is
called exergonic.  Likewise, if ∆G is positive, a given

(6-11)

(6-12)

(6-13)

C (diamond) s 0.55 2.3

C (graphite) s 1.36 5.7

Cu s 8.0 33

Na s 12.2 51

H2O (ice) s 9.8 41

H2O l 16.7 70

H2O g (1 atm) 45.1 189

He g 30.1 126

H2 g 31.2 131

N2 g 45.8 192

CO2 g 51.1 214

Benzene g 64.3 269

Cyclohexane g 71.3 298

Entropy S

Substance Stateb cal K–1 mol–1    J K–1 mol–1

a All values are given in entropy units (e.u.) of calories per Kelvin
per mole and in joules per Kelvin per mole at 25°C (298.16 K).

b Here s stands for solid, l for liquid, and g for gaseous.

A.  Thermodynamics

(6-14)

(6-15)

(6-16)

TABLE 6-3
Entropies of Selected Substancesa
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reaction will not proceed spontaneously and is called
endergonic.  The magnitude of the decrease in the
Gibbs energy (–∆G) is a direct measure of the maximum
work which could be obtained from a given chemical
reaction if that reaction could be coupled in some
fashion reversibly to a system able to do work.  It
represents the maximum amount of electrical work
that could be extracted or the maximum amount of
muscular work or osmotic work obtainable from a
reaction in a biological system.  In any real system,
the amount of work obtainable is necessarily less than
– ∆G because real processes are irreversible, i.e., entropy
is created.

Returning to the older assumption that the magni-
tude of ∆H might be an index of work obtainable, we
note that T ∆S amounts to only a few kilojoules for
most reactions.  Therefore, if ∆H is large, as in the
combustion of foodstuffs, it is not greatly different from
∆G for the same process.  Therefore, we can justify use
of the caloric value of a food as an approximate measure
of the work obtainable from its metabolism in the
body.

5.  Practical Thermochemistry

For thermodynamic data to be useful in chemical
calculations, we must agree upon standard states for
elements and compounds.  If we wish to talk about the
change in the Gibbs energy that occurs when one or
more pure compounds are converted to other pure
substances, we must agree upon a state (crystalline,
liquid, gaseous, or in solution) and upon a pressure
(especially when gases are involved) at which the data
apply.  The standard pressure is usually 1 atm.  Stan-
dard states of the elements are the pure crystalline, solid,
or gaseous materials, e.g., C (graphite), S (crystalline,
rhombic), P (crystalline, white), and N2, O2, and H2
(gaseous).  It is also essential to specify the temperature.
Thermodynamic data are most often given for 25°C,
but there is a standard state for each substance at each
temperature.

It is usually impractical to measure the values of
G or H, but ∆G and ∆H for a chemical reaction can be
evaluated.  Changes in Gibbs energy can be calculated
from tables of ∆G for formation of compounds from
the elements (Eq. 6-17).  These values of ∆Gf can be
obtained experimentally by measuring ∆H of combus-
tion for the compound of interest and for H2, elemental
carbon, and other elements present in the compound
and also by obtaining entropies from heat capacity
measurements.  Many other tabulated ∆Gf values have
been obtained indirectly utilizing data from equilibrium
constants.  The resulting standard Gibbs energies
of formation are given the symbol ∆Gf°. The values of
∆Gf° for the elements in their standard states are all exactly
zero.

Summing changes in Gibbs energy. A conve-
nient feature of thermodynamic calculations is that if
two or more chemical equations are summed, ∆G for
the resulting overall equation is just the sum of the
∆G’s for the individual equations as illustrated in Eqs.
6-17 to 6-20.  The same applies for ∆H and ∆S.

CH COOH C H O

for acetic acid kJ mol

O C CO

for CO kJ mol

O H H O

for H O kJ mol

CH COOH l O CO H O (l)

f

f

f

c

3 2 2

1

2 2

2
1

2 2 2

2
1

3 2 2 2

1 2 2

396 4

2 2 2

2 788 8

2 2

2 474 4

2 2 2

( )

.

.

.

( )

−→ + +

− ° = +

+ −→

° = −

+ −→

° = −

+ −→ +

−

−

−

∆

∆

∆

∆

G

G

G

G °° = − −for acetic acid kJ mol866 8 1.

In this example an equation for the decomposition of
acetic acid into its elements (Eq. 6-17) has been summed
with Eqs. 6-18 and 6-19, which represent the formation
of the proper number of molecules of CO2 and H2O
from the elements.  The sum of the three equations
gives the equation for the combustion of acetic acid to
CO2 and water, and the sum of the ∆G values for the
three equations gives ∆G for combustion of acetic acid.
The resulting value of ∆G is for combustion of pure
liquid acetic acid by oxygen at 1 atm to give CO2 at 1
atm and pure liquid water, all reactants and products
being in their standard states.

The process described in the preceding paragraph
is represented by Eq. 6-21, which is a general equation
for calculation of ∆G° for any reaction from ∆Gf° of
products and reactants.

∆ Σ∆ Σ∆G G G° = ° − °f fproducts reactants( ) ( )

How does the change in Gibbs energy vary if we go
from the standard state of a compound to some other
state?  Consider a change of pressure in a gas.  It is
easy to show (see any thermodynamics text) that

( )∂ ∂G P VT =

Using Eq. 6-22 together with the perfect gas law, we
obtain the relationship (Eq. 6-23) between the Gibbs
energy G of one mole of a substance at pressure P and
the standard Gibbs energy G° at pressure P°.

G G RT
P

P
RT P− ° =

°
=ln ln∆

(6-17)

(6-18)

(6-19)

(6-20)

(6-21)

(6-22)

(6-23)
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(6-28)

(6-27)

Here the bar over the symbol G indicates that the
Gibbs energy is for one mole of substance.  Since P° is
by definition 1 atm, the Gibbs energy change per mole
upon changing the pressure from P ° to P is just RT ln P.

Reactions in solution.  It is customary in books
on thermodynamics to develop most of the important
thermodynamic equations as applied to a perfect gas,
but we will move at this point to a consideration of
biochemical substances in solution. Biochemists are
usually interested in the behavior of substances dis-
solved in relatively dilute aqueous solutions but also
in cytoplasm, in which some concentrations may be
very high.  Sometimes the interest may be in nonaque-
ous solutions.  In any case, it is necessary to establish
a standard state for the solute.  The standard state of a
substance in aqueous solution is customarily taken as
a strictly hypothetical one molal solution (one mole of
solute per kilogram of water) whose properties are those
of a solute at infinite dilution.  An equation exactly anal-
ogous to Eq. 6-23 can be written relating the Gibbs
energy of one mole of dissolved solute Gi to the Gibbs
energy Gi° in the hypothetical standard state of unit
activity and to the activity ai of the solute (Eq. 6-24).

G G RT ai i i= ° + ln

Here the subscript i designates a particular component
in a solution which also contains solvent and, perhaps,
other components.  To be precise, Gi is a partial molar
Gibbs energy, i.e., the changes in total Gibbs energy of
a very large volume of solution when one mole of the
component is added.

From Eq. 6-24 it follows that the Gibbs energy change
for dilution from one activity a1 to another a2 is:

∆G a a RT a a( ) ln ( )dilution from to1 2 2 1=

Equation 6-24 and the equations that follow from it
apply to molal activities.  However, the concentration
can be substituted for activity in very dilute solution
where the behavior of the dissolved molecules approx-
imates that of the hypothetical ideal solution for which
the standard state is defined.  For any real solution, the
activity can be expressed as the product of an activity
coefficient and the concentration (Eq. 6-26).

a c= γ

where a = activity, γ = activity coefficient, and c = molal
concentration.  Thus, to use the tabulations of thermo-
dynamic functions for substances in solution to predict
behavior in other than very dilute solution, we must
multiply the concentration of every component by the
appropriate activity coefficient.  For the approximate

calculations which are often of interest to biochemists,
it is customary to equate concentration with activity.
Furthermore, in dilute solutions, the more usual molar
concentrations (moles per liter) are nearly equal to molal
concentrations.  The same equations can be used with
mole fractions rather than molal concentrations.

�G° and the equilibrium constant. Consider
the following generalized chemical equation (Eq. 6-27)
for reaction of a moles of A with b moles of B to give
products C and D, etc.

    a A  +  b B  + .  .  .   =  c C  +  d D .  .  .

The standard Gibbs energy change ∆G° for the process
is given by Eq. 6-28:

   ∆G°  =  c G°(C) + d G°(D) + .  .  .

– a G°(A) – b G°(B) .  .  .

The symbol G° (A) designates the Gibbs energy of
A, etc.  The value of ∆G for any desired concentrations
of reactants or products can be related to this ∆G° by
applying to each component Eq. 6-24 with the follow-
ing result:

Here aC represents the activity of component C, etc.
This useful equation permits us to calculate ∆G for
the low concentrations usually found in biochemical
systems.  These are more often in the millimolar range
or less rather than approaching the hypothetical 1 M of
the standard state.  Often concentrations are substituted
in Eq. 6-29 for activities:

∆ ∆G G RT
c d

a b
≈ ° + ln

[ ] [ ]
[ ] [ ]
C D
A B

Equation 6-29 is used in another way by noting that
∆G = 0 when a system is at equilibrium and that at
equilibrium the product aC

c aD
d . . ./aA

a aB
b . . . is just the

equilibrium constant K.  It follows that

∆G RT K RT K

T K

K

K

° = − = −

= −

= − °

= − °

−

−

−

ln . log

. log

. log

. log

2 303

19 145

5 708 25

1 364 25

1

1

1

J mol

kJ mol at C

kcal mol at C

Although the units of ∆G° are kJ mol–1, the Gibbs energy
change in Eq. 6-31 is that for the reactions of a moles of

A.  Thermodynamics

(6-24)

(6-25)

(6-29)

(6-30)

(6-31)

(6-26)

∆G  = ∆G° + RT ln
aC

c aD
d .  .  .

aA
a aB

b .  .  .
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(6-35)

(6-33)

(6-34)

A, b moles of B, etc., as in the equation used to define
K (Eq. 6-27 in this instance).  It is also important to
realize that the log term in Eq. 6-31 must be unitless.
Although we usually write ln K or log K, K here repre-
sents K/Q, where Q = 1 because it has the same form
as K but with all components in their standard states.
Since the units of K and Q are the same, log K is unit-
less.  Similar considerations apply to expressions of K
in exponential form.

Activity coefficients and concentration
equilibrium constants.  Strictly speaking, Eq. 6-31
applies only to thermodynamic equilibrium constants
–that is, to constants that employ activities rather than
concentrations.  The experimental determination of
such constants requires measurements of the apparent
equilibrium constant or concentration equilibrium
constant21 Kc at a series of different concentrations
and extrapolation to infinite dilution (Eq. 6-32).

K c

c d

a b

=

=

concentration equilibrium constant

C D
A B

at equilibrium
[ ] [ ]
[ ] [ ]

Extrapolation of Kc to infinite dilution to give K is
usually easy because the activity coefficients of most
ionic substances vary in a regular manner with ionic
strength and follow the Debye–Hückel equation
(Eq. 6-33) in very dilute solutions (ionic strength < 0.01).

The integers z1 and z2 are the numbers of charges
(valences) for the cation and anion of the salt.  The
ionic strength (µ, or I) is evaluated as follows:

Here ci are the molar concentrations of the ions.  The
summation is carried out over all the ions present.  The
activity coefficient γ (Eq. 6-33) is the mean activity
coefficient for both the cation and anion.

Equation 6-33 suggests that extrapolation of equi-
librium constants to infinite dilution is done appropri-
ately by plotting log Kc vs      .  For example, Fig. 6-1
shows plots of pK’a for dissociation of H2PO4

–, AMP–,
and ADP2–, and ATP3– vs      .  The variation of pK’a
with       at low concentrations (Eq. 6-35) is derived by
application of the Debye-Hückel equation (Eq. 6-33):

Straight lines of slope – 0.509 (zA
2 – zHA

2) are expected.
The observed (negative) slopes (Fig. 6-1) are ~ 1.5 for
H2PO4

– and AMP–, ~ 2.5 for ADP2–, and ~ 3.5 for ATP3–.
The data over the entire range of ionic strength are
fitted by empirical relationships of the type of Eq. 6-35a:

in which a and b are empirically determined constants.
For example, for H2PO4

– a = 1.52 and b = 1.96.  The
value of pKa found was 7.18, about 0.22 greater than
the value at µ = 0.2, an ionic strength more commonly
used in the laboratory and close to that found in tissues.
Note that the difference between the extrapolated pKa
for ATP3– of 7.68 and the observed value of ~ 7.04 at µ =
0.2 is even greater.  Serious errors can be introduced
into calculations by using extrapolated values for K for
solutions of appreciable ionic strength.  The errors will
be maximal for ions of high charge type such as ATP3–

and ATP4–.

(6-32)

(6-35a)

Another problem with equilibrium constants for
reactions that use or produce hydrogen ions is that
there is no rigorous relationship between pH and aH+
or [H+].  Indeed, the concept of an activity of a single
ion has little meaning in thermodynamics.  Neverthe-
less, in the pH range of interest to biochemists, results
that are very close to those obtained by more rigorous
methods are achieved by assuming that the pH meter

Figure 6-1 The apparent pKa values for secondary ionizations
of AMP, ADP, ATP, and H3PO4 (abbreviated ortho) plotted
against       .  Temperature:  25°C.  From R. C. Phillips et al.22
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responds to hydrogen ion activity.  The almost univer-
sal practice of biochemists is to assume the pH meter
reading obtained with a glass electrode equal to – log
aH+ and to substitute the value of aH+ so obtained for
[H+] in defining the concentration equilibrium constant,
Kc.  It is also customary in most branches of chemistry
to use values of equilibrium constants and of Gibbs
energy which have not been extrapolated to µ = 0.
Thus most values of K and ∆G, including many of those
in this book, are actually of Kc and ∆Gc.  An international
Commission on Biothermodynamics21 recommended
that values of Kc be measured with the lowest effective
buffer concentration and that the ionic strength be
brought to 0.1 with KCl.

Changes in equilibria with temperature. At
constant pressure ∆G varies with absolute temperature
as follows:

d G T

dT
H T

( )∆
∆= − 2

The corresponding variation in K is described by the
van’t Hoff equation:

d K

dT

H

RT

d K

d T

H

R

H
d K

d T

ln

ln
( )

( )
. log

( )

=
°

=
− °

° =
−

−

∆

∆

∆

2

1 10

1

0 01914

1
kJ mol

If ∆H ° can be assumed constant over the temperature
range of an experiment, a plot of  ln K vs 1/T provides
a convenient estimate of ∆H ° (or ∆H’ if ln K’ is plotted).
The slope of the line will be –∆H°/R.  Since ∆G° can
be calculated from K, the method also permits evalua-
tion of ∆S° using Eq. 6-15.  However, unless great care
is taken the method is of low accuracy23 and it is prefera-
ble to establish ∆H by direct calorimetry.  Also, espe-
cially for proteins, the assumption that ∆H° is constant
over a significant temperature range may be erroneous.

From observations at only two temperatures, T1,
and T2, Eq. 6-37 becomes

∆H R K K T T T T° = − −ln ( )[ ( )]2 1 1 2 2 1
1kJ mol

6.  Thermodynamics and Life Processes

Can thermodynamics be applied to living organ-
isms?  Classical thermodynamics deals with equilibria,

but living beings are never in equilibrium.  The laws
of thermodynamics are usually described as statistical
laws.  How can such laws apply to living things, some
of which contain all of their genetic information in a
single molecule of DNA?24,25  The ideal, reversible
reactions of classical thermodynamics occur at infini-
tesimal speeds.  How can thermodynamics be applied
to the very rapid chemical reactions that take place in
organisms?  One answer is that thermodynamics can
be used to decide whether or not a reaction is possible
under given conditions.  Thus, if we know the steady-
state concentrations of reactants and products within
a cell, we can state whether a reaction will or will not
tend to go in a given direction.

We may still ask whether there are generalities
comparable to the laws of thermodynamics that apply
to the kind of steady state or “dynamic equilibrium”
that exists in organisms.  Lars Onsager showed that
such relationships can be found for conditions that are
near equilibrium.  Ilya Prigogine and associates extended
Onsager’s findings and showed that under conditions
that are far from equilibrium the system tends to become
unstable and to spontaneously develop new structures,
which Prigogine calls dissipative structures.26– 28

Vortices in flowing water, tornados and hurricanes are
examples of dissipative structures.  The maintenance
of dissipative structures depends upon a flow of energy
and matter through the system.  The flow of energy is
sufficient to “organize” a system.  Thus, if a flask of
water is placed on a hot plate, a cycle is established.
The water moves via cyclic convection currents that
develop as a result of the flow of energy through the
system.  Morowitz reckoned that the 6 ± 3 x 1018 kJ/year
of solar energy that falls on the earth supplies the
organizing principle for life.28  Just as it drives the great
cycles within the atmosphere and within the seas, it
gives rise to the branching and interconnecting cycles
of metabolism.  This idea may even make the sponta-
neous development of the organized systems that we
call life from inanimate precursors through evolution
seem a little more understandable.

A characteristic of this nonequilibrium or irrever-
sible thermodynamics is that time is explicitly intro-
duced.  Furthermore, open systems, in which materials
and energy flow into and out of the system, are con-
sidered.  Clearly, a living organism is an open system
not a closed one of classical thermodynamics.  Because
of the flow of materials concentration gradients are set
up and transport phenomena often become of primary
importance.  Articles and books that provide an intro-
duction to nonequilibrium thermodynamics and to the
literature in the field include the following.10,26,28– 34

Whether these methods can be applied in a practical
way to metabolic systems has been debated.35,36

A.  Thermodynamics

(6-36)

(6-37)

or

or

(6-37a)
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Acetaldehyde C2H4O –139.7 –1123.5  171.5 –28.3 10
Acetic acid C2H4O2 –369.4   –866.8  169.2 9.3 8
Acetate– –369.2   –894.0  142.0 22.1 8
Acetyl-CoA  –374.1*   –889.1*  146.9* –13.0*   8
Acetyl-P –1218.4   –901.7  134.3 –25.6  8
Acetylenec C2H2 209.2 –1235.2     59.8 –140.0 10
Acetoacetate– C4H5O3

– –493.7 –1795.4   276.5 –3.2 16
Acetone C3H6O –161.2 –1733.6 338.4 18.7 16
cis-Aconitate3– C6H3O6

3– –920.9 –2157.0   173.9  –65.8 18
L-Alanine C3H7O2N –371.3 –1642.0   300.4  0.8 15
L-Asparagine C4H8O3N2 –526.6 –1999.7   331.2 –28.4 18
L-Aspartate– C4H6O4N– –700.7 –1707.0   235.4 –24.3 15
n-Butanol C4H10O –171.8 –2591.7   516.2 36.7 24
n-Butyric acid C4H8O2 –380.2 –2146.1   443.8 44.2 20
n-Butyrate– C4H7O2

– –352.6 –2173.7   416.2 56.6 20
Butyryl-CoA –357.5* –2168.8*   421.1* 21.5* 20
Caproate– C6H11O2

– –329.7 –3459.7   684.1 84.7 32
CO2 (g) –394.4         0.0       0.0 0.0  0
CO2 (aq) –386.2       –8.2     –8.2 –8.2  0
HCO3

– –587.1     –44.5   –44.5 –4.6   0
CO (g) –137.3   –257.1       1.9 –38.1   2
Citrate3– C6H5O7

3– –1166.6 –2148.4   182.5 –57.3 18
Creatine C4H9O2N3 –264.3 –2380.6   338.8 –80.8 21
Creatinine C4H7ON3 –28.9 –2378.8   340.6 –79.0 21
Crotonate– C4H5O2

– –275.7 –2013.4   317.5  –2.1 18
Cysteine C3H7O2NS –339.8 –2178.3   541.1 121.5 21
Cystine C6H12O4N2S2 –665.3 –4133.8 1046.0 246.9 40
Dihydroxyacetone-Pd –1293.2 –1458.4     95.5 –144.2 12
Erythrose 4-P d –1439.1 –1944.1   127.8 –191.9 16
Ethanol C2H6O –181.5 –1318.8   235.1 –4.6 12
Ethylene (g)c C2H4O 68.1 –1331.3   222.7 –17.1 12
Formaldehyde CH2O –130.5 –501.0   16.9 –63.0 4
Formic acid CH2O2 –356.1 –275.5 –16.5  –56.5 2
Formate– CHO2

– –350.6 –281.0 –22.0 –22.0 2
Fructose C6H12O6 –915.4 –2874.1 233.8 –245.7 24
Fructose 6-P d –1758.3 –2888.1 219.8 –259.7 24
Fructose di-P d –2600.8 –2902.5 205.4 –274.1 24
Fumaric acid C4H4O4 –647.1 –1404.8 149.2 –90.6 12
Fumarate– C4H3O4

– –604.2 –1447.7 106.2 –93.6 12
α-D-Galactose C6H12O6 –923.5 –2865.9 242.0 –237.5 24
α-D-Glucose C6H12O6 –917.2 –2872.2 235.6 –243.8 24
Glucose 6-P –1760.3 –2886.0 221.8 –257.6 24
L-Glutamate– C5H8O4N– –696.8 –2342.5 376.9 –2.7 21
L-Glutamine C5H10O3N2 –524.8 –2633.1 474.8 –4.7 24
3-P glycerate– d –1515.7 –1235.9  59.0 –100.8 10
2-P glycerate– d –1509.9 –1241.8 53.2 –106.6 10
Glyceraldehyde 3-P d –1285.6 –1466.0 87.9 –151.8 12
Glycerol C3H8O3 –488.5 –1643.4 169.5 –110.2 14
Glycerol-P –1336.2 –1652.6 160.3 –119.3 14
Glycine C2H5O2N –373.5 –1008.3 157.2 –22.6 9
Glycogen C6H10O5 –665.3 –2887.0 220.9 –258.6 24
Glycolate– C2H3O3

– –523.4 –739.7 37.2  –42.7 6
Glyoxylate– C2HO3

– –461.1 –564.9 –46.9 –86.9 4
H2O (l) –237.2 0.0  0.0 0.0 0
OH– –157.3 –79.9 –79.9 –39.9 0
H+ 0.0 0.0 0.0 0
H2 (g) 0.0 –237.2 21.8 –18.2 2
H2O2 –136.8 –100.4 –359.4 –319.4 –2
H2S –27.4 –714.6 321.3 161.5 8
HS– 12.6 –754.5 281.4 161.5 8
β-Hydroxybutyric acid C4H8O3     –531.4 –1994.9     336.0 –23.6 18
β-Hydroxybutyrate– C4H7O3

– –506.3 –2020.0     310.9 –8.8 18
Hydroxypyruvate C3H4O4 –615.9 –1041.6       –5.7 –165.5 8

TABLE 6-4
Gibbs Energies of Formation and of Oxidation at 25°C for Compounds of Biochemical Interesta,b

For oxidation by NAD+

Compound Formula
∆Gf°

(kJ mol–1)
∆Gc°

(kJ mol–1)
∆G°ox

(kJ mol–1)
∆G°ox (pH 7)

(kJ mol–1)
Number of
electrons
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Hypoxanthine C5H6O         89.5 –2773.0     334.8 –144.6 24
Isocitrate3– C6H5O7

3– –1160.0 –2155.1     175.8 –63.9 18
α-Ketoglutarate2– C5H4O5

2– –798.0 –1885.5     186.4 –53.3 16
Lactate– C3H5O3

– –516.6 –1378.1     175.9  –23.9 12
α-Lactose C12H22O11 –1515.2 –5826.5     389.3 –569.7 48
L-Leucine C6H13O2N     –356.3 –3551.7     721.6 62.3 33
Mannitol C6H14O6 –942.6 –3084.0     282.8 –236.6 26
Malate2– C4H4O5

2– –845.1 –1444.0     109.9 –49.9 12
Methane (g) CH4 –50.8   –818.0     218.0 58.2 8
Methanol CH4O –175.2   –693.5 83.4 –36.4 6
NH4

+ –79.5   –276.3     112.2 12.3 3
NO2

– –34.5     –84.1   –472.6 –372.7 –3
NO (g)  86.7     –86.7   –345.7 –305.7  –2
NO3

– –110.5       –8.1   –655.6 –515.7    –5
Oxalate2– C2O4

2– –674.9   –351.1     –92.1 –52.1 2
Oxaloacetate2– C4H2O5

2– –797.2 –1254.7       40.2 –79.7 10
H3PO4 (aq)e –1147.3         0.0         0.0 0.0 0
H2PO4

– (aq)e –1135.1     –12.1     –12.1 27.8  0
HPO4

2– (aq)e –1094.1     –53.1     –53.1 26.8 0
n-Propanol C3H8O     –175.8 –1956.1     374.8 15.2 18
Isopropanol C3H8O     –185.9 –1946.0     384.9 25.3 18
Propionate– C3H5O2

– –360.0 –1534.7     278.2 38.5 14
Pyruvate– C3H3O3

– –474.5 –1183.1     111.9 –47.9 10
Phosphoenolpyruvate3– –1269.5 –1245.0       50.0 –109.8 10
Ribose 5-P d –1599.9 –2414.9     175.0 –224.6 20
Ribulose 5-P d –1597.6 –2417.1     172.8 –226.8 20
Sedoheptulose 7-P d –1913.3 –3364.6     261.2  –298.2 28
Sedoheptulose di-P d –2755.8 –3379.0     246.9 –312.5 28
Sorbitol C6H14O6 –942.7 –3083.9     282.9 –236.5 26
Succinate2– C4H4O4

2- –690.2 –1598.9     214.1 14.3 14
Succinyl-CoA –686.7* –1602.4*     210.6*   –29.2* 14
Sucrose C12H22O11 –1551.8 –5789.9     425.9 –533.1 48
SO4

2– –742.0         0.0         0.0 79.9   0
SO3

2– –497.1   –244.9       14.1  54.0    2
S2O3

2– –513.4   –733.4     302.5 222.6   8
L-Threonine C4H9O3N     –514.6 –2130.3     330.1 –49.5 19
L-Tyrosine C9H11O3N     –387.2 –4466.8     842.5  23.4 41
Urea CH4ON2 –203.8   –664.9     112.0 –7.8   6
Uric acid C5H4O3N4 –356.9 –2089.4     241.5 –118.1 18
L-Valine C5H11O2N     –360.0 –2916.5     579.9 40.5 27
Xanthine C5H5O2N4 –139.3 –2425.6     293.8 –125.7  21
D-Xylulose C5H10O5 –748.1 –2409.8     180.1 –219.5  20

a The quantities tabulated are ∆Gfº, the standard free energy of formation from the elements; ∆Gcº, the standard free energy of combustion;
∆G ºox, the standard free energy of oxidation by NAD+ to products NADH + H+, CO2, H2O, N2, HPO4

2–, and SO4
2–; ∆G ‘ox (pH 7), the apparent

standard free energy change at pH 7.  All values are in kJ mol–1 at 25ºC in aqueous solution unless indicated otherwise.  If a compound is
designated (g) the values are for the gaseous phase at 1 atm pressure.  The number of electrons involved in complete oxidation to CO2,
H2O, N2, and H2SO4 is given in the final column.  If this number is negative, the compound must be reduced to obtain the products, e.g.,
2 NO3

– + 10 e – + 12 H+ → N2 + 6 H20.  The data for phosphate esters refer to the compounds with completely dissociated phosphate groups
(– O – PO3

2–).  The values of ∆Gfº for many of these compounds were calculated as ∆Gfº (nonphosphorylated compound) – ∆G º for hydrolysis
(to HPO4

2–, Table 6-6) –∆Gfº for H2O (one molecule for each phosphate ester formed) + ∆Gfº for HPO4
2– (from this table).  Data from Bassman

and Kraused were used directly.  For acyl-CoA derivatives CoA (– SH) is treated as an “element,” i.e., the values of ∆Gfº given and designated
with an asterisk (*) are for formation from the elements plus free CoA.  The values of ∆Gcº and ∆Gox are for oxidation to the usual products
plus CoA.  Values of ∆G º of hydrolysis (Table 6-6) were used in computing ∆Gfº for each of these compounds from that of the corresponding
alcohol or carboxylate anion.  Another source containing an extensive table of Gibbs energy values is Wilhoit, R. C. (1969) in Biochemical
Microcalorimetry (Brown, H. D. ed.), pp.  305 – 317.  Academic Press, New York

b The major source is Long, C., ed. (1961) Biochemists Handbook,  pp. 90 – 92.  Van Nostrand, Reinhold, Princeton, New Jersey.  Most of the
values in this collection are from  Burton, K. (1957) Ergeb. Physiol., Biol. Chem. Exp. Pharmakol. 49, 275 – 298

c From Stull, D.R., Westrum, E. F., Jr., and Sinke, G. C. (1969) The Chemical Thermodynamics of Organic Compounds.  Wiley, New York
d Bassham, J. A. and  Krause, G. H.  (1969) Biochim. Biophys. Acta. 189, 207 – 221
e Van Wazer, J. R. (1958) Phosphorus and Its Compounds, Vol. I, p. 889.  Wiley (Interscience), New York

TABLE 6-4
(continued)

For oxidation by NAD+

Compound Formula
∆Gf °

(kJ mol–1)
∆Gc°

(kJ mol–1)
∆G°ox

(kJ mol–1)
∆G°ox (pH 7)

(kJ mol–1)
Number of
electrons

A.  Thermodynamics
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B. Tables of �G° Values for Biochemical
Compounds

1.  Gibbs Energies of Formation

Table 6-4 gives, in the first column, standard values
of Gibbs energies of formation from the elements ∆Gf°
for a variety of pure solids, gases, and liquids as well
as values for substances in solution at the hypothetical
1 M activity.  As an example, consider the value of ∆Gf °
for pure liquid acetic acid, – 389.1 kJ mol–1.  The equa-
tion for its formation from the elements is:

2 2 1

1

389 1

2

2 2 4 2

1

C s H g, atm

O g, atm C H O l

kJ molf

( ) ( )

( ) ( )

.

+

+ −→

° = − −∆G

To obtain the Gibbs energy of formation in aqueous
solution, we must have solubility data as well as activity
coefficients of acetic acid at various concentrations.
From these data the change in Gibbs energy for solu-
tion of the liquid acetic acid in water to give aqueous
acetic acid in the hypothetical 1 molal standard state
(Eq. 6-39) can be obtained.

Acetic acid l acetic acid aq

kJ mol

( ) ( )

.

−→

= − −∆G 7 3 1

Summing Eqs. 6-38 and 6-39 we obtain:

2 2

396 4
2 2

1

C H O acetic acid aq

kJ molf

+ + −→

° = − −

( )

.∆G

In many computations it is convenient to have ∆G
values for single ions, e.g., for acetate–.  We can obtain
∆Gf ° of acetate– (aq) from that of acetic acid (aq) by
making use of ∆G° of dissociation (Eq. 6-41).

Acetic acid H acetate
p

kJ mol at C
a a

−→ +

° = − =

= + °

+ −

−

∆G K K5 708 5 708

27 2 251

. log .

.

By convention we define the Gibbs energy of formation of
H+ as zero.  Then, by summing Eqs. 6-40 and 6-41 we
obtain ∆Gf° of acetate– = – 369.2 kJ mol–1.

2.  Gibbs Energies of Dissociation of Protons

Table 6-5 gives thermodynamic dissociation con-
stants and values of ∆G ° and ∆H ° for a number of acids
of interest in biochemistry.  Some of these values were
used in obtaining the values of ∆Gf° for the ions of
Table 6-4.  The data of Table 6-5 can also be used in
evaluation of Gibbs energy changes for reactions of
ionic forms not given in Table 6-4.

3.  Group Transfer Potentials

Recall that the equilibria for reactions by which
monomers are linked to form biopolymers (whether
amides, esters, phosphodiesters, or glycosides) usually
favor hydrolysis rather than formation (condensation).
The equilibrium positions depend on the exact struc-
tures.  Some linkages are formed easily if monomer
concentrations are high enough, but others are never
formed in significant concentrations.  Likewise, hydro-
lysis may be partial at equilibrium or it may be 99.9%
or more complete.

Let us compare the hydrolysis of the two organic
phosphates adenosine triphosphate (ATP) and
glucose 6-phosphate (Eqs. 6-42 and 6-43).

HATP H O HADP H PO

kJ mol

kJ mol at C

3
2

2
2 4

1

1

32 9

22 6 25 0 25

− − −

−

−

+ −→ +

° ≈ −

° ≈ − ° =

∆

∆

G

H

.

. , .µ

α - -Glucose -phosphate H O

glucose H PO

kJ mol at C

D 6

16 4 25

2

2 4

1

−

−

−

+ −→

+

° = − °∆G .

The decrease in Gibbs energy upon hydrolysis is
twice as large for ATP as it is for glucose 6-phosphate.
Glucose phosphate is thermodynamically more stable
than ATP.  It would be easier to form than would ATP
by a reversal of the hydrolysis reaction and also easier
to form biosynthetically.  From the Gibbs energies of
hydrolysis it follows that a phospho group could be
transferred spontaneously from ATP to glucose in the
presence of a suitable catalyst but not vice versa.

Because it reflects quantitatively the thermodynamic
tendency for a group to be transferred to another

(6-38)

(6-39)

(6-40)

(6-41)

(6-42)

(6-43)

P O

OH

O

–

Phospho (phosphoryl) group
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TABLE 6-5
Values of pKa, �G º, and �H º for Ionization of Acids at 25ºC a,b

Acid pKa ∆G° (kJ mol –1) ∆H° (kJ mol–1)

a These are thermodynamic values (infinite dilution) except for those labeled apparent.
The latter apply at an ionic strength of 0.2 –0.25.

b Most data are from  Jencks, W. P. and  Regenstein, J. (1976) in Handbook of Biochemistry
and Molecular Biology, 3rd ed., Vol. I (Fasman, G. D. ed.), pp. 305 – 351,  CRC Press,
Cleveland, Ohio.

c Here, pK1 is for K1 = [H+][HCO3
–] / [CO2] + [H2CO3].  From Forster, R. E.,  Edsall, J. T.,

Otis, A. B., and Roughton, F. J. W., eds. (1969) NASA Spec. Publ. 188.
d From Phillips, R. C., George, P., and Rutman, R. J.  (1963) Biochemistry 2, 501– 508.
e From Alberty, R. A. (1969) J. Biol. Chem. 244, 3290 – 3302.
f Values used by Alberty, R. A. (1972) Horizons of Bioenergetics, pp. 135 – 147,  Academic

Press, New York,  calculated for 0.2 ionic strength from equations of  Phillips, R. C.,
George, P., and Rutman, R. J. (1966) J. Am. Chem. Soc. 88, 2631– 2640.

Formic acid 3.75 21.4 0.04
Acetic acid 4.76 27.2 – 0.1
Propionic acid  4.87 27.8 – 0.6
Lactic acid 3.97 (35°C) 23.4 2.2
Pyruvic acid  2.49 14.2 12.1
NH4

+ 9.25 52.8 52.2
CH3NH4

+ 10.59 60.4 55.4
Alanine

– COOH 2.35 13.4 3.1
–NH3

+ 9.83 56.1 45.4
β-Alanine

– COOH  3.55 20.3  4.5
–NH3

+ (apparent) 10.19 58.2
L-Alanyl-L-alanine 3.34 19.1 – 0.5
Aspartic acid

– COOH 2.05 11.7 7.7
– COOH 3.87 22.1 4.0
–NH3

+ 10.60 60.5 38.8
H2CO3, pK1  6.35c 36.2  9.4

pK2 10.33 59.0  15.1
H3PO4, pK1 2.12 12.1 – 7.9

pK2 7.18d 41.0  3.8
(apparent)  6.78e 38.7  3.3
pK3 12.40 70.8 17.6

Glycerol 1-phosphate, pK2 6.66 38.0 – 3.1
Glucose 6-phosphate 6.50 37.1 – 1.8
Pyrophosphoric acid, H4P2O7

pK3 6.7 38.1 – 1.3
(apparent) 6.12e 34.9 0.5
pK4  9.4 53.6 – 7.1
(apparent) 8.95e 51.2 1.7

Adenosine 3.5 20.1 13.0
AMP

pK1 (ring, apparent) 3.74e 21.3 4.2
pK2 (phosphate)  6.67d 38.1 3.6
(apparent) 6.45e 36.8 3.6

ADP
pK2 (ring, apparent) 3.93e 22.4 4.2
pK3 (diphosphate)  7.20d 41.1 – 5.7
(apparent) 6.83f 39.0 – 5.7

ATP
pK3 (ring, apparent) 4.06 23.2 0
pK4 (triphosphate)  7.68d 43.8  – 7.0
(apparent) 7.06d 40.2 – 7.0

Pyridine 5.17 29.5 20.1
Phenol  9.98 56.9 23.6

nucleophile (see Chapter 12), the
Gibbs energy decrease (–∆G°) upon
hydrolysis is sometimes called the
group transfer potential.  During
the hydrolysis of ATP (Eq. 6-42) the
phospho group of ATP is transferred
to a hydroxyl ion from water with
a value ∆G° = – 32.9 kJ mol–1. The
group transfer potential of this
phospho group is 32.9 kJ/mol and
that of the phospho group of glucose
6-phosphate is only 27.6 kJ mol–1.
While the choice of water as the
reference nucleophile for expression
of the group transfer potential is
somewhat arbitrary, it is customary.
Transfer of groups is important in
energy metabolism and in biosyn-
thesis of polymers.  Gibbs energies
of hydrolysis are given in Table 6-6
for several compounds.

4.  “Constants” That Vary with
pH and Magnesium Ion
Concentrations

Equation 6-42 is written for
hydrolysis of HATP3– to HADP2– +
H2PO4

–, a stoichiometry that applies
well in the pH range around 6.  How-
ever, at a pH above ~ 7 most of the
ATP is in the form ATP4– and is
cleaved to HPO4

2– according to Eq.
6-44.

ATP 4 – + H2O → ADP 3– + HPO4
2– + H +

∆G° ≈ + 5.4 kJ mol–1 at 25°C, µ = 0.25
∆H° ≈ – 19.7 kJ mol–1

The value of ∆G ° = + 5.4 kJ mol–1

for this reaction is hardly the large
negative number expected for a
highly spontaneous reaction.  What
is the matter?  The problem is that
H+ is produced and that the stan-
dard state of H+ is 1 M, not 10–7 M.
Because of this, biochemists often
prefer to use another kind of appar-
ent dissociation constant and an
apparent �G such that the standard
state of H+ is taken as that of the pH
at which the experiments were done,
usually pH 7.  The symbol K ‘ has
often be used and is used in this
book to represent the following

B.  Tables of �G° Values for Biochemical Compounds

(6-44)
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(6-46)

pH-dependent equilibrium constant (Eq. 6-45) which
will be a constant only at a single pH.

If one proton is produced in the reaction as in Eq. 6-44,
the following relationship will hold.

∆G ‘ = ∆G° – 5.708 x pH kJ mol–1 at 25°C

Note that ∆G ‘ = –RT ln K ‘ and that [H+] does not
appear in the expression for K ‘ given by Eq. 6-45.
From the value ∆G° = + 5.4 kJ mol–1 and applying Eq.

′ =
− −

−
K

[ ][ ]

[ ]

ADP HPO

ATP

3
4

2

4 (6-45)

TABLE 6-6
Gibbs Energies of Hydrolysis at 25°C (in kJ mol-1)a

a Unless indicated otherwise, the values are based on tables from Jencks, W. P.  (1976) Handbook of Biochemistry and Molecular Biology, 3rd ed.,
Vol I (Fasman,G.D.  ed.), pp. 296 –304.  CRC Press, Cleveland, Ohio.  For a reaction producing one proton at pH 7 ∆G’ = – 39.96 kJ mol–1.

b Guynn, R.W. and Veech, R.L. (1973) J. Biol. Chem. 248, 6966– 6972.
c Based on +11.80 kcal mol–1 for hydrolysis to P2O7

4– plus ∆G° of dissociation of HP2O7
3– as quoted by Alberty, R. A. (1969) J.Biol.Chem. 244, 3290–

3324.  However, 1.017 kcal mol–1 was added to the value of 11.80 to make it consistent with that for hydrolysis of ATP to ADP.  Reevaluation by
Frey and Arabshahi (1995) Biochemistry 34, 11307 –11310, indicates that ∆G’ (pH 7) for hydrolysis of ATP to AMP + PPi is ~ 10 kJ mol–1 more
negative than is shown here.

d Alberty, R.A. (1972) Horizons of Bioenergetics, Academic Press, New York, pp. 135 – 147.
e George, P. , Witonsky, R.J., Trachtman, M., Wu, C., Dorwart, W., Richman, L., Richman, W., Shurayh, F., and Lentz, B. (1970) Biochim. Biophys.

Acta. 223, 1–15.
f Based on ∆G† = 3.0 kcal mol–1 for acetyl phosphate + CoA → acetyl-CoA + Pi from Stadtman, E. R. (1973) The Enzymes, (Boyer, P.D., ed.), 3rd

ed., Vol. 8. pp. 1 –49.  Academic Press, New  York, together with ∆G’ (pH 7) for hydrolysis of acetyl-CoA.
g Estimated from ∆G° for ATP hydrolysis + ∆G’ = –19.9 kJ mol–1 for the 3-phosphoglycerate kinase reaction:  Burton, K. and Krebs, H. A. (1953)

Biophys. J. 54, 94– 107; and (1955) Biophys. J. 59, 44– 46.
h Estimated from data at pH 7.7 or 8.0 (tables of Jencks).
i Guynn, R. W., Gelberg, H. J., and Veech, R. L. (1973) J. Biol. Chem. 248, 6957 – 6965 found ∆G° = –35.75 kJ mol–1 at 38°C.  Without data on ∆H,

correction to 25°C is difficult.  Burton, K., (1955) Biophys. J. 59, 44 – 46, gave ∆G’ (pH 7) for ATP4– + acetate– + CoA → ADP3– + acetyl-CoA +
HPO4

2– as approximately zero at 25°C. Guynn et al. found –0.56 kJ mol–1 at 38°C.  This same value (–0.56 kJ) at 25°C was assumed to obtain the
figure given here.  This is equivalent to assuming ∆H° of hydrolysis as almost the same for ATP and acetyl-CoA, an unsupported assumption.

j Assumed 2 kcal mol–1 more negative than that of acetyl-CoA as in tables of Jencks.

Compound Products ∆G° ∆G’(pH 7) ∆H°

H2N C

O

O–

ATP4– ADP3– + HPO4
2– + H+   5.41b –34.54 –19.71

ATP4– AMP2– + HP2O7
3– + H+    2.54c –37.4 –19.0

MgATP2– MgADP– + HPO4
2– + H+ 16.0d –24.0 –14.2

ADP3– AMP2– + HPO4
2– + H+   3.67c –36.3 –13.5

AMP2– Adenosine + HPO4
2– –9.6e –9.6 0

ATP4– Adenosine + HP3O10
4– –36.0e –36.0  –7.9

HP2O7
3– 2 HPO4

2– + H+ 6.54c –33.4 –12.6
Acetyl phosphate2– Acetate– + HPO4

2– + H+ –7.7f –47.7
1,3-Diphosphoglycerate4– 3-Phosphoglycerate3– + HPO4

2– + H+ –14.5g –54.5
Phosphoenolpyruvate3– Pyruvate– + HPO4

2– –61.9 –61.9 –25.1

Carbamoyl phosphate2–                                  + HPO4
2– + H+ –11.5 –51.5

Creatine phosphate– Creatine+ + HPO4
2– –43.1 –43.1

Phosphoarginine– Arginine +  HPO4
2– –38.1h (Mg2+ present)

Glycerol phosphate2– Glycerol + HPO4
2–    –9.2 –9.2

α-D-Glucose 6-phosphate2– α-D-Glucose + HPO4
2– –13.8 –13.8 –2.5

Glucose 1-phosphate2– Glucose + HPO4
2– –20.9 –20.9

Maltose (or glycogen) 2-Glucose –16.7 –16.7
Sucrose Glucose + fructose –29.3 –29.3
UDP glucose2– Glucose + UDP3– + H+  9.4 –30.5
N10-Formyltetrahydrofolic acid Formate– + H+ + tetrahydrofolic acid   14.1 –25.9h

Acetic anhydride 2-Acetate– + 2H+ 31.1 –48.9
Acetyl-CoA Acetate– + H+ + CoA 4.9 –35.1i

Succinyl-CoA– Succinate2– + H+ + CoA  –3.5 –43.5j

Ethyl acetate Ethanol + acetate– + H+   20.2 –19.7
Asparagine Aspartate– + NH4

+ –15.1 –15.1
Glycine ethyl ester+ (39°C) Glycine + ethanol + H+  4.9 –35.1
Valyl-tRNA+ Valine + tRNA + H+  4.9 –35.1
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6-46, we obtain for the hydrolysis of ATP at 25°C,
µ = 0.25:

∆G ‘ (pH 7) = – 34.5 kJ mol–1

= – 8.26 kcal mol–1

An additional set of standard states is frequently

met in the biochemical literature.  An equilibrium
constant, designated in this book as K †, is used to
relate the total concentrations of all ionic forms of the
components present at the pH of the experiment.
Thus,

BOX 6-A  MEASUREMENT OF INTRACELLULAR pH

What is the pH within a cell?  Is it constant or
does it vary with physiological conditions?  Do all
cells operate at similar pH?  The answers to these
important questions have been sought using a
variety of techniques.a  Tiny microelectrodes with
tips only 1 µm in diameter have been inserted into
cells.  Indicator dyes have been diffused into cells
and either light absorption or fluorescenceb mea-
sured.  The distribution of a suitable radiolabeled
weak acid or weak base, such as [14C]methylamine,
that is able to permeate cells can be used to calculate
the difference between internal and external pH.c

The activity of the enzyme carbonic anhydrase,
which is very pH sensitive, can be used to monitor
the pH of mitochrondia.d  Since 1973 NMR methods
have been popular.e– l  The chemical shifts of 31P in
inorganic phosphate (pKa = 6.9), ATP, glucose 6-
phosphate, and of other metabolites of 13C in citrate
and bicarbonate,l give direct estimates of pH.  How-
ever, caution must be exercised if internal pH values
good to ± 0.1 unit are to be obtained.g  More sensitive
measurements over the pH range 1.3 – 9.1 can be
made by diffusing one of a series of aminophospho-
nates into cells and measuring the 31P chemical
shift.h  Fluorinated probes such as dimethylfluoro-
alanine (pKa = 7.3) are also useful because of their
low toxicity and high sensitivity of the 19F NMR
signal.  These alanine derivatives can be diffused
into cells as their methyl esters, which are rapidly
cleaved within cells, allowing the fluorinated amino
acids to accumulate.i,m

The pH within cells appears to be tightly con-
trolled although small variations are sometimes
observed.  Red blood cells, thymocytes, liver, skele-
tal muscles, and intact hearts all maintain a pH in
the range 7.0 – 7.3.b,h,i  However, the pH can fall to 6.2
within 13 minutes of oxygen deprivation (ischemia)
and to 6.1 after exhaustive exercise.n,o  The 31P NMR
technique permits the monitoring of pH as well as
the state of the adenylate system (Section D) in human
limbs suffering from circulatory insufficiency.c

In higher plants the pH of cytoplasm is 7.4 – 7.5
but vacuoles are acidic with a pH of 4.5 – 6.l  The
cytoplasm of maize root tips has a pH of 7.1 but the
vacuoles are at a pH of 5.5.f  The pH of granules of

the chromaffin cells of the adrenal cortex, which
accumulate high concentrations of ATP and
catecholamines, is also low, ~ 5.7.p  The bacterium
Streptococcus faecalis maintains a higher internal pH
of ~ 8.0, even when the pH of the medium varies
from 6.5 to 8.0q while E. coli operates at pH 7.6, the
extremes of variation being 7.4 – 7.8 when the external
pH changes from 5.5 – 9.r

Changes of internal pH during developmental
events such as fertilization of sea urchin eggs (+ 0.3
unit) have been recorded.  However, the significance
of pH changes in metabolic regulation remains
uncertain.c

a Kotyk, A., and Slavik, J. (1989) Intracellular pH and its Measure-
ment, CRC Press, Boca Raton, Florida

b Rogers, J., Hesketh, T. R., Smith, G. A., and Metcalfe, J. C. (1983)
J. Biol. Chem. 258, 5994– 5997

c Nuccitelli, R., and Deamer, D. W., eds. (1982) Intracellular pH:
Its Measurement, Regulation and Utilization in Cellular Functions,
Liss, New York

d Dodgson, S. J., Forster, R. E., II, and Storey, B. T. (1982) J. Biol.
Chem. 257, 1705 – 1711

e Moon, R. B., and Richards, J. H. (1973) J. Biol. Chem. 248, 7276–
7278

f Roberts, J. K. M., Ray, P. M., Wade-Jardetsky, N., and Jardetsky,
O. (1980) Nature (London) 283, 870– 872

g Avison, M. J., Hetherington, H. P., and Shulman, R. G. (1986)
Ann. Rev. Biophys. Biophys. Chem. 15, 377 – 402

h Pietri, S., Miollan, M., Martel, S., Le Moigne, F., Blaive, B., and
Culcasi, M. (2000) J. Biol. Chem. 275, 19505– 19512

i Taylor, J. S., and Deutsch, C. (1983) Biophys. J. 43, 261– 267
j Bailey, I. A., Williams, S. R., Radda, G. K., and Gadian, D. G.

(1981) Biochem. J. 196, 171 –178
k Barton, J. K., Den Hollander, J. A., Lee, T. M., MacLaughlin, A.,

and Shulman, R. G. (1980) Proc. Natl. Acad. Sci. U.S.A. 77, 2470–
2473

l Gout, E., Bligny, R., and Douce, R. (1992) J. Biol. Chem. 267,
13903– 13909

m Deutsch, C. J., and Taylor, J. S. (1987) Ann. N.Y. Acad. Sci. 508, 33
n Garlick, P. B., Radda, G. K., and Seeley, P. J. (1979) Biochem. J.

184, 547 –554
o Pan, J. W., Hamm, J. R., Rothman, D. L., and Shulman, R. G.

(1988) Proc. Natl. Acad. Sci. U.S.A. 85, 7836 –7839
p Pollard, H. B., Shindo, H., Creutz, C. E., Pazoles, C. J., and

Cohen, J. S. (1979) J. Biol. Chem. 254, 1170– 1177
q Kobayashi, H., Murakami, N., and Unemoto, T. (1982) J. Biol.

Chem. 257, 13246– 13252
r Slonczewski, J. L., Rosen, B. P., Alger, J. R., and MacNab, R. M.

(1981) Proc. Natl. Acad. Sci. U.S.A. 78, 6271 –6275
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ADP,  all forms phosphate,  all forms

ATP,  all forms (6-48)

(6-47)

K† =
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and

∆G † = –RT ln K †

The Gibbs energy change ∆G † can be related to ∆G ‘
by considering the relationship of K † to K ‘.  For ATP
hydrolysis in the pH range of 2 – 10, K † is given by Eq.
6-50.

In this equation KHADP2–, etc., are consecutive dissocia-
tion constants as given in Table 6-4.  The expressions in
parentheses are the Michaelis pH functions, which
were considered in Chapter 3 (Eqs. 3-4 to 3-6).  In Eq.
6-50 they relate the total concentration of each compo-
nent to the concentration of the most highly dissociated
form.  Thus, for the pH range 2 – 10

[Pi]total = [HPO4
2–](1 + [H+] / KH2PO4

–)

Using apparent pKa values (µ = 0.2) for H2PO4
–, HADP2–,

and HATP3– of 6.78, 6.83, and 7.06 (Table 6-5) and taking
∆G ‘ at pH 7 as – 34.5 kJ mol–1, we compute ∆G † = – 35.0
kJ mol–1 at pH 7.  The difference between ∆G ‘ and ∆G †

in this case is small, but it would be larger if the ionic
forms in Eq. 6-44 were not the ones predominating at
pH 7.

To obtain the Gibbs energy change for a reaction
under other than standard conditions, Eq. 6-29 must be
applied.  Thus, at pH 7 and 0.01 M activities of ADP3–,
ATP4 –, and HPO4

2–, ∆G for hydrolysis of ATP according
to Eq. 6-44 is – 34.5 – (2 x 5.71) = – 45.9 kJ mol–1 = – 11.0
kcal mol–1.  We see that at concentrations existing in
cells (usually in the millimolar range) ATP has a sub-
stantially higher group transfer potential than under
standard conditions.

The reader should bear in mind that there is no
accepted standard usage of K ‘ and that K † is just for
this book!  An international committee21 has recom-
mended that K ‘ be used with the same meaning as K † in
this book and more changes may be coming (see the
next section).

To obtain ∆G at a temperature other than 25°C, we
must know ∆H for the reaction.  Using Eq. 6-37a it is
easy to show that ∆G at temperature T2 is related to
that at T1 as follows:

The enthalpy of hydrolysis of ATP according to
Eq. 6-44 is approximately – 19.7 kJ mol–1.  Using this
value and applying Eq. 6-52 we can calculate that ∆G ‘
(pH 7) for the hydrolysis of ATP at 38°C is – 35.2 kJ
mol–1.  The value of ∆G ‘ (25°C, pH 7), used in obtain-
ing this answer, is – 35.54 kJ mol–1 which was computed
from the value of ∆G ‘ (pH 7), 38°C of 35.19 kJ mol–1

reported by Guynn and Veech37 using Eq. 6-52.  Bear
in mind that all of the foregoing Gibbs energy changes
are apparent values applying to solutions of ionic
strength ~ 0.25.

Both ADP and ATP as well as inorganic pyrophos-
phate form complexes with metal ions.  Since the mag-
nesium complexes are often the predominant forms of
ADP and ATP under physiological conditions, we must
consider the following Gibbs energy changes.  These
are apparent values for µ = 0.2 at 25°C.

ATP 4– + Mg 2 + → Mg ATP 2–

∆G° = – 26.3; ∆H° = 13.8 kJ mol–1

ADP 3– + Mg 2 + → Mg ADP–

∆G° = – 19.8; ∆H° = 15.1 kJ mol–1

Combining the apparent ∆G ° values for Eqs. 6-47, 6-53,
and 6-54, we obtain

MgATP 2– + H2O → MgADP– + HPO2
2– + H+

∆G ‘ (pH 7) = – 28.0 kJ mol–1

The stoichiometry of Eq. 6-55 never holds exactly.
Some of the Mg2 + dissociates from the MgADP–; both
protons and Mg2 + bind to H2PO4

–; and HATP3– and
HADP2– are present and bind Mg2 + weakly.38  Thus,
the observed value of ∆G † varies with both pH and
magnesium concentration as well as with changes in
ionic strength.  Tables and graphs showing the appar-
ent value of ∆G † under various conditions have been
prepared by Alberty38 and by Phillips et al.39  An exam-
ple is shown in Fig. 6-2.  From this graph we find that
∆G † for hydrolysis of ATP at pH 7, 25°C, µ = 0.2, and
1 mM Mg2 + (a relatively high intracellular concentra-
tion40) is – 30.35 kJ mol–1 (– 7.25 kcal mol–1).

Figure 6-2 was drawn using the equations of
Alberty, but the value of ∆G ‘ (pH 7) of hydrolysis of
ATP = 34.54 kJ mol–1 at [Mg2 +] = 0 based on results
of Guynn and Veech37 was used.  The pKa values and
formation constants of Mg2 + complexes were those of
Alberty.38  Note that George et al.40 provided formation
constants of these complexes at infinite dilution where
the values of ∆G° of formation are considerably more
negative than those given in Eqs. 6-53 to 6-55.

From the foregoing considerations we see that
complexing with Mg2 + somewhat decreases the group
transfer potential of the phospho group of ATP.  Fur-
thermore, changes in the concentration of free Mg2 +

with time and between different regions of a cell may
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have significant effects.41  While Mg2 + is a principal
cation in tissues, it is by no means the only one.  Thus,
Ca2 +, Mn2 +, and even K+ will affect equilibria involving
polyphosphates such as ATP.

It is not easy to measure the group transfer poten-
tial of ATP and published values vary greatly.  George
et al.40 reported ∆G° for Eq. 6-42 as – 39.9 kJ mol–1 at
25°C, µ = 0.2, and as – 41.25 kJ mol–1 at infinite dilution.
They regarded these values as good to ± 4 kJ mol–1.
However, most other estimates have been at least 4 kJ
mol–1 less negative.42 – 44  The self-consistent set of thermo-
dynamic data used throughout this book are based in
part on the value of ∆G for hydrolysis of ATP obtained
by Guynn and Veech.37

5.  A New Standard for Biochemical
Thermodynamics?

Because of the complexities of the equilibria in-
volved in biochemical reactions Alberty and others45– 47

and a Panel on Biochemical Thermodynamics48 have
suggested that tables of thermodynamic properties for
biochemical use be tabulated for the following condi-
tions: T = 298.15 K, P = 1 bar (0.1 MPa ≡ 0.987 atm),
pH = 7, pMg = 3 ([Mg2+] = 10–3 M), and ionic strength
I (µ in this chapter) = 0.25 M.  There appears to be both
advantages and disadvantages to this.  The proponents
suggest that the symbols ∆G ‘, K ‘, etc. be used for this

Figure 6-2 Plots of the apparent Gibbs energy ∆G † for
hydrolysis of ATP as a function of pH at a series of different
concentrations of free magnesium ions.  Millimolar [Mg2 +] is
indicated by the numbers by the curves.  Computer-drawn
graphs courtesy of Carol M. Metzler.

new standard.  To change all of the numbers in this
book, which uses a self-consistent set of thermodynamic
quantities, is impractical.  However, it is worthwhile to
compare the value of Alberty and Goldberg for  ∆G ‘°
for hydrolysis of ATP to ADP + Pi under the proposed
biochemical standard conditions with other values
given in this chapter, all at 25°C.

∆G ‘° = – 32.49 kJ mol–1  (new proposed biochemical
standard)

∆G †  (pH 7) – 35.0  kJ mol–1 (Eq. 6-50)
∆G ‘ (pH 7) – 34.5  kJ mol–1 (for ATP 4– → ADP 3– +

HPO4 2–; Eq. 6-47)
∆G ‘ (pH 7) – 28.0  kJ mol–1 (for MgATP 2– →

MgADP– + HPO4 2–; Eq. 6-55)

6.  Bond Energies and Approximate Methods
for Estimation of Thermodynamic Data

For approximate estimation of enthalpy changes
during reactions, use can be made of empirical bond
energies (Table 6-7) which represent the approximate
enthalpy changes (–∆H°) for formation of compounds
in a gaseous state from atoms in the gas phase.  Other
more comprehensive methods of approximation have
been developed.49,50

7.  Gibbs Energies of Combustion by O2 and
by NAD+

Since oxidation processes are so important in the
metabolism of aerobic organisms, it is often convenient
to discuss Gibbs energies of combustion.  These are
easily derived from the Gibbs energies of formation.
For example, ∆Gc for acetate ion (aqueous) may be
obtained as follows:

Acetate– + H + → 2 C + 2 H2 + O2
∆G° = + 369.2 kJ mol–1

= – ∆Gf°  of acetate (from Table 6-3)

2 H2 + O2 → 2 H2O
∆G° = 2 x –  237.2 = – 474.4 kJ mol–1

= 2 x ∆Gf° of H2O

2 C + 2 O2 → 2 CO2
∆G° = 2 x – 394.4 = – 788.8 kJ mol–1

= 2 x ∆Gf° of CO2

Acetate– (1 M) + H + (1 M) + 2 O2 (1 atm) →
2 CO2 (1 atm) + H2O (l)

∆G° = – 894.0 kJ mol–1

= ∆Gc° of acetate–

B.  Tables of �G° Values for Biochemical Compounds

(6-56)
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Benzene 155
Naphthalene 314

Styrene 155 + 21
Phenol 155 + 29

Benzaldehyde 155 + 17
Pyridine 180
Pyrrole 130
Indole 226

117

100

88

Urea 155
CO 439
CO2 151

TABLE 6-7
Empirical Bond Energies and Resonance Energiesa

Energy values
for single

bonds
(kJ mol–1)

Energy values
for multiple

bonds
(kJ mol–1)

C=C 615
N=N 418
O=O 402 (‘∆ state)
C=N 615
C=O 686 (formaldehyde)

715 (aldehydes)
728 (ketones)

C=S 477
C≡C 812
N≡N 946 (N2)
C≡N 866 (HCN)

891 (nitriles)

Empirical
resonance

energy values
(kJ mol–1)

H–H 436
C–C 346
Si–Si 177
N–N 161
O–O 139
S–S 213
C–H 413
Si–H 295
N–H 391
P–H 320
O–H 463
S–H 339
C–Si 290
C–N 292
C–O 351
C–S 259
C–F 441
C–Cl 328
C–Br 276
C–I 240

Si–O 369

a From Pauling, L. ( 1960) The Nature of the Chemical Bond, 3rd ed., pp. 85, 189, and
195– 198,  Cornell Univ. Press, Ithaca, New York

C OH
O

C OR
O

C NH2

O

Table 6-4 lists values of ∆Gc° as well as those of ∆Gf °.
Besides CO2 and H2O, the other products assumed in
calculating the values of ∆Gc° in Table 6-4 are N2 (1atm),
H3PO4 (1 M), and H2SO4 (1 M).

Much of the oxidation occurring in cells is carried
out by the biological oxidizing agent nicotinamide
adenine dinucleotide (NAD+) or by the closely related
NADP+ (Chapter 10). It is convenient to tabulate values
of ∆G° for complete oxidation of compounds to CO2
using NAD+ rather than O2 as the oxidizing agent.
These values, designated ∆G°ox and ∆G ‘ox (pH 7), are
also given in Table 6-3.  Notice that these values are
relatively small, corresponding to the fact that little
energy is made available to cells by oxidation with
NAD+; for example (Eq. 6-57):

Acetate– + 2 H2O + 4 NAD + → 2 CO2 + 4 NADH +
3 H + (10–7 M)

∆G ‘ox (pH 7) = + 22.1 kJ mol–1

When the reduced NAD+ (designated NADH) so formed
is reoxidized in mitochondria (Eq. 6-58), a large amount
of energy is made available to cells.

4 NADH + 4 H + + 2 O2 → 4 H2O + 4 NAD +

∆G ‘ox (pH 7) = – 876.1 kJ mol–1

The sum of Eqs. 6-57 and 6-58 is the
equation for combustion of acetate
by O2 (Eq. 6-59) and the two ∆G
values sum to ∆Gc for acetate–.

Acetate– + H + + 2 O2 →
2 CO2 + 2 H2O

∆Gc° = – 894.0 kJ mol–1

∆Gc’ (pH 7) = – 854.0 kJ mol–1

The values of ∆Gox (Table 6-4)
not only give an immediate indica-
tion of the relative amounts of energy
available from oxidation of substrate
with NAD+ but also are very conve-
nient in evaluating ∆G for fermenta-
tion reactions.  For example, consider
the fermentation of glucose to ethanol
(Eq. 6-60):

α-D-Glucose → 2 CO2 + 2 ethanol

The Gibbs energy change ∆G ‘
(pH 7) for fermentation of glucose
to ethanol and CO2 can be written
immediately from the data of Table
6-4 (Eq. 6-61).

∆G ‘ (pH 7) = – 243.8 – 2 (– 4.6)
= – 234.6 kJ mol–1

The values of ∆Gox for H2O, CO2, and H+ are always
zero and need not be considered.  The same computa-
tion can be made using the awkwardly large values of
∆Gc° or using values of ∆Gf°  The latter are also large,
and CO2 and water must be considered in the equa-
tions.  Table 6-4 can be used to obtain values of ∆G° for
many metabolic reactions considered later in the book.
Data from any column in the table may be used for
this purpose, but for simplicity try the values in the
∆G ‘ox column.

Note, however, that for reactions involving oxida-
tion by O2 or by any oxidant, other than NAD+, not
appearing in Table 6-4, the following two-step proce-
dure is necessary if the ∆Gox values are used.  From the
∆Gox values compute ∆G ° or ∆G ‘ for the reaction under
consideration using NAD+ as the oxidant.  Then add
to this the Gibbs energy of oxidation by O2 (or other
oxidant) of the appropriate number of moles of NADH
formed.  The latter is given for O2 in Table 6-8 and can
also be evaluated for a number of other oxidants, such
as Fe3+ and cytochrome c, from the data in Table 6-8.

(6-57)

(6-58)

(6-59)

(6-60)

(6-61)
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BOX 6-B  MAGNESIUM

After potassium ion Mg2+ is the most abundant
cation present in tissuesa,b.  The average adult ingests
~10– 12 mmol of magnesium ion daily (~ 1/ 4 g).  Of
this, about one-third is absorbed from the digestive
tract.  An equivalent amount is excreted in the urine
to maintain homeostasis.  Sixty percent of the mag-
nesium in the body is found in the bones.  The total
Mg2+ concentration in serum is ~ 1 mM, while vari-
ous tissues contain as much as 5 – 17 mM.c  The con-
centration of free Mg2+ is difficult to measure.  A
variety of measurements using 31P NMR spectroscopy
of ATP,d– f 19F NMR of added fluorine-containing
chelators,g  fluorescent chelators,h  ion selective
electrodes,c  and other indirect proceduresg,i,j indicate
that the free magnesium concentration is almost the
same in extracellular fluids, cytosol, and mitochondria.h

Most values have been about 0.5 mM, somewhat
less in erythrocytes.  However, the most recent
estimates indicate an intracellular [Mg2+] of 0.8 – 1.1
mM.c,f

The additional Mg2+ present in cells is bound to
proteins, nuclei acids, and soluble compounds such
as ATP, ADP, citrate,k and other phosphate- and
carboxylate-containing substances.  The binding is
reversible and equilibration is usually rapid.  It has
been suggested that [Mg2+], like [H+], remains rela-
tively constant within cells and that these two ions
are in free equilibrium in the blood serum.l   Never-
theless, there are instances in which at least tempo-
rary alterations in concentrations of both free Mg2+

and H+ occur.m   During rapid catabolism of carbo-
hydrates the formation of lactic acid by glycolysis
leads to acidification of muscle cells, the pH falling
from 7.3 to as low as 6.3.  This drop in pH causes a
large decrease in the extent of binding of Mg2+ to
molecules such as ATP and to a transient increase
in [Mg2+].  Similarly, the release of bisphosphogly-
cerate from hemoglobin upon oxygenation leads to
a decreased concentration of free Mg2+ as the latter
coordinates with bisphosphoglycerate.n   The 0.25
mM [Mg2+] of aerobic red blood cells rises to 0.67
mM under anaerobic conditions.d  Such changes in
the free Mg2+ concentrations will affect many equi-
libriumo and may be of significance in metabolic
regulation.

The magnesium ion has a smaller radius than
Ca2+, a fact that may account for its more ready
entry into cells.  Mg2+ can often be replaced by Mn2+

with full activity for enzymes that require it.  On the
other hand, high concentrations of Ca2+ are often
antagonistic to Mg2+.  This antagonism  is clearly
seen in the effect of the two ions on irritability of
protozoa.p  Both deficiency of magnesium and excess
of calcium in the surrounding medium cause in-

creased irritability.  Excess magnesium leads to
anesthesia.  The Mg2+ concentration is high in hiber-
nating animals.

Over 300 enzymes are dependent upon Mg2+,
the largest single group being the phosphotrans-
ferases, for which MgATP complex may be regarded
as the substrate.q  Magnesium has a special role in
photosynthesis as a component of chlorophyll.

One of the most toxic metals is beryllium.  It
has been suggested that Be2+ competes with Mg2+

at many enzyme sites, including those of phospho-
glucomutase and of phosphatases.  However, as
pointed out by Petsko,r  because of its small size
beryllium tends not to form Be2+ ions but, rather,
covalent complexes such as BeF3·OH2

–, BeF4
2–, and

MgADP·-BF2(OH).  In the latter complex beryllium
is covalently linked to the oxygen atom of the β
phospho group of ADP to give an analog of MgATP,
which inhibits many enzymes.  See for example, Fig.
19-16A, in which MgADP·BeFx occupies the active
site of myosin.

a Cowan, J. A., ed. (1995) The Biological Chemistry of Magnesium,
VCH Publ., New York

b Strata, P., and Carbone, E., eds. (1991) Mg2+ and Excitable
Membranes, Springer-Verlag, Berlin and New York

c McGuigan, J. A. S., Blatter, L. A., and Buri, A. (1991) in Mg2+ and
Excitable Membranes (Strata, P., and Carbone, E., eds), Springer-
Verlag, Berlin and New York

d Gupta, R. K., and Moore, R. D. (1980) J. Biol. Chem. 255, 3987–
3993

e Garfinkel, L., and Garfinkel, D. (1984) Biochemistry 23, 3547 –
3552

f Clarke, K., Kashiwaya, Y., King, M. T., Gates, D., Keon, C. A.,
Cross, H. R., Radda, G. K., and Veech, R. L. (1996) J. Biol. Chem.
271, 21142– 21150

g Levy, L. A., Murphy, E., Raju, B., and London, R. E. (1988)
Biochemistry 27, 4041 – 4048

h Jung, D. W., Apel, L., and Brierley, G. P. (1990) Biochemistry 29,
4121 –4128

i Corkey, B. E., Duszynski, J., Rich, T. L., Matschinsky, B., and
Williamson, J. R. (1986) J. Biol. Chem. 261, 2567 – 2574

j Magneson, G. R., Puvathingal, J. M., and Ray, W. J., Jr. (1987)
J. Biol. Chem. 262, 11140– 11148

k Kwack, H., and Veech, R. L. (1992) Curr. Top. Cell. Regul. 33,
185– 207

l Veloso, D., Guynn, R. W., Oskarrson, M., and Veech, R. L. (1973)
J. Biol. Chem. 248, 4811 – 4819

m Purich, D. L., and Fromm, H. J. (1972) Curr. Top. Cell. Regul. 6,
131– 167

n Bunn, H. F., Ransil, B. J., and Chao, A. (1971) J. Biol. Chem. 246,
5273 –5279

o Cornell, N. W. (1979) J. Biol. Chem. 254, 6522 – 6527
p Meli, J., and Bygrave, F. L. (1972) Biochem. J. 128, 415 – 420
q Vink, R., McIntosh, T. K., and Faden, A. I. (1991) in Mg2+ and

Excitable Membranes (Strata, P., and Carbone, E., eds), Springer-
Verlag, Berlin and New York

r Petsko, G. A. (2000) Proc. Natl. Acad. Sci. U.S.A. 97, 538 – 540
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C.  Electrode Potentials and Gibbs Energy
Changes for Oxidation–Reduction
Reactions

We live under a blanket of the powerful oxidant O2.
By cell respiration oxygen is reduced to H2O, which is a
very poor reductant.  Toward the other end of the scale
of oxidizing strength lies the very weak oxidant H+,
which some bacteria are able to convert to the strong
reductant H2.  The O2 –H2O and H+ – H2 couples define
two biologically important oxidation–reduction (redox)
systems.  Lying between these two systems are a host
of other pairs of metabolically important substances
engaged in oxidation –reduction reactions within cells.

There are two common methods for expressing the
oxidizing or reducing powers of redox couples in a
quantitative way.  On the one hand, we can list values
of ∆G for oxidation of the reduced form of a couple to
the oxidized form by O2.  A compound with a large
value of – ∆G for this oxidation will be a good reductant.
An example is H2 for which ∆G of combustion at pH 7
(Table 6-4) is – 237 kJ / mol.  Poor reductants such as Fe2 +

are characterized by small values of ∆G of oxidation
(– 8.5 kJ mol–1 for 2 Fe2 + → 2 Fe3 +).  The Gibbs energies
of oxidation of biological hydrogen carriers, discussed
in Chapter 15, for the most part fall between those of
H2 and Fe2 +.

A second way of expressing the same information
is to give electrode potentials (Table 6-8).  Electrode
potentials are also important in that their direct mea-
surement sometimes provides an experimental
approach to the study of oxidation –reduction reac-
tions within cells.  To measure an electrode potential
it must be possible to reduce the oxidant of the couple
by flow of electrons (Eq. 6-62) from an electrode sur-
face, often of specially prepared platinum.

A + 2 H + + 2 e– → AH2

Equation 6-62 represents a reversible reaction taking
place at a single electrode.  A complete electrochemical
cell has two electrodes and the reaction occurring is
the sum of two half-reactions.  The electrode potential
of a given half-reaction is obtained from the measured
electromotive force of a complete cell in which one
half-reaction is that of a standard reference electrode
of known potential.  Figure 6-3 indicates schematically
an experimental setup for measurement of an electrode
potential.  The standard hydrogen electrode consists of
platinum over which is bubbled hydrogen gas at one
atmosphere pressure.  The electrode is immersed in a
solution containing hydrogen ions at unit activity (aH+
= 1).  The potential of such an electrode is convention-
ally taken as zero.  In practice it is more likely that the
reference electrode will be a calomel electrode or some
other electrode that has been established experimentally
as reliable and whose potential is accurately known.

The standard electrode is connected to the experi-
mental electrode compartment by an electrolyte-filled
bridge.  In the experimental compartment the reaction
represented by Eq. 6-62 occurs at the surface of another
electrode (often platinum).  The voltage difference
between the two electrodes is measured with a poten-
tiometer.  The difference between the observed voltage
and that of the reference electrode gives the electrode
potential of the couple under investigation.  It is im-
portant that the electrode reaction under study be
strictly reversible.  When the electromotive force (emf)
of the experimental cell is balanced with the potenti-
ometer against an external voltage source, no current
flows through the cell.  However, for a reversible
reaction a slight change in the applied voltage will
lead to current flow.  The flow will be in either of the
two directions, depending upon whether the applied
voltage is raised or lowered.

Not all redox couples are reversible.  This is espe-
cially true of organic compounds; for example, it is not
possible to determine readily the electrode potential
for an aldehyde –alcohol couple.  In some cases, e.g.,
with enzymes, a readily reducible dye with a potential
similar to that of the couple being measured can be
added.  A list of suitable dyes has been described by
Dutton.51  If the dye is able to rapidly exchange elec-
trons with the couple being studied, it is still possible
to measure the electrode potential directly.  In many
cases electrode potentials appearing in tables have
been calculated from Gibbs energy data.  The student
should be able to calculate many of the potentials in
Table 6-8 from Gibbs energy data from Table 6-4.  If
A, H+, and AH2 are all present at unit activity in the
experimental cell, the observed potential for the half-
reaction will be the standard electrode potential E°.
If the emf of the hypothetical cell with the standard
hydrogen electrode is positive when electron flow is
in the direction indicated by the arrow in Fig. 6-3, the
potential of the couple A / AH2 is also taken as positive
(and is often called a reduction potential).  This is the
convention used in establishing Table 6-8, but poten-
tials of exactly the opposite sign (oxidation potentials)
are used by some chemists.  To avoid confusion in
reading it is best to be familiar with values of one
or two potentials such as those of the O2

–H2O and
NAD+– NADH couples.

When electrons flow in the external circuit the
maximum amount of work that can be done per mole
of electrochemical reaction (–∆G) is given by Eq. 6-63

∆G = nEF = nE x 96.487 kJ mol–1 V–1

= – nE x 23.061 kcal mol–1 V–1

where F equals the number of coulombs per mole
of electrons (Avogadro’s number multiplied by the
charge on the electron = 96,487 coulombs).  E is mea-
sured in volts and represents the difference of the

(6-63)

(6-62)
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(6-64)

electrode potentials of the two half-cells.  In the case
of a cell using the standard hydrogen electrode, E is
the electrode potential of the experimental couple.
The number of moles of electrons transferred in the
reaction equation (n) is usually 1 or 2 in biochemical
reactions (2 for Eq. 6-62).

Since the reactants and products need not be at
unit activity, we must define the observed electrode
potential E as a function of E° and the activities (con-
centrations) of A, AH2, and H+ (Eq. 6-64).

In the biochemical literature values of the appar-
ent standard electrode potential at pH 7 (E°’) are
usually tabulated instead of values of E° (Table 6-8,
second column).  Note that E°’ (pH 7) for the hydro-
gen electrode is not zero, as it is at pH 0, but – 0.414 V.
Values of E are related to E°’ by Eq. 6-64 with [H+]2

O2 + 4 H+ + 4e– → 2 H2O + 1.229 + 0.815 0.0
Fe3+ + e– → Fe2+ 0.771 0.771 8.5
NO3

– + 2 H+ + 2e– → NO2
– + H2O0.42176.0

Cytochrome f (Fe3+) + e– → cytochrome f (Fe2+) 0.365 86.8
Fe (CN)6

3– (ferricyanide) + e– → Fe (CN)6
4– 0.36 87.8

O2 + 2H + + 2 e– → H2O2 0.709 0.295 100.3
Cytochrome a (Fe3+) + e– → Cytochrome a (Fe2+) 0.29 101.3
p-Quinone + 2 H+ + 2 e– → hydroquinone 0.699 0.285 102.3
Cytochrome c (Fe 3+) + e– → cytochrome c (Fe2+) 0.254 108.3
Adrenodoxin (Fe3+) + e– → adrenodoxin (Fe2+) 0.15 128.3
Cytochrome b2 (Fe3+) + e– → cytochrome b2 (Fe2+) 0.12 134.1
Ubiquinone + 2 H+ + 2 e– → ubiquinone H2 0.10 138.0
Cytochrome b (Fe3+) + e– → cytochrome b (Fe2+) 0.075 142.8
Dehydroascorbic acid + 2 H+ + 2 e– → ascorbic acid 0.058 146.1
Fumarate2– + 2 H+ + 2 e– → succinate2– 0.031 151.3
Methylene blue + 2 H+ + 2 e– → leucomethylene blue (colorless) 0.011 155.2
Crotonyl-CoA + 2 H+ + 2 e– → butyryl-CoA – 0.015 160.2
Glutathione + 2 H+ + 2 e– → 2-reduced glutathione ~ – 0.10 176.6
Oxaloacetate2– + 2 H+ + 2 e– → malate2– – 0.166 189.3
Pyruvate– + 2 H+ + 2 e– → lactate1– – 0.185 193.0
Acetaldehyde + 2 H+ + 2 e– → ethanol – 0.197 195.3
Riboflavin + 2 H+ + 2 e– → dihydroriboflavin – 0.208 197.4
Acetoacetyl-CoA + 2 H+ + 2 e– → β-hydroxybutyryl-CoA – 0.238 (38ºC) 203.2
S + 2 H+ + 2 e– → H2S 0.14 – 0.274 210.2
Lipoic acid + 2 H+ + 2 e– → dihydrolipoic acid – 0.29 213.2
NAD+ + H+ + 2 e– → NADH – 0.113 – 0.32 219.0
NADP+ + H+ + 2 e– → NADPH – 0.324 219.8
Ferredoxin (Fe3+) + e– → ferredoxin (Fe2+) (Clostridia) – 0.413 237.0
2 H+ + 2 e– → H2 0 – 0.414 237.2
CO2 + H+ + 2 e– → formate– – 0.42 (30ºC) 238.3
Ferredoxin (Fe3+) + e– → ferredoxin (Fe2+) (spinach) – 0.432 240.6

TABLE 6-8
Reduction Potentials of Some Biologically Important Systemsa,b

–∆G’ (pH 7)
(kJ mol–1)

for oxidation by O2
(per 2 electrons)Half-reaction

E°’
(pH 7)

(V)E° (V)

a A compound with a more positive potential will oxidize the reduced form of a substance of lower potential with a standard free energy
change ∆G° = –nF ∆E° = –n ∆Ε° × 96.49 kJ mol–1 where n is the number of electrons transferred from reductant to oxidant.  The temperature
is 25°C unless otherwise indicated. E° refers to a standard state in which the hydrogen ion activity = 1; E°’ refers to a standard state of pH 7,
but in which all other activites are unity.

b The major source is Loach, P. A. (1976) in Handbook of Biochemistry and Molecular Biology 3rd ed. Vol. I  (Fasman, G. D. ed.),
pp. 122–130,  CRC Press,  Cleveland, Ohio.
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Figure 6-3  Device for measurement of electrode potentials.
The electrode reactions are indicated below each half-cell.
The maximum electrical work that can be done by such a cell
on its surroundings is – ∆G = nEF, where E = V2 – V1 as measured
by a potentiometer.  If A is reduced to AH2 by H2, electrons
will flow through an external circuit as indicated.  A will be
reduced in the right-hand cell.  H2 will be oxidized to H+ in
the left-hand cell.  Protons will flow through the gel bridge
from left to right as one of the current carriers in the internal
circuit.

Gel-filled
bridge

Direction of
electron flow
through wire if
emf is positive

Standard
hydrogen
electrode

Platinum
electrodes

H2     2H+ + 2e– A + 2H+ + 2e– 2H2

AH2

A
+aH

+=1

H2
(1 atm)

V1 V2

E ≡ V2 – V1

deleted from the numerator (since the term in log [H+]
is contained in E °’).  On the scale of E °’ (pH 7) the poten-
tial of the oxygen–water couple is 0.815 V, while that
of the NAD+– NADH couple is – 0.32 V.

D.  The Adenylate System

Of central importance to the energy metabolism
of all cells is the adenylate system which consists of
adenosine 5'-triphosphate (ATP), adenosine 5'-diphos-
phate (ADP), and adenosine 5'-monophosphate
(AMP) together with inorganic phosphate (Pi),
pyrophosphate (PPi), and magnesium ions.  Remem-
ber that Pi refers to the mixture of ionic forms of phos-
phoric acid present under experimental conditions.
Between pH 4 and pH 10 this will be mainly H2PO4

–

N

N

NH2

N

N

O

OH HO

CH2

O
P O

P

O O
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ATP4–

O

O

O

P

O

O

O

γβ
α

Hydrolysis here 
yields AMP + 

pyrophosphate (PPi)

Hydrolysis here yields 
ADP + inorganic 

phosphate (Pi)

–

–

––

5 '

(pKa = 6.8) and HPO2
2–.  Likewise, the symbols AMP,

ADP, and ATP refer to mixtures of ionic forms and PPi
refers to a mixture of the ions of pyrophosphoric acid.
Above pH 4.4 only H2P2O7

2– (pKa = 6.1), HP2O7
3–

(pKa = 9.0), and P2O7
4– contribute appreciably to PPi.

1.  Storage and Utilization of Energy

ATP is a thermodynamically unstable molecule
with respect to hydrolysis to either ADP or AMP as
is indicated in the foregoing diagram.  The standard
Gibbs energy of hydrolysis, ∆G ‘, of ATP4– to ADP3– +
HPO4

2– at pH 7 is – 34.5 kJ mol–1 and that of hydrolysis
of ADP3– to AMP2– + HPO4

2– is – 36.3 kJ mol–1 at 25°C
(Table 6-6).  The exact value of these changes in Gibbs
energy depends on pH and on the concentration of
Mg2 + as is detailed in Sections B, 4, 5.  Rates of reaction
of components may also depend upon metal ions.
Magnesium ion is especially important and complexes
such as MgATP2– are regarded as the true substrates
for many ATP-utilizing enzymes.

The large Gibbs energy decreases upon hydrolysis
(high group transfer potentials) enable cells to use ATP
and ADP as stores of readily available energy.  Energy
from the adenylate system is used for many purposes
including biosynthesis, transport of ions and molecules
across membranes, and for doing mechanical work.
The mechanisms by which this energy is utilized are
considered later (see Chapters 10, 12, and 17 – 19).  The
first step most often involves transfer of either the
terminal γ-phospho group of ATP to a site on a differ-
ent molecule or transfer of the entire AMP portion of
the molecule onto another group.  Thus the products
of cleavage of ATP in these energy-utilizing processes
may be either ADP + Pi or AMP + PPi.  In the latter
case the pyrophosphate is usually hydrolyzed rapidly
to two molecules of Pi by pyrophosphatases.  This
process, too, serves an essential function in the adeny-
late system, because it removes a product of the initial
ATP cleavage reaction, shifting the overall equilibrium
of the reaction sequence in the direction of the products.

The adenylate system provides the major store
of rapidly available energy but the whole family of
nucleoside triphosphates that are related to ATP in
structure have similar functions.  These include gua-
nosine triphosphate (GTP), uridine triphosphate (UTP),
cytidine triphosphate (CTP), and deoxyribonucleotide
triphosphates (Table 5-1).  These compounds are formed
by successive transfer to the nucleoside monophosphate
(GMP, UMP, CMP, dGMP, etc.) from two different mole-
clues of ATP of two phospho groups.  The resulting
compounds are used to provide energy for a variety of
specific biosynthetic processes, including synthesis of
RNA and DNA.  Inorganic polyphosphates, linear
polymers of orthophosphate (Pi), are present in nearly
all living forms.52– 54  Like ATP, they can also store
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energy and in some organisms substitute for ATP in
certain enzymatic reactions.

2.  Synthesis of ATP

The phosphate anhydride (pyrophosphate)
linkages of ATP are generated by the joining of
ADP and inorganic phosphate by means of special
phosphorylation reactions.  The most important of
the latter occur in the photosynthetic membranes of
chloroplasts (photosynthetic phosphorylation) and
in oxygen-utilizing membranes of  bacteria and of
mitochondria (oxidative phosphorylation).  Con-
version of AMP to ADP is accomplished by transfer of
the terminal phospho group from an ATP molecule to
AMP in a reaction catalyzed by the extremely active
enzyme adenylate kinase (Chapter 12) which is found
in all cells.  The following equations indicate how one
of the special phosphorylation reactions must be used
twice for the conversion of one molecule of AMP into
one molecule of ATP.

Various measures of the phosphorylating potential
of the adenylate system within cells have been pro-
posed.  One measure is the product [ATP] /  [ADP][Pi],
which will be called the phosphorylation state ratio
or Rp in this book.  It is also sometimes called the “phos-
phorylation potential.”  This ratio directly affects the
Gibbs energy of hydrolysis of ATP, as is shown by Eq.
6-29.  The value of Rp may be as high as 104 to 105 M–1

within cells55 adding – 22.8 kJ mol–1 to ∆G of hydrolysis
of ATP.  Another quantity that is sometimes cited is the
“energy charge,” the mole fraction of adenylic acid
“charged” by conversion to ATP.  ADP is regarded as
“half-charged.”56,57

The energy charge varies from 0 if only AMP is
present to 1.0 if all of the AMP is converted to ATP.

AMP

Adenylate
kinase

Phosphorylation system

ATP

ADP

Pi H2O

ATP

ADP

Pi H2O

(6-65)

Energy charge
ATP ADP

ATP ADP AMP
=

+

+ +

[ ] [ ]
[ ] [ ] [ ]

1
2

(6-66)

Measurements on a variety of cells and tissues show
that the energy charge is usually between 0.75 and
0.90.  Although it is easy to calculate its numerical
value, the energy charge cannot be used in chemical
equations and the idea that the energy charge of a cell
plays a key role in regulation of metabolism has been
challenged.58

3.  Creatine Phosphate, an Energy Buffer

Although ATP provides the immediate source of
energy for operating muscle, its concentration is only
about 5 mM.  However, muscle contains, in addition,
a phosphagen, an N-phospho derivative of a guanidin-
ium compound.  In mammalian muscle, the phosphagen
is creatine phosphate.  Related compounds including
arginine phosphate serve in various invertebrates.
The group transfer potential (–∆G°’ of hydrolysis) for
creatine phosphate is 43.1 kJ mol–1.  Thus, the transfer
of a phospho group from creatine phosphate to ADP to
form ATP (Eq. 6-67) is spontaneous with ∆G ‘ = – 8.6 kJ
mol–1.  Recent values under a variety of conditions
have been reported by Taugue and Dobson.59  Creatine
phosphate, which is present at a concentration of 20
mM, provides a reserve of high-energy phospho groups
and keeps the adenylate system of muscle buffered at
a high value of Rp.

4.  Phosphorus-31 NMR

A spectacular development is the ability to observe
components of the adenylate system as well as phos-
phocreatine and other phosphate esters in living cells
by 31P NMR.60– 61a  Spectra can be recorded on suspen-
sions of cells60 or of mitochondria,62 on individual
excised muscles (Fig. 6-4),63,64 or on perfused organs65,66

including beating rat hearts and surgically exposed
animal organs.61,61a  Metabolism can be observed in
human erythrocytes67 and even in human limbs, liver,
hearts, and brain.68– 70  The method can play a valuable
role in understanding human diseases.63,67,70   As is
seen in Fig. 6-4, each phosphorus atom of ATP gives
a distinct resonance.  The area of the Pγ peak provides
a direct measure of the ATP concentration, and

D.  The Adenylate System
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(6-72)

(6-70)

(6-71)

(6-68)

(6-69)

phosphocreatine (creatine-P) and Pi can be estimated
in a similar way.  Knowing the concentrations of ATP,
Pi, and creatine-P, the amount of ADP present, usually
too low to be estimated by NMR, may be calculated.61

Barnacle muscle contains, instead of phosphocreatine,
a high concentration of phosphoarginine which has
also been measured by NMR.71

Usually no ADP can be seen in NMR spectra,
although there may be about 0.5 mM ADP according
to chemical analysis of rapidly frozen tissues.  It has
been concluded that most ADP is bound to proteins.
In muscle the proteins myosin and actin (Chapter 20)
hold most of the ADP leaving only about 0.02 mM
free.62,72  The same conclusion has been reached on
the basis of other evidence.55

If a perfused heart in an NMR spectrometer is
deprived of oxygen, the level of phosphocreatine
drops rapidly and that of Pi increases while that of ATP
remains relatively constant until the phosphocreatine
is gone.  Then it too falls and becomes undetectable
after 17 min.72  Similar changes occur when a tourniquet
is placed on a human arm in the NMR spectrometer.
Study of the rate and extent of recovery of the adeny-
late system when oxygen is readmitted is helping to
provide a better means of protecting kidneys and
other organs during transplantation operations.  Diag-
nosis of circulatory ailments in human limbs by 31P
NMR may soon be routine.  Use of radiofrequency
coils placed on the body surface allows monitoring
of the adenylate system in the heart, brain, and other
tissues deep within the body.69,73  Changes of concen-
tration in the adenylate system and of phosphocreatine
can be monitored very rapidly and evenly throughout
the cardiac heartbeat cycle.74

Pi
sugar
phosphates

Creatine-P

Pβ

PγPα

20 10 0 -10

Chemical shift (ppm)

ATP

Figure 6-4  Phosphorus-31 NMR spectrum of an excised
rat muscle (vastus lateralis) in Ringer solution at 15°C.  The
spectrum represents the accumulation of 400 scans.  From
P. J. Seeley et al.64

E.  Complex Biochemical Equilibria

The binding of small molecules to larger ones is
basic to most biological phenomena.  Substrates bind
to enzymes and hormones bind to receptors.  Metal
ions bind to ATP, to other small molecules, and to
metalloproteins.  Hydrogen ions bind to amino acids,
peptides, nucleotides, and most macromolecules.  In
this section we will consider ways of describing math-
ematically the equilibria involved.

The strength of bonding between two particles can
be expressed as a formation constant (or association
constant) Kf.  Consider the binding of a molecule X to
a second molecule P, which may be a protein or some
other macromolecule.  If there is on the surface of P
only one single binding site for X, the process can be
described by Eq. 6-68 and the equilibrim constant Kf
by Eq. 6-69.

X + P → PX

Kf = [PX] / [P][X]

The units for Kf are liters per mole (M–1).  The constant
Kf is a direct measure of the strength of the binding:
The higher the constant, the stronger the interaction.
This fact can be expressed in an alternative way by
giving the standard Gibbs energy change (∆G°) for the
reaction (Eq. 6-70).  The more negative ∆Gf °, the stronger
the binding.

∆Gf° = –RT ln Kf = – 2.303RT log Kf
= – 5.708 log Kf  kJ mol–1 at 25°C

To avoid confusion, it is important to realize that the
frequently used dissociation constants (Kd) are recip-
rocal association constants (Eq. 6-71).  The use of

Kd = 1 / Kf

association constants and of dissociation constants is
firmly entrenched in different parts of the chemical
literature; be sure to keep them straight.  Dissociation
constants are customarily used to describe acid–base
chemistry, while formation constants are more often
employed to describe complexes with metal ions or
associations of macromolecules (Section C).  However,
both types of equilibria can be described using either
formation constants or dissociation constants.

Logarithms of formation constants, which are
proportional to the Gibbs energies of association, are
often tabulated.  The logarithms of formation constants
and pKa values of dissociation constants are identical
(Eq. 6-72) and are a measure of the standard

log Kf = – log Kd = pKd
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Gibbs energy decrease in the association reaction.  The
difference in ∆G° corresponding to a change of one
unit in log Kf or pKd is – 5.7 kJ mol–1, a handy number
to remember.

1.  Effects of pH on Equilibria

Compounds that contain several acidic or basic
groups can exist in a number of different ionic forms,
HnA, Hn–1A, H2A, HA, A, etc., as is indicated in the
following equation, which is identical in form to Eq. 3-3.

The dissociation constants K1 - - - - Kn for a multi-
protic acid HnA are defined as stepwise or macroscopic
constants (also called molecular constants).  For some
compounds, e.g. alanine, the pKa values are far apart
(pK1 and pK2 are 2.4 and 9.8, respectively).  The macro-
scopic constants can be assigned specifically,  K1 to the
carboxyl group and K2 to the protonated amino group.
At the isoelectric pH of 6.1 the alanine exists almost
entirely as the dipolar ion.  However, for compounds
in which the macroscopic pKa values are closer togeth-
er, they cannot be assigned to specific groups.  We will
consider some specific examples in the next section.

2.  Microscopic Dissociation Constants and
Tautomerization

A microscopic constant applies to a single site.
Consider the dissociation of a simple carboxylic acid:

R— COOH         R— COO – + H +

The dissociation constant is about 1.7 x 10–5 and pKa =
4.8.  Since there is only one proton, the observed disso-
ciation constant is also the microscopic dissociation
constant.  Now consider the cation of pyridoxine
which has two dissociable protons bound to distinctly
different sites, the phenolic oxygen and the ring nitrogen.

(6-73)

N

HOH2C

CH3

OH

CH2OH

+
H pKB* = 5.62

KB* = 2.04 × 10–6

pKA* = 5.04

KA* = 7.9 × 10–6

Pyridoxine
(vitamin B6)

HnA Hn–1A H2A HA A
K1 Kn+1 Kn

Either of the two protons might dissociate first as
the pH is raised (Eq. 6-75).  However, the two micro-
scopic dissociation constants pKA* and pKB* are dis-
tinctly different.  The result is that at 25°C in the neutral
(monoprotonated) form 80% of the molecules carry a
proton on the N, while the other 20% are protonated
on the less basic – O–.  Notice that the subscripts a and b
used in this discussion do not refer to acidic and basic but
to the individual dissociation steps shown in Eq. 6-75.
Microscopic constants will always be indicated with
asterisks in this discussion.

The two monoprotonated forms of pyridoxine are
the tautomeric pair shown in Eq. 6-75 and whose con-
centrations are related by the tautomeric ratio, R =
[neutral form]/[dipolar ion], a pH-independent equilibrium
constant with a value of 0.204/0.796 = 0.26 at 25°C.75

Evaluation of microscopic constants for dissociation
of protons from compounds containing non-identical
groups depends upon measurement of the tautomeric
ratio, or ratios if more than two binding sites are present.
In the case of pyridoxine, a spectrophotometric method
was used to estimate R.

To calculate microscopic constants from stepwise
constants and tautomeric ratios, consider Eq. 6-76 in
which [HP]A and [HP]B are the concentrations of the
two tautomers and K1 is the first stoichiometric or
macroscopic dissociation constant for the diprotonated
species H2P.

pK1 = 4.94; K1 = 1.15 x 10–5 = 9.1 x 10–6 + 2.4 x 10–6

E.  Complex Biochemical Equilibria
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(6-78)

(6-79)

(6-80)

(6-81)

(6-77)

We see that K1 is just the sum of the two microscopic
constants KA* and KB* for dissociation of H2P to the
pair of tautomers HP(A) and HP(B).  In a similar
fashion it can be shown that the second stoichiometric
constant K2 is related to the microscopic constants KC*
and KD* for dissociation of HP(A) and HP(B) to form P
(Eq. 6-77).

1 / K2= 1 / KC* + 1 / KD*

Since the tautomeric ratio R equals [HP]B/ [HP]A, Eqs.
6-76 and 6-77 can be rearranged to Eqs. 6-78 to 6-81.
These allow the evaluation of all of the microscopic
constants from the two stoichiometric constants K1
and K2 plus the tautomeric ratio R.

pKA* = pK1 + log (l + R)

pKB* = pKA* – log R

pKC* = pK2 – log (l + R)

pKD* = pKC* + log R

For pyridoxine pK1 and pK2 were determined
spectrophotometrically as 4.94 and 8.89.  These values,
together with that of R given above, were used to
estimate the microscopic constants that are given in
Eq. 6-74.75  Notice that the microscopic constants of
Eq. 6-74 are not all independent; if any three of the five
equilibrium constants are known the other two can be
calculated readily.  In describing and measuring such
equilibria it is desirable to select one pathway of disso-
ciation, e.g., H2P → HP(A) → P, and to relate the species
HP(B) to it via the pH-independent constant R.

Often more complex situations arise in which
additional tautomers or other forms arise via pH-
independent reactions.  These can all be related back
to the reference ionic species by additional ratios R,
which may describe equilibria for tautomerization,
hydration, isomerization, etc. (Eq. 6-82).76  In the case
illustrated, only one of the ratios, namely R2 or R3, is
likely to be a tautomerization constant because, as a
rule, H2P and P will not have tautomers.  Equations
analogous to Eqs. 6-76 to 6-82 can be written easily to
derive KC*, KD* and any other microscopic constants
desired from the stoichiometric constants plus the ratios
R1 to R4.  While it is easy to describe tautomerism by
equations such as Eqs. 6-76 and 6-82 it is often difficult

HP(A)

HP(B)H2P(B)

P(A)
Ka*

R1

HP(C)

R4

H2P(A)

R3R2

Kb*

P(B)

(6-82)

to measure the tautomeric ratios R.77  In favorable cases
measurements of spectra of one kind or another allow
their evaluation.  However, because tautomerism may
be extremely rapid, NMR spectra will often show only
one peak for a proton present in a mixture of tautomers.

As was pointed out in Chapter 2, tautomerization
ratios are often affected strongly by changes in solvent.
Tautomerism among monoprotonated forms of cysteine,
glutathione, and histidine (Eq. 2-6) has received con-
siderable attention by biochemists77– 79 as has tautom-
erism in binding of protons and other small ligands to
proteins.80,81  For cysteine,78,79 for which the following
species coexist in the alkaline pH range, the distribution
of the various ionic species including the two tautomers
is shown in Fig. 6-5.  A similar situation is met in the
small protein thioredoxin (Box 15-C) which has a buried
aspartate carboxylate that interacts with a nearby
cysteine – SH group,82 in papain where – SH and imi-
dazole groups interact (Fig. 12-15),83 and in carbohy-
drases where two or more carboxyl and carboxylate
side chains interact (Chapter 12).84
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Figure 6-5 Distribution of various ionic species of cysteine
as a function of pH.  The function in each ionic and tauto-
meric form is plotted.  Microscopic pKa values are given
numerically and macroscopic pKa’s are indicated by the
vertical lines.  From Dixon and Tipton.79
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Because it is usually difficult to measure tautomeric
ratios, dissociation constants are frequently assumed
identical to those of compounds in which one of the
acidic groups has been modified by methylation or
esterification or in some other manner to prevent
dissociation of a proton.  For example, the cation of 
1-methyluracil can be dissociated to the two tautomers
shown in Eq. 6-83.

The apparent pKa values were estimated for dissociation
of the following two dimethylated cations which
resemble that of Eq. 6-83.

It can reasonably be assumed that these pKa values
approximate pKA* and pKB* as indicated.  Thus, applying
Eq. 6-85, log R ≈ – 3.25 – 0.65 + 3.90.  This result indi-
cates that tautomer A of Eq. 6-89 is overwhelmingly
predominant in water.85,86  It also suggests that, within
experimental error, the pKa for 1-methyluracil will
equal pKA*, namely, – 3.25.  In fact, it is close to this
(– 3.40).85
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3.  The Binding of Metal Ions

Equilibria in the formation of complex ions with
metals are treated exactly as is the binding of small
molecules and ions to macromolecules.87– 89  Stepwise
constants are defined for the formation of complexes
containing one, two, or more ligands L bound to a
central metal ion M.  The binding constants Kf‘s are
usually referred to as β’s as in Eq. 6-84.

β1 = Kf1 βn = Kf 1   Kf 2 ... Kf n

Many important questions can be asked about the
binding of metal ions within living cells.  For example,
What fraction of a given metal ion is free and what
fraction is bound to organic molecules?  To what ligands
is a metal bound?  Since many metal ions are toxic in
excess, it is clear that homeostatic mechanisms must
exist.  How do such mechanisms sense the free metal
ion activity within cells?  How does the body get rid of
unwanted metal ions?  Answers to all these questions
depend upon the quantitative differences in the binding
of metal ions to the variety of potential binding sites
found within a cell.

Table 6-9 gives formation constants for 1:1 complexes
of several metal ions and a number of inorganic as well
as organic ligands.89  Only the values of log K1 are
given when a series of stepwise constants have been
established.  However, in many cases two or more
ligands can bind to the same metal ion.  Thus for
cupric ion and ammonia there are four constants.

Cu2 + + NH3     log Ki = 4.0, 3.3, 2.7, 2.0

They are all separated by more than the “statistical
distance,” which in this case is less than the 0.6 loga-
rithmic units for two equivalent binding sites (see
Chapter 7, Section A,2).  Thus, the second ligand binds
less tightly than the first and anticooperativity in
binding of successive ligands is observed.  Most metal
ions will also bind two or three successive amino acids.
In the case of copper, whose preferred coordination
number is four, two ligands may be bound.  Again, a
distinct anticooperativity is evident in the spread of
the two constants.

Cu2 + + alanine     log Ki =  8.1, 6.8

Factors affecting the strength of binding of a
metal in a complex.  More basic ligands tend to bind
metal ions more tightly just as they do protons.  How-
ever, the strength of bonding to metal ions to a group
is more nearly proportional to the nucleophilic char-
acter (Chapter 12) which is only partly determined by
basicity to protons.

E.  Complex Biochemical Equilibria
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BOX 6-C   LINEAR GIBBS ENERGY RELATIONSHIPS

Organic functional groups exert characteristic
electronic effects upon other groups to which they
are attached.  The quantitative expression of such
effects can sometimes be correlated by linear Gibbs
energy relationships.  The best known of these is the
Hammett equation, which deals with the trans-
mission of electronic effects across a benzene or
other aromatic ring.  Consider the acid dissociation
constants of three classes of compounds:

The values of pKa given in the following table have
been observed for the parent compounds and for
the meta-chloro- and the meta-nitro-substituted
compounds.

changes in the dissociation constant of benzoic acid
define the substituent constants σ, which are used
in the Hammett equation and are given in the fol-
lowing table.  In this equation we use the symbol
pK0 to represent the pKa of the unsubstituted parent
compound and pK to represent the pKa of the sub-
stituted molecule.

For substituted benzoic acids:  pK0 – pK = σ

The decreases in the pK of phenylacetic acid
occasioned by replacement of the meta-hydrogen
with Cl or NO2 are – 0.18 and – 0.34, respectively,
substantially less than for the benzoic acids.  On the
other hand, for the phenols the differences amount
to – 0.90 and – 1.53, much greater than for the benzoic
acids.  The Hammett equation asserts that for reac-
tions such as the dissociation of protons from phe-
nylacetic acids or from phenols, the changes in ∆G
occasioned by meta substitutions are proportional
to the σ values, i.e., to the changes in ∆G for the
standard reaction – dissociation of a proton from
benzoic acid.b– d

Since pKa is the negative logarithm of a dissoci-
ation constant, it follows from Eq. 6-30 that values
of pKa are directly proportional to values of ∆G° for
dissociation of protons.  In the Hammett treatment
differences in pKa values, rather than differences in
∆G°, are considered.  When a hydrogen atom in the
meta position of benzoic acid is replaced by the
electron-withdrawing Cl or NO2, pKa is lowered,
i.e., the basicity of the conjugate base of the acid is
decreased.  The decrease in pKa amounts to – 0.365
for m-chlorobenzoic acid and – 0.742 for m-nitroben-
zoic acid.  The Hammett treatment asserts that these
changes in pKa are a measure of the electron-with-
drawing power of the meta substituent.b  Thus, the
nitro group is about twice as strong as the chloro
group in this respect.  The numerical values of these

Substituent Constants for Use in
the Hammett and Taft Equationsb-d

Substituent σm σp σp
– σp

+ σ* (Taft)

— H (parent compound) 4.202 4.31 9.92
— Cl 3.837 4.13 9.02
— NO2 3.460 3.97 8.39

Values of pKa for Unsubstituted and Substituted
Benzoic Acids, Phenylacetic Acids, and Phenols

* For an independent set of pKa values for substituted benzoic
acids see Bolton and Fleming.a  The values of σ calculated from
them are slightly different from those given here.

Meta
substituent

Benzoic
acids*

Phenylacetic
acids Phenols

C

OH

O

C

OH

OX

Benzoic acids

CH2

X

OH

X

Phenol

Phenylacetic

– O– – 0.71 – 0.52
– NH2 – 0.16 – 0.66 –1.11 0.62
– OH 0.121 – 0.37 – 0.85 1.34
– OCH3 0.115 – 0.27 – 0.78 1.81
– CH3 – 0.069 – 0.17 – 0.31 0.00
– NH – COCH3 0.21 – 0.01 – 0.25
– H 0 0 0 0.49
– CH2OH 0.08 0.08 0.56
– COO– – 0.10 0.00 0.11 –1.06
– SO3

–0.05 0.09 0.12
– SH 0.25 0.15 0.019 1.68
– CH2Cl 0.18 1.05
– CONH2 0.28 0.36
– F 0.337 0.06 0.02 – 0.07
– I 0.352 0.18 0.135
– Cl 0.373 0.227 0.114
– CHO 0.36 0.22 0.37
– COCH3 0.376 0.502 0.85
– COOH 0.37 0.45 0.42 2.08
– COOCH3 0.39 0.31 0.49
– SO2NH2 0.55 0.62 0.61
– CN 0.56 0.66 0.89 0.66
– C ≡ CH 2.18
– CF3 0.43 0.54 0.61 2.61
– CCl3 2.65
– NO2 0.710 0.778 1.25 0.790 4.0
– NH3

+ 1.13 1.70 3.76

N (pyridine) 0.73 0.83

NH+ (pyridine) 2.18 2.42 4.0



309

BOX 6-C  (continued)

log (K/K0) = pK0 – pK = ρσ
The Hammett equation

The proportionality constant ρ, which also appears
in the equation, is a measure of the sensitivity of the
reaction to the presence of electron-withdrawing or
electron-donating substituents in the ring.  For ben-
zoic acid, ρ is taken as 1.00.  Using the data from the
accompanying table together with many other data,
an average value of ρ = 0.49 has been found for
phenylacetic acids.  Likewise, ρ = 2.23 for phenols,
and ρ = 5.7 for dissociation of protons from substi-
tuted pyridinium ions.  The sensitivity to substitu-
ent changes is highest (highest ρ) in the latter case
where proton dissociation is directly from an atom
in the ring and is lowest when the basic center is
removed farthest from the ring (phenylacetic acid).

Through knowledge of the value of ρ for a
given reaction, it is possible to predict the effect of
a substituent on pKa using the tabulated values of σ.
In many cases the effects are additive for multisub-
stituted compounds.

pKa = pK0 – ρΣσ

Since substituents in o, m, and p positions have quan-
titatively different influences, different substituent
constants σ are defined for each position.  Moreover,
since special complications arise from ortho inter-
actions, it is customary to tabulate σ values only for
meta and para positions.  These are designated σm
and σp.  Apparent σ values for ortho substituents are
also available.d  An additional complication is that
certain reactions are unusually sensitive to para
substituents that are able to interact by resonance
directly across the ring.  An example is the acid
dissociation of phenols.  While σp for the nitro
group is ordinarily 0.778, a correct prediction of the
effect of the p-nitro group on dissociation of phenol
is given only if σp is taken as 1.25.  This higher σ value
is designated σp

–.  The resonance in the phenolate
anion giving rise to this enhanced effect of the nitro
group may be indicated as follows:

(Here the curved arrows represent the direction of
flow of electrons needed to convert from the one
resonance structure to the other.)  For similar rea-
sons, some reactions require the use of special σp

+

constants for strongly electron-donating substitu-

ents such as OH which are able to interact across
the ring by resonance.  Thus σp for the OH group is
– 0.37, while σp

+ is – 0.85.e  For the methoxyl group
( OCH3) σp = – 0.27, σp

+ = – 0.78, and σm = + 0.12.
The use of different kinds of substituent con-

stants complicates the application of the Hammett
equation and over 20 different sets of σ values have
been proposed.  A simplification is the representation
of substituent constants as linear combinations of
two terms, one representing “field” or “inductive”
effects and the other resonance effects.e,f

Many other linear Gibbs energy relationships
have been proposed; for example, the acid strengths
of aliphatic compounds can be correlated using the
“Taft polar substituent constants” σ*.

log (K/K0) = ρ* σ*

For example, the following give good approximations
of pKa values.d

for R  COOH pKa = 4.66 – 1.62 σ*
for R  CH2 COOH pKa = 5.16 – 0.73 σ*

While the examples chosen here concern only
dissociation of protons, the Hammett equation has
a much broader application.  Equilibria for other
types of reactions can be treated.  Furthermore,
since rates of reactions are related to Gibbs energies
of activation, many rate constants can be correlated.
For these purposes the Hammett equation can be
written in the more general form in which k may be
either an equilibrium constant or a rate constant.b

The subscript j denotes the reaction under consider-
ation and i the substituent influencing the reaction.

log k ij – log k 0j = ρi σj

An example of a linear Gibbs energy relationship
that is widely used in discussing mechanisms of
enzymatic reactions is the Brönsted plot (Eqs. 9-90
and 9-91).

a Bolton, P. D., Fleming, K. A., and Hall, F. M. (1972) J. Am. Chem.
Soc. 94, 1033 –1034

b Hammett, L. P. (1970) Physical Organic Chemistry, 2nd ed.,
p. 356, McGraw-Hill, New York

c Wells, P. R. (1963) Chem. Rev. 63, 171– 219
d Barlin, G. B., and Perrin, D. D. (1966) Q. Rev., Chem. Soc. 20,

75–101
e Swain, C. G., and Lupton, E. C., Jr. (1968) J. Am. Chem. Soc. 90,

4328– 4337
f Hansen, L. D., and Hepler, L. G. (1972) Can. J. Chem. 50, 1030 –

1035
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The pH of the medium always has a strong effect
on metal binding.  Competition with protons means
that metal complexes tend to be of weak stability at
low pH.  Anions of carboxylic acids are completely
protonated below a pH of ~ 4 and a metal can combine
only by displacing a proton.  However, at pH 7 or
higher, there is no competition from protons.  On the
other hand, in the case of ethylenediamine, whose pKa
values are 10.2 and 7.5 (Table 6-9), protons are very
strong competitors at pH 7, even with a strongly com-
plexing metal ion such as Cu2 +.  At high pH there may
be competition between the ligand and hydroxyl ion.
At pH 7 about one-half of Cu2 + dissolved in water is
complexed as CuOH+.  Aluminum forms soluble
complexes Al(OH)2 +, Al(OH)2

+, and Al(OH)4
+ (Box 12-F).

TABLE 6-9
Logarithms of Binding Constants for Some 1:1 Metal 
Complexes at 25°Ca

Ligand H + Mg2+ Ca2+ Mn2+ Cu2+ Zn2+

 a All values are for log K1.  Included is the highest pKa for protons.  Data for amino acids
are from Martell, A.E. and Smith, R.M. (1974, 1975) Critical Stability Constants, 3 vols.,
Plenum, New York.  Others are from Sillén, L.G. and Martell, A.E. (1964) Stability Constants
of Metal – Ion Complexes, Spec. Publ. No. 17,  Chemical Society, London.  Most constants
for amino acids are for ionic strength 0.1.  Some (designated by asterisks) are for zero
ionic strength.  The values shown for other ligands have been selected from a large
number reported without examination of the original literature.

b Ethylenediaminetetraacetic acid (EDTA), a chelating agent widely used by biochemists
for

preventing unwanted reactions of metal ions.  The high formation constants ensure
that most metal ions remain bound to the EDTA.

c EGTA is similar to EDTA but has the group – CH2– CH2– O – CH2– CH2– O – CH2– CH2–
joining the two nitrogen atoms in place of – CH2– CH2– of EDTA.  Note that EGTA has
a higher selectivity for Ca2+ compared to Mg2+ than does EDTA.

Hydroxide, OH– 14.0 2.5 1.4 6.5 4.4
Acetate– 4.7 ~0.65 0.5 ~1.0 2.0 1.5
Lactate– 3.8 ~1.0 ~1.2 1.3 3.0 2.2
Succinate 2– 5.2 1.2 1.2 3.3 2
NH3 9.3 ~0 –0.2 0.8 4.0 2.4
Ethylenediamine 10.2 0.4 2.8 10.8 6.0
Glycine– 9.6 2.2 1.4* 2.8 8.2 5.0
Glycine amide 8.1 ~1.5 5.3 3.3
Alanine– 9.7 2.0* 1.2* 3.0* 8.1 4.6
Aspartate 2– 9.6 2.4 1.6 8.6 5.8
Glycylglycine– 8.1 1.2* 2.2* 5.5 3.4
Pyridine 5.2 0.1 2.5 1
Imidazole 7.5 1.6 4.6 2.6
Histidine 9.1 3.3 10.2 6.6
Adenine 9.8 8.9 6.4
Citrate 3– 5.6 3.2 4.8 3.5 ~4 4.7
EDTA 4– b 10.2 8.8 10.6 13.8 18.7 16.4
EGTA4– c 9.4 5.3 10.9 12.2 17.6 12.6
ATP 4– 6.5 4.2 3.8 4.8 6.1 4.9
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One of the most important
factors in determining the affinity
of organic molecules for metal ions
is the chelate effect.  The term
chelate (pronounced “keel-ate”) is
from a Greek word meaning crab’s
claw.  It refers to the greatly enhanced
binding of metal ions resulting from
the presence of two or more com-
plexing groups in the same organic
molecule.  The chelate effect has been
exploited by nature in the design of
many important metal-binding
molecules, including porphyrins
(Fig. 16-5), chlorophyll (Fig. 23-20),
the siderophores (Fig. 16-1), and
metal-binding proteins.  Structures
of two chelate complexes are shown
here.  Notice from Table 6-9 that
many simple compounds, such as
the α-amino acids and citric acid,
often form strong chelate complexes
with metal ions.
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How properties of the metal ion affect chelation.
The charge, the ionic radius (Table 6-10), the degree
of hydration, and the geometry of orbitals used in
covalent bonding between metal and chelating groups
all affect the formation constants of a complex.  Multi-
charged ions form stronger complexes than do mono-
valent ions, which have a lower charge density.

Among ions of a given charge type (e.g., Na+ vs
K +; Mg2 + vs Ca2 +), the smaller ions are more strongly
hydrated than are the larger ions in which the charge
is dispersed over a greater surface area.  Most cations,
except for the large ones, have a primary hydration
sphere containing about six molecules of water.  Four
molecules of water can be placed around the ion in
one plane as shown in the following drawing of water
molecules coordinated to Mg2 +.

One additional water molecule can be bound above
and another below to provide six molecules in an

O

H H

O
H

H

O

H H

H

H

O

array of octahedral geometry.  An alternative tetra-
hedral arrangement of four molecules of water around
the ion has been suggested for Li+ and Na+.90  In either
case additional solvent molecules are held in a looser
secondary sphere.  For instance, electrochemical trans-
ference experiments indicate a total of ~ 16 molecules
of water around Na+ and ~ 10 around K+.

To form a chelate complex a metal ion must usually
lose most of its hydration sphere.  For this reason, the
larger, less hydrated metal ions often bind more strongly
than do the smaller, more hydrated ones.  For example,
Ca2 + binds to EDTA more tightly than does Mg2 + (Table
6-9).  However, the reverse order may be observed with
negatively charged ligands such as OH– in which the
charge in highly concentrated.  The same is true for
ATP4–, which binds Mg2  +  more tightly than  Ca2 + (Table
6-9; Section B,5).

Differences in both the charge density and the
hydration of ions determine the Hofmeister series
(lyotropic series).91

Ba2 + > Ca2 + > Mg2 + > Li+ > Na+ > K+ > Cs+ > NH4
+

This was originally defined as the order of effectiveness
in precipitating colloids or protein molecules.  The ions
to the left are less hydrated than those to the right.  A
similar series can be defined for anions.  The following,
a well-known sequence of the stabilities of complexes
of metals of the first transition series, applies to many
different types of complexes including those of the
α-amino acids, as is shown in Fig. 6-11.

Mn2 + < Fe2 + < Co2 + < Ni2 + < Cu2 + > Zn2 +

Simple electrostatic theory based upon differences
in the ionization potentials or electronegativity of the
ions would predict a gradual monotonic increase in
chelate stability from manganese to zinc.  In fact, with
nitrogen-containing ligands Cu2 + usually forms by far
the strongest complexes.  Cobalt, nickel, and iron ions
also show an enhanced tendency to bind to nitrogen-
containing ligands.  The explanation is thought to lie
in the ability of the transition metals to supply d orbitals
which can participate in covalent bond formation by
accepting electrons from the ligands.  Iron, copper,
and cobalt are often located in the centers of nitrogen-
containing structures such as the heme of our blood
(iron, Fig. 16-5) and vitamin B12 (Box 16-B).

Metal binding sites in cells.  Functional groups
that participate in metal binding include negatively
charged carboxylate –COO–, thiolate –S–, phenolate –O–,
and phosphate– as well as uncharged amino, imida-
zole, – OH, and the polarizable carbonyl groups of
peptide and amide side chains.  To which of these
ligands will specific ions tend to bind?  The alkali
metal ions Na+ and K+ are mostly free within cells

E.  Complex Biochemical Equilibria

Mn2+ 0.080
Li+ 0.060 Fe2+ 0.076 H– 0.21
Na+ 0.095 Co2+ 0.074 F– 0.136
K+ 0.133 Ni2+ 0.069 Br– 0.195
Rb+ 0.148 Cu2+ 0.072b I– 0.216

Zn2+ 0.074
Cd2+ 0.097

Be2+  0.031
Mg2+  0.065 Al3+ 0.050
Ca2+  0.099 Fe3+ 0.064
Sr2+  0.113 Mo4+ 0.070
Ba2+  0.135 Mo6+ 0.062

TABLE 6-10
Ionic Radii in Nanometers for Some Metallic and

Nonmetallic Ionsa

a Radii are calculated according to the method of Pauling and
are taken from Cotton, F.A. and Wilkinson, G. (1972) Advanced
Inorganic Chemistry, 3rd ed. Wiley (Interscience), New York .

b From Ahrens, L. H. as given by Sienko,  M. J. and  Plane, R. A.
(1963) Physical Inorganic Chemistry, pp. 68 – 69. Benjamin, New
York.
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(Box 5-A) but are in part bound to defined sites in
proteins. Both Ca2 + and Mg2+ tend to remain partially
free and complexed with the numerous phosphate and
carboxylate ions present in cells.  However, they may
find very specific tight binding sites such as that of
Mg2 + in chlorophyll (Fig. 23-20).  The heavier metal
ions, including those of zinc, copper, iron, and other
transition metals, usually bind to nitrogen or sulfur
atoms.92  For example, small peptides react with Cu2 +

to form chelate complexes in which the peptide carbonyl
oxygen binds to the metal (Eq. 6-85, step a).93,94  By
losing a proton the peptide NH can sometimes also
function as a metal ligand (Eq. 6-85, step b).

In many metalloproteins the metals are found
in prosthetic groups such as the porphyrin of heme
proteins and the molybdopterin of molybdenum con-
taining enzymes (Fig. 16-31).  Very often clusters of
carboxylate, imidazole, and other groups are used to
create binding sites.  In carboxypeptidase A (Fig. 12-16)
two imidazole groups and one carboxylate of a gluta-
mate site chain hold Zn2 +.  In carbonic anhydrases,
three imidazoles hold a zinc ion (Fig. 13-1), while in
one kind of superoxide dismutase both Zn2 + and Cu2 +

are bound in adjacent locations with six imidazoles and
one carboxylate group participating in the binding.  In
contrast, Zn2 + and Cd2 + are bound in metallothioneins
by clusters of thiol groups from cysteine side chains
(Box 6-E).  While Fe2 + is bound by from four to six
nitrogen atoms in heme proteins, it is also found attached
to oxygen atoms of tyrosine side chains, as is shown
for a transferrin in Fig. 16-2.  One imidazole, one
carboxylate group, and a bicarbonate ion also bind to
the iron.  This site is also quite satisfactory for Al3+

(Box 12-F), which tends to occupy a fraction of the
transferrin sites in blood, although it binds much more
weakly than does Fe.  Several other binding sites for
transition metals are pictured in Chapter 16.
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Figure 6-6  Logarithms of formation constants of metal
complexes of histidine, glycine, and ATP plotted against the
atomic number of elements from manganese to zinc.

Calcium-binding proteins.  Much information
about the functions of transition metal ions is given in
Chapter 16.  Here and in Box 6-D we consider calcium
ions which, because of their broad distribution and
range of functions, will be discussed in virtually every
chapter of this book.  The concentration of Ca2+ varies
greatly in different parts of a cell and also with time
(Box 6-D).   Many calcium-binding proteins participate
in mediating the physiological effects of these changes
and also in buffering the calcium ion concentration.
These include a large family of helix–loop–helix or
EF-hand proteins.95– 97  The first of these to be discov-
ered was parvalbumin, a 108-residue protein from
carp muscle.96,98-99a  The structure of the pair of metal-
binding sites of the protein is shown in Fig. 6-7.

Each consists of two helices that are almost per-
pendicular and connected by a loop that forms the 
Ca2+-binding site.  In the site at the left side in Fig. 6-7A
the Ca2+ is bound by four carboxylate groups from
aspartate and glutamate side chains, a hydroxyl group
of serine, and the residue 57 carbonyl oxygen of the
peptide backbone.99b  The same peptide group is hydro-
gen bonded to a carbonyl group of another segment of
peptide chain near the second Ca2 + site (to the right in
Fig. 6-7A).  This site contains four carboxylate ions, one
of which coordinates the Ca2+ with both oxygen atoms,
and another peptide carbonyl group.  By attaching
itself to several different side chain groups, the metal
ion can induce a substantial change in conformation
from that present in the calcium-free protein.97
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Figure 6-7  (A) Part of the 108-residue peptide chain of the calcium-binding protein of carp muscle.  The two calcium-binding
loops are shown together with a hydrogen bond between them.  (B) A view of the intricate network of hydrogen bonds linking
two segments of the peptide chain in the interior of the molecule.  Note especially the bonding of the guanidinium group from
arginine-75 to the carboxylate of glutamic acid 81 and to the peptide carbonyl of residue 18.  Note that the carboxylate group
also interacts with two different peptide NH groups.  From Kretsinger and Nockolds.98

Kretzinger, who discovered the structure of parval-
bumin, named the Ca2+-binding helix–loop–helix motif
an EF-hand because it is formed by helices E and F and
resembles a hand with pointer finger extended along
the E helix and the thumb in the direction of the F helix,
the flexed middle finger forming the Ca2+-binding
loop.  Helices C and D also form a hand. The resulting
pair of hands can be visualized better at the top of the
calmodulin structure in Fig. 4-8.  The EF-hand motif
has been identified in over 1000 proteins.100

Parvalbumins, which are also found in other verte-
brates, are high-affinity Ca2+-buffers.99  Additional
calcium buffers with EF-hand structures are the vitamin
D-induced calbindins.  One 9-kDa calbindin is found
in mammalian intestinal tissue and in skin.  It has
two helix–loop–helix Ca2+-binding sites of differing
affinity101,102 that presumably function in the absorption
of calcium.  A 28-kDa vitamin D-dependent protein
from chicken intestine contains six similar Ca2 +-binding
loops.97,103

Another group of calcium-buffering and storage
proteins with remarkable Ca2+-binding properties are
the 40 - to 45-kDa calsequestrins, which are found in
the lumen of the ER (sarcoplasmic reticulum) of skeletal
muscle.  Calsequestrins are not typical EF-hand proteins
but have a high content of glutamate and aspartate.
They bind ~ 50 Ca2+ per molecule of protein with Kd
~ 1 mM.104,105   Similar proteins called calreticulins
are found in most non-muscle cells.106,107

A very large number of EF-hand proteins have

signaling functions.  The best known of these is the
148-residue calmodulin, which regulates many enzymes
and cellular processes (Box 6-D; also Chapter 11).108,109

The protein, which is present in all eukaryotes, has a
conserved sequence that forms two pairs of helix–loop–
helix Ca2 +-binding sites that are separated by a long
helix (Fig. 6-8).108,110,111  Two of the sites bind Ca2 +

tightly and cooperatively,110,112 with Kd values in the
micromolar range.  Calmodulin from almost all species
contains the modified amino acid ε-N-trimethyllysine
at position 115.  However, octopus calmodulin has
ordinary lysine at this position and seems to function
well.108  Calmodulin’s controlling functions result from
Ca2+-induced conformational changes that modify
its affinity for other proteins whose activity may be
increased or decreased by bound calmodulin.109,113

A protein with a similar dumbell shape and structure
is troponin C of skeletal muscles.114,115  Troponin C
binds to a complex of proteins that assemble on the
thin actin filaments of muscle fibers and control con-
traction in response to changes in the calcium ion con-
centration (Chapter 19).116  Other proteins that contain
EF-hand motifs and are therefore responsive to Ca2+

include spectrin of cell membranes,117 clathrin light
chains from coated vesicles,118,119 the extracellular
osteonectin of bones and teeth,120  and a birch pollen
antigen.121  Another group of 17 or more small S100
EF-hand proteins play a variety of other roles.122–123a

One of these, which has a high affinity for Zn2+, has
been named psoriasin because of its 5-fold or greater

E.  Complex Biochemical Equilibria
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BOX 6-D  CALCIUM

The essentiality of calcium ions to living things
was recognized in the last century by S. Ringer, who
showed that ~1 µM Ca2+ was needed to maintain
the beat in a perfused frog heart.  Later, calcium was
shown essential for repair of ruptures in the cell
membrane of the protozoan Stentor and for the
motion of amebas.  The animals quickly died in its
absence.  The role in the frog heart was traced to
transmission of the nerve impulse from the nerve to
the heart muscle.  More recently it has been recog-
nized that Ca2+ is required for blood clotting and is
involved in triggering many responses by cells.  Cal-
cium ions are also an integral part of many enzymes
and have structural roles in proteins, carbohydrate
gels, and biological membranes.

Like Na+, the calcium ion is actively excluded
from cells.  Indeed, 99% of the calcium in the human
body is present in the bones.a– d  The blood serum
concentration of Ca2+ is ~3 mM, of which ~1.5 mM
is free.  The rest is chelated by proteins, carbohydrates,
and other materials.  Within cells the concentration
of free Ca2+ is < 1 µM and typically ~0.05 – 0.2 µM
for unexcited cells.d – f   However, the total intracellular
Ca2+ is considerably higher and may be in excess of
1 mM.  Approximate total concentrations are:  red
blood cells, 20 µM; liver, 1.6 mM; and heart, 4 mM.
A gradient in [Ca2+] of 103 or more is maintained
across membranes by the calcium ion pump (Chapter
8).  The action of this pump is counteracted by a very
slow diffusion of the external Ca2+ back through the
membrane via an Na+– Ca2+ exchange into the cells.g

Free Ca2+ lacks spectroscopic properties suitable
for its direct measurement at the low concentrations
present in cells.  However, it can be measured indi-
rectly by the use of chelating agents that are relatively
specific for Ca2+ and which have a measurable prop-
erty that changes upon calcium-binding.  The fluo-
rescent photoprotein aequorin (Chapter 23), which
may be injected into cells or synthesized within cells
from transferred genes is often employed.h,i   Various
synthetic Ca2+ indicators also fluoresce brilliantly
upon chelation.j – n  Others contain fluorine or a suit-
ably placed atom of 13C which changes its NMR
chemical shift upon chelation with Ca2+.o  These
compounds may be carried into cells in the form of
esters which pass through membranes but are then
hydrolyzed leaving the indicators trapped in the
cytoplasm.j  Chelate compounds that bind Ca2+

within cells and release it rapidly upon irradiation
with ultraviolet light have also  been developed.p,q

Consistent with their role in signaling, calcium
ions are unevenly distributed within cells.  Mito-
chondria, endoplasmic reticulum, Golgi, and nuclei
may all take up calcium ions.  Cytoplasmic Ca2+

may sometimes be sequestered in microvesicles
(calciosomes) or in intracellular granulesc,r,s in
which the [Ca2+] is ~ 0.5 – 1 mM but may reach 5 – 10
mM.f  Many regulatory mechanisms exist.  For
example, calcitonin and parathyroid hormone
interact with vitamin D and its metabolites in the
small intestine, bones, and kidneys to control the
deposition of calcium in bones, a topic considered
in Box 22-C.

A characteristic function of Ca2+ in living things
is activation of various metabolic processes.  This
occurs when a sudden change in permeability of
the plasma membrane or in the membranes of the
endoplasmic reticulum (ER) allows Ca2+ to diffuse
into the cytoplasm.  For example, during the con-
traction of muscle, the Ca2+ concentration rises from
~ 0.1 to ~10 µM as a result of release from storage in
the calciosomes of the ER.  The calcium ions bind to
troponin C initiating muscle contraction (Chapter
19).t  The ER membranes of muscle are rich in a Ca2+

pump proteinu,v (Fig. 8-26), and in a series of calcium-
binding proteins such as calsequestrin (see text).f

Their combined action soon restores the [Ca2+] to
the original low value.

Skeletal muscle is activated by nerve impulses
which induce Ca2+ release through the action of a
voltage sensor, a protein also known as the dihy-
dropyridine receptor,w,x together with a calcium
release channel known as the ryanodine

Calcium chelate compound that releases free calcium ion within
cells upon irradiation with ultraviolet light.p,q
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BOX 6-D  (continued)

receptor.w,y – aa  Inositol trisphosphate (Fig. 11-9),
cyclic ADP-ribose, as well as pH changesbb are
involved in controlling these channels,cc,dd a topic
discussed in Chapter 11, E.  The release of Ca2+ can
be visualized using high-speed digital imaging
microscopy and fluorescent [Ca2+] indicators.ee,ff

Release of Ca2+ stored in sea urchin eggs is induced
by cyclic ADP-ribose and by nicotinic acid adenine
dinucleotide phosphate (NAADP+, Eq. 15-16).dd,gg

In a similar manner, when a nerve impulse
reaches a neuron ending (synapse) calcium ions are
released into the cytoplasm and provide the trigger
that causes stored neurotransmitters to be dumped
into the narrow synaptic cleft that separates the
endings of two communicating neurons.y,hh  The
released neurotransmitter initiates an impulse in the
“postsynaptic neuron” usually again with an inflow
of Ca2+ (see Chapter 30).e  Hormones and various
other compounds often stimulate the flow of calcium
ions into cells.ii  There Ca2+ regulates enzymesjj,kk

(Chapter 11), microtubules, clathrin of coated vesicles
(Chapter 8), K+ channels in nerve membranes, and
events within mitochondria,ll,mm in the ER,op and in the
nucleus.nn,oo  A substantial fraction of these responses
are mediated by calcium-binding regulatory
proteins.  Among the most prominent of these is
calmodulin (Fig. 6-8), which, upon binding of Ca2+

activates a host of metabolic processespp as indicat-
ed in the following scheme, which is modified from
that of Cheung.qq

In many cases metabolic control by Ca2+ is mod-
ulated by phosphorylation and dephosphorylation

or other covalent modification of proteins.  Such
modification may alter the affinity for Ca2+, allow-
ing the latter to either bind and induce a conforma-
tional change or remain unbound,rr without a change
in [Ca2+].  Nevertheless, the free Ca2+ concentration
within cells can change greatly and very rapidly.
For example, the oscillatory change in intracellular
[Ca2+] shown above was observed in pancreatic
insulin-secreting β cells responding to stimulation
by the agonist carbamoylcholine.  The free [Ca2+]
was evaluated from fluorescence measurements
using the Ca2+ indicator dye fura 2 (From Prentki
et alss).  Oscillations in [Ca2+] have been observed

under many circumstances.ff,oo,tt – ww

These are of particular interest
because of the possible relation-
ship to the initiation of oscillatory
nerve conduction (Chapter 30).uu

Released Ca2+ often appears
to move across cells in waves
and sometimes to be released
as “puffs” or “sparks.”ee,ff,oo

Adenylate
cyclase

Phosphodiesterase

Phospholipase A2

Ca2+ ATPase (calcium pump)

Microtubule disassembly

Membrane phosphorylation

IRS-1 (insulin signalling)

Neurotransmitter release

Myosin light chain kinase

Phosphorylase kinase

Guanylate cyclase

Ca2+-dependent protein kinase

NAD
kinase

Calcineurin (phosphatase)

Smooth muscle activation

NO synthase Calmodulin

a Bianchi, C. P. (1968) Cell Ca++, Appleton, New York
b Means, A. R., ed. (1994) Calcium Regulation of Cellular Function,

Lippincott-Raven, Hagerstown, Maryland
c Volpe, P., Krause, K.-H., Hashimoto, S., Zorzato, F., Pozzan, T.,
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Calcium oscillations observed with six cultured pancreatic β cells
after a single infusion of 0.2 mM carbamoylcholine.  The fluores-
cence intensity of the Ca2+ indicator dye fura 2, with excitation at
380 nm, was recorded versus time.  From Pretki et al.ss
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BOX 6-D  (continued)
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increase above the normal level in keratinocytes of
patients with the skin disease psoriasis.123b

Calcium ions are often involved in holding nega-
tively charged groups together, for example, in the
binding of proteins to phospholipid membranes.  Among
these membrane-associated proteins are the vitamin K-
dependent proteins, all of which contain several residues
of the chelating amino acid γ-carboxyglutamate (Chapter
15) at their calcium-binding sites.124,125  Many of these
are involved in the clotting of blood (Chapter 12).  Some
of the membrane-binding proteins called annexins
(Chapter 8) are also Ca2+-dependent ion channels.126,127

Other Ca2+-requiring lipid-binding proteins include the
lipocortins, calpactins, and calelectrins.128  Cadherins
bind Ca2+ and help provide cohesion between cells.129

Many proteins contain bound Ca2+ in precisely defined
sites where it plays a structural role.  These include the

galactose-binding protein of bacterial transport and
chemotaxis (Fig. 4-18)130 and α-lactalbumin of milk.
Although α-lactalbumin does not contain the helix–
loop–helix pattern, its Ca2 +-binding site does consist
of three carboxylate groups and two backbone carbonyl
oxygen atoms.131  The α-amylases, thermolysin, and
staphylococcal nuclease (Chapter 12), and the lectin
favin (Fig. 2-15) all contain bound Ca2+.    Calcium ions
also bind to anionic groups in carbohydrates, e.g., to the
sulfate groups in carageenin gels (Chapter 4) where they
provide structural stability.
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Figure 6-8 Stereoscopic backbone
trace of a 148-residue recombinant
calmodulin.  The two helix–turn–
helix (EF-hand) loops and their bound
Ca2+ (as concentric circles) are at the
top and the two near the C terminus
are at the bottom.  The long central
helix, seen in this crystal structure,
may undergo conformational changes
during the functioning of this Ca2+-
sensing molecule.132  From Chatto-
padhyaya et al.111  Courtesy of F. A.
Quiocho.

E.  Complex Biochemical Equilibria

BOX 6-E   METALLOTHIONEINS

If animals ingest excessive
amounts of Zn(II), Cd (II), Hg(II),
or Cu(I) their livers and kidneys
accumulate these metals as com-
plexes of proteins called metallo-
thioneins.a– e  In mammals at least
three related genes encode these
metal-binding proteins.  The best
known, metallothionein II, has
a highly conserved 61-residue
sequence containing 20 cysteine
residues and no aromatic residues.
The protein is organized into two
domains, each able to bind a cluster
of metal ions via thiolate side chains.
The three-dimensional structure of
rat liver metallothionein containing
five Cd2+ and two Zn2+ ions is shown
in the accompanying stereoscopic
diagram.f  The 61 alpha carbons,
the beta carbon and sulfur atoms
(green) of cysteine residues and
the bound metal ions are indicated.
The N-terminal domain (residues 1– 29) contains one
Cd2+ and two Zn2 and nine cysteine sulfurs which
bind the metal ions.  Three of the sulfur atoms form
bridges between pairs of metals.  The second cluster
contains four Cd2+ held by 11 cysteine sulfur atoms,

Metallothionein containing bound Cd2+ and Zn2+.  From Robbins et al.f

five of which bridge between pairs of metals.  All of
the metal ions are tetrahedrally coordinated.  The
polypeptide chains of metallothioneins consist pre-
dominantly of beta turns.g  Important techniques in
the study of these proteins include 113Cd NMR,h,i
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BOX 6-E   METALLOTHIONEINS (continued)
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spectroscopic methods,j,k and X-ray absorption.l

Transcription of metallothionein genes is induced
by metal ions, and toxic metals such as Cd and Hg
accumulate as metallothionein complexes, suggesting
that one function is to protect against metal toxicity.m

However, synthesis is also induced by glucocorticoid
hormones,n  and accumulation of a high concentration
of copper and zinc in fetal metallothionein suggests a
role in storage of these essential metals.c  Another metal
that binds to metallothioneins is Au(I),o which is widely
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Metallothioneins are also found in insects, lower
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Study Questions

1. a) From ∆G° for hydrolysis of sucrose (Table 6-6)
calculate the equilibrium constant

Κ  =  [glucose][fructose] / [sucrose]

at 25°C.  Call this hydrolysis reaction 1.
b) Is the sucrose in a 1 Μ solution stable?  Explain.
c) If acid is added to a 1 Μ sucrose solution to

catalyze its hydrolysis, what will be the final
sucrose concentration at equilibrium?  (Assume
that concentrations equal activities for the
purpose of these calculations.)

d) Reaction 2 is the hydrolysis of α-D-glucose
1-phosphate to glucose and inorganic phos-
phate (Pi).  Using ∆G° for this reaction (Table
6-6) calculate the equilibrium constant.

e) Sucrose phosphorylase from the bacterium
Pseudomonas saccharophila catalyzes the follow-
ing reaction (reaction 3):

Sucrose + P1→
α-D-glucose 1-phosphate + fructose

Calculate the equilibrium constant and the
standard Gibbs energy change at 25°C for
reaction 3 from the equilibrium constants
obtained above for reactions 1 and 2.  Show
that ∆G° for reaction 3 = ∆G° of reaction 1 - ∆G°
of reaction 2.

f) Could the bacterium carry out reaction 3 in  the
following two consecutive steps?  Explain.

Sucrose→ glucose + fructose
Glucose + Pi→ glucose 1-phosphate

2. For each of the following reactions, state whether
the equilibrium constant will be between 0.1 and
10 (i.e., about one), greater than 100, or less that
0.01.  Assume that the pH is constant at 7.0.
a) 2 ADP3– →  ATP 4– + AMP2–

b) ATP3– + glucose → glucose 6-phosphate2– +
ADP2– + H+

c) ADP2– + HPO4
2– + H+ →  ATP3–

d)  Glucose 6-phosphate2– →
fructose 6-phosphate2–

e) Phosphoenolpyruvate3– + glucose →  glucose
1-phosphate2– + pyruvate–

3. The combustion of 1 mol of solid urea to liquid
water and gaseous carbon dioxide and nitrogen
(N2) in a bomb colorimeter at 25°C (constant
volume) liberated 666 kJ of heat energy.  Calculate
∆H,  the change in heat content (enthalpy), for this
reaction.

4. Using data of Table 6-4 calculate ∆G’ (pH 7) for the
following reactions:
a) Glucose  →  2 lactate– + 2 H+

b) 2 NH4
+ + HCO3

– →  urea + 2 H2O + H+

c) 2-oxoglutarate2– +  1/ 2 O2 + CoA + H+ →
succinyl-CoA + H2O + CO2

5. What is the ionic strength of a 0.2 M solution of
NaCl?  of 0.2 M  Na2SO4?

6. The [ATP] / [ADP] ratio in an actively respiring
yeast cell is about 10.  What would be the intracel-
lular [3-phosphoglycerate] / [1,3-bisphospho-
glycerate] ratio have to be to make the phospho-
glycerate kinase reaction (Fig. 9-7, reaction 7)
proceed toward 1,3-bisphosphoglycerate synthesis
at 25°C, pH 7?

7. a) Using data from Table 6-8 determine the equi-
librium constant for the reaction between
malate and methylene blue, assuming all
reactants present initially at the same concen-
tration.  Indicate clearly the direction of the
reaction for which the Gibbs energy change is
written.

b) Calculate the percentage of the reduced (leuco)
form of methylene blue present at pH 7 and
25°C in a system for which the measured
electrode potential is 0.065 V.

8. NAD+ is a coenzyme for both pyruvate dehydro-
genase and ethanol dehydrogenase.  Using the
values of Εo’ from Table 6-8 calculate the Gibbs
energy change and the equilibrium constant for
the reaction.

Lactate– + acetaldehyde →  pyruvate– + ethanol

9. Consider the oxidation of acetate at 25°C:

           CH3COO– (0.1 M) + 2 O2 (g, 0.2 atm) +
H+ (10–7 M) →  2 H2O (l) + 2 CO2 (g)

a) What is the equilibrium pressure of CO2 if the
reaction is not coupled to any other reaction?

b) What is the equilibrium pressure of CO2 if the
reaction is coupled to the formation of 0.01 M
ATP from 0.02 M ADP and 0.01 M HPO4

2- in
the citric acid cycle?

c) What do the above calculations tell you about
the prospects of  gaining 100% efficiency of
energy storage in ATP from the citric acid cycle?

d) If the actual pressure of CO2 is 0.01 atm, what
is the efficiency of energy storage under the
conditions in (b)?
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10. The equilibrium constant for the following reac-
tion, which is catalyzed by creatine kinase, has
been determined by chemical analysis.  The data
are given below. [S. A. Kuby and E. A. Noltman, in
The Enzymes, 2nd ed. (P. D. Boyer, H. Lardy, and K.
Myrbäck, eds), Vol. VI, pp. 515 – 602.  Academic
Press, New York, 1962]

ATP 4– + creatine  →  ADP3– + creatine phosphate2– + H+

t (°C) K

20 6.30 x 10–9

30 5.71 x 10–9

38 5.47 x 10–9

a) What are ∆G°, ∆H°, and ∆S° for the reaction at
25°C?

b) What are ∆G’, ∆H ‘, and ∆S ‘ (pH 7) for the
reaction at 25°C?

c) What are ∆G’, ∆H ‘, and ∆S ‘ (pH 7) for the
hydrolysis of creatine phosphate at 25°C?

11. The following reaction was carried out in a
calorimeter at 25°C in 0.1 M phosphate buffer at
pH 7.4 in the presence of a particulate suspension
containing the mitochondrial electron transport
system [M. Poe, H. Gutfreund, and R. W.
Estabrook, ABB 122, 204 – 211 (1967)]:

NADH + H+ + 1/ 2 O2 (aq., sat.) →
NAD+ + H2O

The oxygen consumption was monitored continu-
ously with an oxygen electrode.  The temperature
was monitored simultaneously with a thermo-
couple immersed in the solution.  At the start of
the reaction 96 µmol NADH was added to 29.0 ml
buffer containing O2.  A nearly zero-order reaction
was observed with the rate of O2 consumption of
6.87 µmol/min and the rate of temperature rise of
0.01171 K/ min.  The heat capacity of the calorim-
eter and contents was 254.6 J/ K.  What is ∆H for
the above reaction?  NOTE:  The H+ is supplied by
the phosphate buffer, which has a ∆H of dissocia-
tion of 5.4 kJ mol–1.

12. Enthalpy and Gibbs energy changes for the
following reaction at 25°C are given in Table 6-6.

ATP 4– (1 M) + H2O →
ADP3– (1 M) + H+ (10–7 M) + HPO4

2– (1 M)

a) How much heat is evolved at constant tem-
perature and pressure if the reaction takes
place in a test tube without doing any work
other than p ∆V work?

b) How much heat is evolved or absorbed by the
foregoing reaction if it is coupled with 100%
efficiency to an endergonic reaction?

c) What efficiency of coupling to an endergonic
reaction is required in order that the foregoing
reaction neither evolve nor absorb heat?

13. Microorganisms use a great variety of fermenta-
tion reactions for obtaining energy.  Could the
following reaction be used for such a purpose?
Explain the reasons for your answer.

C4H6O4 (succinic acid) + H2O →
C3H8O3 (glycerol) + CO2

14. a) Calculate the work done in kJ and in kcal by a
70 kg person in climbing up stairs three stories
(13 m).

b) Calculate how much ATP (in mmol and in
grams) will be needed for the climb if muscles
can use the ATP with 50% efficiency and if the
phosphorylation state Rp = [ATP] / [ADP] [Pi] is
103 M–1.  The standard value of ∆G°’ (pH 7) for
hydrolysis of MgATP to MgADP and Pi may be
taken as – 31 kJ/ mol at 37°C.

c) How much of this ATP could be provided by
transfer of phospho groups from the stored
creatine phosphate (Cr-P) to ADP in muscle?
Assume that [Cr-P] = 20 mM and may fall to
10 mM during the climb. ∆G°’ (pH 7) for
hydrolysis of creatine phosphate is about
– 43 kJ/ mol.  If the creatine kinase reaction
attains equilibrium what will the value of Rp
be for the adenylate system?

15.  Acid – base titration gave the following three pKa
values for cysteine: 1.70, 8.36, and 10.53.  Spectro-
photometric data allowed H. B. F. Dixon and K. F
Tipton (1973, Biochem J. 133, 837– 842) to estimate
the following ratio of tautomeric species at pH 9.4
[ –OOC – C(NH3

+)– CH2S–] / [–OOC – C(NH2) –
CH2SH] = 2.12, as is also shown in Fig. 6-5.  Verify
and assign the four microscopic pKa values.

Study Questions
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16.  The coenzyme pyridoxal phosphate (PLP; structure
on p. 740) has pKa values of 3.62, 6.10, and 8.33,
as determined by acid – base titration or by spec-
trophotometric titration.  The pKa of 6.10 belongs
primarily to the phosphate group and is nearly
independent of the others.  However, the pKa
values of 3.62 and 8.33 are shared by the proto-
nated ring nitrogen and the phenolic – OH group.
PLP exists as an equilibrium mixture of aldehyde
together with its covalent hydrate (see Eq. 13-1).
The equilibrium constants for hydrate formation
(Kh = [hydrate] / [aldehyde]) are independent of
pH but differ for each ionization state of the ring.
Consider only the equilibria in the pH range 7– 12.

The UV-visible absorption spectrum of the
monoprotonated form of PLP was divided math-
ematically into individual bands for the aldehyde
with dipolar ionic ring (±), the aldehyde tautomer
with an uncharged ring (0) and the hydrate of the
dipolar ion.  The following fractions were esti-
mated (Harris et al., 1976, Biochem. Biophys. Acta.
521, 181– 194.

Aldehyde (±)   52%
Aldehyde (0)    28%
Hydrate (±)      16%
Hydrate (0)       4%, estimated indirectly

Study Questions

HPLP– (aldehyde, ±)

HPLP– (hydrate, ±)

KH

HPLP– (hydrate, 0)

KT(H)

HPLP– (aldehyde, 0)

KT(A) KB

KA
PLP2– (aldehyde)

KH’

KC
PLP2– (hydrate)

KD

From 300 MHz 1H NMR spectra areas for the
following hydrogen atoms were estimated by
Robitaille.

pH 7 pH 12

4'-H aldehyde .86 .900
4'-H hydrate .14 .012
6-H, aldehyde .96 1.059
6-H, hydrate .17 .014
2'-CH3, aldehyde 2.49 2.96
2'-CH3, hydrate .51 .038

Evaluate the tautomerization constants KT(A) and
KT(H), the hydration constants KH and KH’, and the
microscopic pKa values pKA, pKB, pKC, and pKD in
the foregoing scheme.  Assume that the hydration
ratios Kh and Kh’ are the same in H2O (spectropho-
tometric data) and in D2O (NMR data).
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Some ways in which protein subunits associate.  (Left)  The 3.66 MDa hemoglobin of the earthworm Lumbricus
terrestris contains 144 globin subunits organized as 12 cylindrical disulfide-linked dodecamers.  Two 6-dodecamer
layers, each a ring with 6-fold cyclic symmetry, lie back-to-back.  This reconstructed particle also contains three
types of linker proteins in the center region.  From Lamy et al. (2000) J. Mol. Biol. 298, 638.  (Center)  The iron storage
protein ferritin is formed from 24 19- to 21-kDa 4-helix-bundle subunits with cubic symmetry.  As many as 4500
atoms of iron, as hydrated iron oxide, may be stored in the internal cavity.  See Fig. 7-13.  From Trikha et al. (1995)
J. Mol. Biol. 248, 954.  Courtesy of Elizabeth Theil.  (Right) The 2 MDa molecular chaperone GroEL consists of two
back-to-back 7-subunit rings, each subunit formed from domains E, I and A.  A 7-subunit cap of the smaller
GroES may cover either end to form a compartment in which polypeptides fold.  See Box 7-A.
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How Macromolecules Associate 7

The complicated shapes and internal structures
of cells are determined to a large extent by the way in
which proteins and other macromolecules are bonded
one to another.  In addition, intimate association of
macromolecules is essential to such biological processes
as the motion of flagella, the contraction of muscle, the
action of antibodies, the transmission of nerve impulses,
the replication of DNA, and the synthesis of proteins.
Equally important is the binding of small molecules to
large ones.  In this chapter we will first examine methods
of measuring binding with an emphasis on protons
and small molecules.  Then we will consider the ways
in which macromolecules stick together as well as the
role of conformational changes within macromolecules.

A.  Describing Binding Equilibria

In previous discussions of pH we have dealt with
dissociation constants, but in this section we will use
formation constants Kf, where Kf = 1/Kd.  Measurement
of the strength of association of molecules is an every-
day aspect of modern biochemical research.  It may be
important to know how strongly a hormone binds to
a receptor in a cell membrane or how well a feedback
inhibitor binds to an enzyme to determine whether the
interaction is significant physiologically.  The binding
of O2 to hemoglobin and other oxygen carriers is vitally
important, but the description of these oxygenation
reactions is mathematically complex.  This is especially
so because we must consider effects of pH changes and
of changing concentrations of allosteric effectors on
the binding equilibria.

In considering such equilibria we must first exam-
ine the individual interactions of different domains of
a protein, one with another.  These can be described by

association constants or, alternatively, by the Gibbs
energy changes for the association reaction.1,2  The
average kinetic energy of motion of a molecule in
solution is about 3 / 2kBT, where kBT is Boltzmann’s
constant.  For one mole the kinetic energy is 3 / 2RT
or 3.7 kJ (0.89 kcal) mol–1 at 25°C.  Thus, if Kf = 10 M–1

(∆G° = – 5.7 kJ mol–1 or – 1.36 kcal mol–1) the binding
energy is only slightly in excess of the thermal energy
of the molecules and the complex is weakly bound.  In
this instance, if X and P are both present in 10– 4 molar
concentrations (typical enough for biochemical systems),
only 0.1% of the molecules will exist as the complex
([complex] = Kf [X][P]).  If the formation constant is
higher by a factor of 1000, i.e., Kf = 104 M–1 (∆G° = – 22.8
kJ mol–1), 38% of the molecules will exist as the com-
plex; while if Kf = 107 M–1 (extremely strong binding,
∆G° = – 40 kJ or – 9.55 kcal mol–1), 97% of the molecules
will be complexed.

1.  Analyzing Data

The extent of binding of a molecule X to another
molecule P (Eqs. 7-1, 7-2) is measured by varying the
concentrations of X and P and observing changes
in the concentration of the complex [PX].  The first

    Kf = [ PX ] / [ P ] [ X ])

prerequisite is to find a measurable property that is
different for the complex than for either of the free
components.  For example, the complex may be colored
and the components colorless.  More commonly, the
complex simply has a different light absorbance (A) at

X + P PX

(7-2)

(7-1)
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a certain wavelength than do the components.  Like-
wise, the circular dichroism or the chemical shift of a
peak in the NMR spectrum may change.  If P is an
enzyme, only the complex PX will undergo decompo-
sition to products.  Sometimes (but not always) the rate
of breakdown of PX (the enzyme–substrate complex)
to form products will be relatively slow compared to
the rate at which the equilibrium between X, P, and PX
is established.  In this case the concentration of complex
PX will be proportional to the observed rate of forma-
tion of product.

Whatever change of property is measured, its
value will increase with increasing concentrations of
X if the total concentration of the macromolecule P is
kept constant.  In the usual experimental design, the
molar concentration of P is small and it is possible to
increase the concentration of X to quite large values.
When this is done, it is usually observed that at high
enough values of [X] almost all of the P is converted
to PX, and the change being measured (e.g., ∆A for
increased light absorption) no longer increases.  This
effect is known as saturation and is observed in most
binding studies and also in many physiological phe-
nomena.

The property being measured (∆A) reaches a
maximum value ∆Amax at saturation and when all of
compound P has been converted to PX.  The ratio of
[PX] to the total concentration of all forms of P present
[P]t is known as the saturation fraction and is often
given the symbol Y.  If P has more than one binding
site for X, Y is defined as the fraction of the total bind-
ing sites occupied.  If n is the number of sites per
molecule, the total number of sites is n[P].  The value
of Y is often taken as ∆A/∆Amax, an equality that holds
for multisite macromolecules only if the change in A is
the same for each successive molecule of X added.  This
is not always true, but when it is Eq. 7-3 is followed.

Here i represents the number of ligands X bound to P
and may vary from 0 to n.  When n = 1 the saturation
fraction Y and ∆A are related to the concentration of
free unbound X and the formation constant as follows:

A plot of Y or ∆A against [X] is shown in Fig. 7-1.
This kind of plot is sometimes called an adsorption
isotherm because it describes binding only at a constant
temperature.  Notice, from both Fig. 7-1 and Eq. 7-4,

that Y reaches a value of 0.5 when [X] is just equal to
1/Kf (or to Kd).  Note also that as [X] increases saturation
is reached slowly and that even at the point represent-
ing the highest concentration of X (8 /Kf in Fig. 7-1)
saturation is less than 90%.  Since in the usual experi-
mental situation, we do not know Y but only ∆A, it is
difficult to estimate the limiting value ∆Amax from a
plot of this type unless Kf is very high.  However, we
need to know ∆Amax to evaluate Kf.  For this reason,
plots like that of Fig. 7-1 are seldom used, this one
being included mainly to illustrate a point of nomen-
clature.  The curve shown in Fig. 7-1 is a rectangular
hyperbola, and the type of saturation curve shown is
frequently referred to as hyperbolic.  This is in con-
trast to certain other binding curves (Section 3) which,
when plotted in this way, are sigmoidal (S-shaped).

A better type of plot is often that of Y against log
[X] (Fig. 7-2).  It has the following features.  (1) The
curve is symmetric about the midpoint at log [X] = log
Kf.  (2) No matter how high or low the concentration
range used in the experiments, it is easy to choose a
scale that puts all the points on the same sheet of
paper.  (3) Spacing between points tends to be more
uniform than in a plot against [X]; e.g., compare Figs.
7-1 and 7-2 for which the experimental points repre-
sent the same data and for which values of [X] for
successive points are each twofold greater than the
preceding one.  (4) The same logarithmic scale can be
used for all compounds, no matter how strong or weak
the binding, and the same shape curve is obtained for
all 1:1 complexes.  The midpoint slope, dY/d log [X],
is 0.576; the change in log [X] in going from 10 to 90%
saturation is 1.81.  The curve is familiar to most chem-
ists because it is frequently used for pH titration curves
in which pH substitutes for – log [X].  To represent a
complex with tighter binding, the curve is simply moved
to the left, and for weaker binding, it is moved to the
right.
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Figure 7-1  An adsorption isotherm, a plot of the saturation
fraction Y or of some change in a measured property ∆A vs
[X], the concentration of a substance that binds reversibly to
a macromolecule.  The curve is hyperbolic and [X] = 1/Kf
when Y = 0.5.
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Figure 7-2  A saturation curve plotted on a logarithmic scale
for [X].  The data points are the same as those used in Fig. 7-1.
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A.  Describing Binding Equilibria

Saturation data are often plotted in yet another form
known as the Scatchard plot (Fig. 7-3).  The value of
∆ A/ [X] (or of Y/ [X]) is plotted against ∆ A (or Y) and
a straight line is fitted to the points, preferably using
the “method of least squares.”  The intercept on the
x axis and the slope of the fitted line give values of
∆Amax/Kf and Kf, respectively, as indicated by Eq. 7-5,
which follows directly from Eq. 7-4.

Y/ [X] = K f – YKf
   ∆ A/ [ X ] = ∆ Amax K f – ∆ AK f

The Scatchard plot is the best of the various linear
transformations of the saturation equation and is pre-
ferred to “double reciprocal plots” analogous to that
shown in Fig. 9-3.

Scatchard’s original equation was formulated to

(7-5)

deal with the binding of two or more ligands to a
single macromolecule.3– 5  If we let [X]b represent the
concentration of bound X and [P]t the total molar
concentration of the protein or other macromolecule
and if there is only one binding site on the protein,
[X]b/ [P]t will equal Y.  However, if there are n inde-
pendent binding sites that have the same binding
constant Kf Eq. 7-5a will hold.

If [X]b/ [P]t[X] is plotted against [X]b/ [P]t the resulting
linear plot will have an intercept of Kf on the y axis and
n on the x axis.  Thus, n is directly apparent, whereas
in Eq. 7-5 it is incorporated into Y.  A problem arises if,
as discussed in the next section, the multiple binding
sites are not independent but interact.  Curved Scat-
chard plots result and attempts to extract more than
one binding constant can lead to very large errors.
Before measuring saturation curves, the student should
read additional articles or books on the subject.2,6–10

2.  Multiple Binding Sites on a Single Molecule

A macromolecule may often be able to bind sever-
al molecules of a second compound X.  Consider the
case in which the macromolecule P binds successively
one molecule of X, then a second, and a third, up to a
total of n.  We define the stepwise formation constants,
K1, K2, . . ., Kn, as follows:

Remember that these are reversible reactions even
though unidirectional arrows are used.  The general
expression for the ith stepwise formation constant is
given by Eq. 7-7.

Remember that Y is the fraction of total binding sites
saturated.  The number of moles of X bound per mole
of P is nY and is obtained by summing the concentra-

(7-5a)

P + X PX
K1

PX + X PX2 . . .
K2

PXn-1 + X PXn

Kn

(7-6)

Kf · ∆Amax

0.5 1.00

∆A
[x] [x]

Kf

Kf

2

∆Amax∆A

0

Y

Y

Figure 7-3  A Scatchard plot of the same data shown in Figs.
7-1 and 7-2.  This is the best of the linear plots for studying
binding.
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tions [PX] + 2[PX2] + . . . and dividing the sum of all
the forms of P:

The summations are over all of the integral values
of i from 1 to n.  Now, by expressing each concentration,
[PXi], in terms of the concentrations [X] and [P] of free
X and P, together with the stepwise formation constants,
we obtain Eq. 7-10.

A similar equation can be written for the general
case.  Note that the concentration of P does not appear
in Eq. 7-10 and that Y is a function only of [X] and the
stepwise formation constants.  Such equations define
the isotherms for binding of two or more molecules of
X to P.  From an experimental plot of Y (or of ∆A) vs
[X] or log [X], it is possible in favorable cases to deter-
mine the stepwise constants K1, K2, ..., Kn.  However,
this becomes quite complicated.  To simplify Eq. 7-10
and the corresponding equation for the general case,
we can group the constants together and designate the
products of constants (K1, K1K2, K1K2K3, etc.) as ψ1, ψ2, .
. ., ψn.  Our equations are now as follows:

From experimental data, it is usually easiest to first
determine the ψ’s (there are n of them), and then to
calculate from the ψ’s the stepwise constants.  For
example:

For two binding sites
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(7-12)

While Eq. 7-12, known as the Adair equation,11 might
seem to provide a complete description of the binding
process, it usually does not.  In many cases, there is
more than one kind of binding site on a macromolecule
and Eq. 7-12 tells us nothing about the distribution of
the ligand X among different sites in complex PX.  To
consider this problem we must examine the microscopic
binding constants.

Microscopic binding constants and statistical
effects.  As discussed in Chapter 6, Section E,2, micro-
scopic binding constants represent the constants for
binding to specific individual sites.   Now, consider a
straight-chain dicarboxylic acid which has two identical
binding sites for protons.  If the chain connecting the
two carboxylate anions is long enough, the carboxylate
groups will be far enough apart that they do not influ-
ence each other through electrostatic interaction.

Each group will have a microscopic binding constant
(Kf*) of 5 x 104 M–1.  The constant Kf* can also be called
an intrinsic binding constant, because it is character-
istic of a carboxylate group that is free of interactions
with other groups.  Intuition tells us (correctly) that,
in its binding of protons, a solution of this dicarboxy-
lic acid dianion will behave exactly like a solution of
the monovalent anion R – COO– at twice the concentra-
tion.  A single intrinsic binding constant suffices to
describe both binding sites.  It may seem surprising
then that the stepwise formation constants (also called
stoichiometric or macroscopic formation constants)
K1 and K2 differ:  K1 = 10 x 104 M–1 and K2 = 2.5 x 104

M–1.  This fact reflects the so-called statistical effect.
Either of the two carboxylate groups in the molecule
can bind a proton in the first step to give two indistin-
guishable molecules, PH:

K K K1 1 2 2 1= =ψ ψ , etc. (7-13)
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If we label the two forms of PH as A and B (Eq. 7-14)
and consider that each one of them is independently in
equilibrium with P through formation constant Kf*, we
obtain Eq. 7-15 (which may be compared with Eqs. 6-75
and 6-76, which are written for dissociation constants).

This result is related to probability and arises for the
same reason that if you reach into a barrel containing
50% white balls and 50% black balls, you will pull out
one of each just twice as often as you will pull out a
pair of white or a pair of black.  In the general case of n
equivalent binding sites, the microscopic formation
constants Ki* are related12,13 to the stepwise constants
Ki as follows:

It is also easy to show,14 using Eqs. 7-12 and 7-16 that
for n completely equivalent and independent binding sites
Eqs. 7-17 and 7-18 hold:

In this case the microscopic association constants are
all identical and represent a single intrinsic constant
applicable to all of the sites.  In fact, Eq. 7-18 is identical
to that for association of a single proton (or other ligand)
with a single binding site, satisfying our intuitive
notion that a set of n completely independent binding
sites should behave just like a solution of an n-fold
more concentrated compound with a single binding
site.  Thus, our arithmetic has led us to a conclusion
that was already obvious.  However, it is rarely true
that binding sites on a single macromolecule are com-
pletely independent; there is almost always interaction
between them, and the equations that we have derived
for evaluation of stepwise and intrinsic constants
cannot be applied without modification.

Electrostatic repulsion: anticooperativity.
As we have seen, a hypothetical acid with an infinite
distance between the carboxylate groups and log Kf* =
4.8 would have two macroscopic binding constants
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separated by the statistical distance (log  4 = 0.6).
Compare these values with the observed binding
constants for protons with the dianions of acids con-
taining 7, 4, 2, and 1 CH2 groups given in Table 7-1.
For the longest chain (that of azelaic acid) the log Kf
values are not very different from those of the hypo-
thetical long-chain acid.  However, as the groups come
closer together, the first binding constant is increased
markedly because of the additional electrostatic attrac-
tion and the second is decreased.  The spread between
the two log Kf values increases from 0.6 to as much as
2.9 as a result of interaction between the binding sites.

In malonic and succinic acids the first proton
bound can be shared by both carboxyl groups through
formation of a hydrogen bond.  (See discussion in
Chapter 9, Section D.)  Additional factors operate in
oxalic acid where the carboxyl groups are connected
directly and for which pKa values (pKa = log Kf) are
4.19 and 1.23.  In all of these examples the binding of
the first proton makes it harder to bind a second proton.
Such negative interaction or anticooperativity between
binding sites is very common and always leads to a
spread of the formation constants and a broadening of
the curve of Y vs log [X].  This is shown graphically on
the right side of Fig. 7-4 where the binding curves for
protons with acetate ion and with succinic acid dianion
are compared.  Notice that binding of protons increases
as log [H+] increases, giving the curves an unfamiliar
appearance when compared with the more familiar
curve of dissociation vs pH.

Can we predict the pKa values in Table 7-1?  With
an appropriate dielectric constant chosen Eq. 2-8 can
be applied.  The difference between the two successive
log Kf values reduced by 0.6 (the statistical factor) is a

TABLE 7-1
Binding Constants of Protons to Dianions of
Dicarboxylic Acidsa

Hypothetical ∞ 5.1 4.5
dianion with
log K* = 4.8

Azelaic 7 5.41 4.55

Adipic 4 5.41 4.42

Succinic 2 5.48 4.19

Malonic 1 5.69 2.83

a From R. P. Bell, (1973) The Proton in Chemistry, 2nd ed., p. 96.
Cornell Univ. Press, Ithaca, New York

Acid dianion
No. of

CH2 groups
log K1
(pK2)

log K2 (association)
(pK1) (dissociation)
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measure of the electrostatic effect.  For malonic acid
this ∆ pKa is 2.25 and for succinic acid it is 0.69 (Table
7-1).  In 1923, N. Bjerrum proposed that the value of
∆ pKa could be equated directly with the work needed
to bring the two negative charges together to a distance
representing the charge separation in the malonate
dianion.

Thus, applying Eq. 6-31, ∆G = 5.708 ∆ pKa kJ mol–1 =
12.84 kJ mol–1 for malonate.  Equating this with W
in Eq. 2-8 and assuming a dielectric constant of 78.5
(that of water), the distance of charge separation r is
calculated to be 0.138 nm.  This is much too small.
The computation was improved by Westheimer and
Kirkwood, who assumed a dielectric constant of 2.0
within the molecule.  By approximating the molecule
as an ellipsoid of revolution, they were able to make
reasonably accurate calculations of electrostatic effects
on pKa values.15  Thus, for malonic acid Westheimer
and Shookhoff16 predicted r = 0.41 nm for malonic acid
dianion.  Recently more sophisticated calculations17

have been used to predict pKa values for the com-
pounds in Table 7-1 and others.18

Electrostatic theory has also been used successfully
to interpret titration curves of proteins in which the
net negative or positive charge distributed over the
surface of the protein varies continuously from high
pH to low as more protons are added.19

Electrostatic effects can be transmitted extremely
effectively through aromatic ring systems, a fact that
explains some of the significance of heterocyclic aro-
matic systems in biochemical molecules.  Consider the

Figure 7-4 Binding of protons to the
thiamin anion, the succinate dianion,
and the acetate anion.  Acetate (dashed
line) binds a single proton with a normal
width binding curve.  Succinate dianion
binds two protons with anticooperativity,
hence a broadening of the curve.  The
thiamin anion (yellow form, see Eq. 7-19)
binds two protons with complete coop-
erativity and a steep binding curve.
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microscopic binding constant of the phenolate anion of
pyridoxine as influenced by the state of protonation of
the ring nitrogen.  These are shown in Eq. 6-75, where
pKa* = 4.94 and pKd* = 8.20 define the binding constants
for protonation of a phenolate ion when the ring nitrogen
is protonated or unprotonated, respectively.  We see
that ∆ pKa = 3.26, even greater than that of malonic acid.

3.  Cooperative Processes

Can it ever happen that interaction between
groups leads to a decrease from the statistical separa-
tion between values of the stepwise constants instead
of to an increase?  At first glance, the answer seems to
be no.  A decreased separation would imply that the
intrinsic binding constant for the second proton bound
is higher than that for the first, but common sense tells
us that the first proton ought to bind at the site with
the highest binding constant.  However, look at the
experimental binding curve of protons with the anion
of thiamin shown in Fig. 7-4.  Instead of being broad-
ened from the curve of acetate, it is just half as wide.
The explanation depends upon some rather amusing
chemistry of thiamine.  Under suitable conditions, this
vitamin can be crystallized as a yellow sodium salt,
the structure of whose anion is shown in Eq. 7-19.
Weak binding of a proton to one of the nitrogens as
shown in Eq. 7-19 creates an electron deficiency at
the adjacent carbon and the – S–anion adds to the C=N
group, closing the ring to an unstable tricyclic form of
thiamin.  This tricyclic form can be observed in methanol
and can be crystallized.  It is unstable in water because
the central ring can open, with the electrons flowing as
indicated by the small arrows to create a strongly basic
site on the same nitrogen.  A second proton combines
at this basic nitrogen with a high binding constant to
form a cation.

The key to the reversed order of strength of the binding

C

H H

C C

O O

OO

––

r ≈ 0.4 nm
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constants lies in the molecular rearrangements intervening
between the two binding steps.20,21  In this particular case,
we cannot measure the successive binding constants
K1 and K2 directly from the titration curve because
K2 is almost two orders of magnitude larger than K1.
Consequently, the binding curve shown in Fig. 7-4 is
(within the experimental error) twice as steep at the
center (the slope is 2 x 0.576) as that for acetate ion and
is accurately represented in Eq. 7-20.  Comparison of
Eq. 7-20 with Eq. 7-10 shows how the latter has been
simplified because no significant concentration of the
form PX is present in the cooperative case.

This is only part of the story about the acid–base
chemistry of thiamin.  For the rest, see Chapter 14,
Section D,1.

The binding of protons by the thiamin anion is an
example of a cooperative process, so named because
binding of the first proton makes binding of the second
easier.  Although relatively rare among small molecules,
cooperative processes are very common and important
in biochemistry.22,23  A cooperative binding curve is
sometimes referred to as sigmoidal because the plot
of Y against [X] (the binding isotherm) is S shaped.
The maximum possible cooperativity is observed

A.  Describing Binding Equilibria

when the binding of the first ligand enhances the
affinity of all other sites so much that no species other
than P and PXn are present in significant concentration.

It is easy to show that, for n binding sites with such
completely cooperative binding, the saturation fraction is:

where K = (K1 . . . Kn)1/ n.  The midpoint slope in the
binding curve (Y vs log [X]) is 0.576n and the change,
∆log [X], between Y = 0.1 and Y = 0.9 is 1.81/ n.

Equation 7-21 can be rewritten as

Taking logarithms (Eq. 7-22)

A plot of log [Y/ (1 – Y)] vs log [X] is known as a Hill
plot.  According to Eq. 7-22, it is linear with a slope of n.
Remember that this equation was derived for an ideal
case of completely cooperative binding at n sites.24

However, Hill plots are often used to plot experimen-
tal data for systems in which cooperativity is incom-

plete.  Thus, the experimentally measured
slope of a Hill plot (nHill) is not an integer and
is usually less than n, the number of binding
sites.  A comparison of nHill with n is often
used as a measure of the degree of cooperativ-
ity: nHill/n = 1.00 for complete cooperativity
but is less than one if cooperativity, is incom-
plete.  An example of a very high degree of
cooperativity is provided by the hexameric
enzyme glutamate dehydrogenase, whose
saturation curve for substrate displays nHill
approaching six.25  It is not necessary to make
a Hill plot to get nHill.  From the usual binding
curve of Y (or ∆A) vs log [X] the midpoint
slope can be measured with satisfactory preci-
sion.  Alternatively, the difference, ∆log [X],
between 0.1 and 0.9 saturation can be evaluat-
ed and nHill calculated from Eq. 7-24.

Binding curves sometimes show more than
one step; in such cases Hill plots are not linear
and no simple measure of cooperativity can be
defined.
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A second example of cooperativity is provided by
the reversible denaturation of coiled peptide chains.
Some proteins can be brought to a pH of 4 by addition
of acid but without protonation of buried groups with
intrinsic pKa values greater than four.  When a little
more acid is added, some less basic group is protonated,
permitting the protein to unfold and to expose the more
basic hidden groups.  Thus, cooperative proton binding
is observed.  As in the case of thiamin the cooperativity
depends upon the occurrence of a conformational
change in the molecule linked to protonation of a
particular group.

The reversible transformation between an α helix
and a random coil conformation is also cooperative.
In this case, once a helix is started, additional turns
form rapidly and the molecule is completely converted
into the helix.  Likewise, once it unfolds it tends to
unfold completely.  Melting of DNA (Chapter 5) or,
indeed, of any crystal is cooperative.8  The stacking of
nucleotides alongside a template polynucleotide can
also be cooperative.  For example, the binding of an
adenylate residue to two strands of polyuridylic acid
leads to cooperative formation of a triple-helical
complex (Chapter 5, Section C,4).  Here the stacking
interactions make helix growth energetically easier
than initiation of new helical regions.26

B.  Complementarity and the Packing of
Macromolecules

Because the forces acting between them are weak,
two molecules will cling together tightly only if there
is a close fit between their surfaces.  For a firm bond to
be formed many atoms must be in contact and the two
molecular surfaces must be complementary one to the
other.  If a “knob,” such as a – CH3 group, is present on
one surface, there must be an appropriate hollow in
the complementary surface.  A positive charge in one
surface is likely to be opposite a negative charge in the
other.  A proton donor group can form a hydrogen
bond only if it is opposite a group with unshared
electrons; nonpolar (hydrophobic) groups must be
opposite each other if hydrophobic interaction is to
occur.  An important principle is that two molecules with
complementary surfaces tend to join together and interact,
whereas molecules without complementary surfaces do not
interact. Watson called this “selective stickiness.”27

Selective stickiness permits the self-assembly of bio-
logical macromolecules having surfaces of comple-
mentary shape into fibers, tubes, membranes, and
polyhedra.  It also provides the means for specific
pairing of purine and pyrimidine bases during the
replication of DNA and during the synthesis of RNA
and of proteins.

Complementarity of surfaces is equally important
to the chemical reactions of cells.  Each of these reactions

is catalyzed by an enzyme, which contains reactive
chemical groupings in the right places and in the right
orientations to interact with and promote a chemical
change in another molecule, the substrate.  Specific
catalysis is one of the most basic characteristics of
living things.  Enzymatic catalysis provides the basis
not only for the reactions of metabolism but also for
the movement of muscle fibers, the flowing of the cyto-
plasm in the ameba, and virtually all other biological
responses.  To understand these phenomena requires
an examination of the structures of the macromole-
cules involved and of the ways in which they can fit
together.

Just as the amino acids, sugars, and nucleotides
are the building blocks for formation of proteins,
polysaccharides, and nucleic acids, these three kinds
of macromolecule are the units from which larger
subcellular structures are assembled.  Fibers, micro-
tubules, virus “coats,” and small symmetric groups of
subunits in oligomeric proteins all result from the
packing of macromolecules in well-defined ways,
something that is often called quaternary structure.

1.  Rings and Helices

Consider first the aggregation of identical protein
subunits.  While many protein molecules are nearly
spherical, they are nevertheless asymmetric.  In the
drawings that follow the asymmetry is exaggerated,
but the principles illustrated are valid.  One easily
observed lesson from nature is that even though living
things are made up of asymmetric materials, a great
deal of symmetry is evident.28  At the molecular level
the symmetry of crystalline arrays of atoms or mole-
cules is described mathematically by the elements of
symmetry present in space groups (p. 133).  There
are 230 of these but only 65 accommodate asymmetric
objects (Chapter 3).29  Two of the natural ways for
identical asymmetric subunits to interact lead to rings
and helices, respectively.

Molecules with cyclic symmetry.  Consider a
subunit (protomer) of the shape shown in Eq. 7-25
and containing a region a that is complementary to the
surface j on another part of the same molecule.  Two
such protomers will tend to stick together to form a
dimer, region a of one protomer sticking to region j of
the other.  The dimer will still contain a free region a
at one end and a region j at the other which are not
involved in bonding.  Other protomers can stick to
these free ends.  In some instances long chains can be
formed.  However, if the geometry is just right, a third
subunit can fit in to form a closed ring (a trimer).
Depending on the geometry of the subunits, the ring
can be even smaller (a dimer) or it can be larger (a
tetramer, pentamer, etc.).  The bonding involved is
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between two different regions (a and j) of a subunit
and is sometimes described as heterologous.30  To
obtain a closed ring of subunits, the angle between
the bonding groups a and j must be correct or the ring
cannot be completed.

A ring formed using exclusively heterologous
interactions possesses cyclic symmetry.  The trimer
in Eq. 7-25 has a threefold axis:  Each subunit can be
superimposed on the next by rotation through 360°/ 3.
The oligomer is said to have C3 symmetry.  Many real
proteins, including all of those with 3, 5, or another
uneven number of identical protomers, appear to be
formed of subunits arranged with cyclic symmetry.
An example is the cholera toxin from Vibrio cholerae,
which forms a pentamer with an outer ring of subunits
with C5 symmetry (Fig. 7-5).

Now consider the quantitative aspects of heterolo-
gous interactions with ring formation.  Let K f be the
formation constant and ∆G° the Gibbs energy change
for the reaction of the j end of protomer P with the a end
of a second protomer to form the dimer P2 (Eq. 7-25).

In the second step (Eq. 7-25) a third protomer
combines.  It forms two new aj interactions.  If we assume
for this step that ∆Gf° is 2 ∆G°, Kf will be equal to K 2.
The overall association constant for formation of a
trimer from three protomers will be given by Eq. 7-26.

  3 P → P3
K f = K 3

∆Gf° = 3 ∆G°

This will be true only if ∆G° for formation of both new
aj bonds in the trimers is exactly the same as that for
formation of the aj bond in the dimer.  The reader may
wish to criticize this assumption30a,b,c and to suggest
conditions that might lead to overestimation or under-
estimation of Kf for the trimer as calculated previously.

Now consider a hypothetical example:  Protomer P
is continuously synthesized by a cell. At the same time
some subunits are degraded to a nonaggregating form
via a second metabolic reaction.  The two reactions are
balanced so that [P] is always present at a steady state

B.  Complementarity and the Packing of Macromolecules

value of 10–5 M.  Suppose that a value for a single aj
interaction of K = 104 (and ∆G ° = – 22.8 kJ mol–1) governs
aggregation to form dimers and trimeric rings.  What
concentration of dimers and of trimer rings will be
present in the cell in equilibrium with the 10–5 concen-
tration of P.  Using Eq. 7-25 we see that the concentra-
tion of dimers [P2] is 104 x (10–5)2 = 10–6 M.  (Note that
the amount of material in this concentration of dimer
is equivalent to 2 x 10–6 M of the monomer units.)  The
concentration of rings [P3] is (104)3 x (10–5)3 = 10–3 M,
equivalent to 3 x 10–3 M of the monomer units.  Thus,
of the total P present in the cell (10–5 + 0.2 x 10–5 + 300 x
10–5 M), 99.6% is associated with trimers, 0.33% is still
monomers, and only 0.07% exists as dimers.  Thus, the
formation of two heterologous bonds simultaneously to
complete a ring imparts a high degree of cooperativity
to the association reaction of Eq. 7-25.  We will find in
a cell mostly either rings or monomer but little dimer.

Figure 7-5  Stereoscopic view
of the B5 pentamer of cholera
toxin B.  The pentamer, known
as choleragenoid, has a central
hole of ~ 1.5 nm diameter into
which a helix from the A subunit
is inserted.  As viewed here, the
front surface of the pentamer has
binding sites for the oligosaccha-
ride chains of ganglioside GM1,
which serves as the toxin receptor.
The back side binds the A sub-
unit.  See also Box 11-A.  From
Zhang et al.31
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Now consider what will happen to the little rings
within the cell if the process that removes P to a non-
associating form suddenly becomes more active so that
[P] falls to 10–6 M.  If K is still 104, what will be the
percentages of P, P2, and P3 at equilibrium?  Here we
note a characteristic of cooperative processes:  A higher
than first power dependence on a concentration.

Helical structures.  If the angle at the interface aj
is slightly different, instead of a closed ring, we obtain
a helix as shown in Fig. 7-6A.  The helix may have an
integral number of subunits per turn or it may have a
nonintegral number, as in the figure.  The same type of
heterologous interaction aj is involved in joining each
subunit to the preceding one, but in addition other
interactions occur.  If the surfaces involved in these
additional interactions are complementary and the
geometry is correct, groups from two different parts
of the molecule (e.g., b and k) may fit together to form
another heterologous bond.  Still a third heterologous
interaction cl may be formed between two other parts
of the subunit surfaces.  If interactions aj, bk, and cl are
strong (i.e., if the surfaces are highly complementary
over large areas), extremely strong microtubular struc-
tures may be formed, such as those in the flagella of
eukaryotic organisms (Fig. 1-8).  If the interactions are
weaker, labile microfilaments and microtubules, such
as are often observed to form and dissociate within
cells, may arise.

The geometry of subunits within a helix is often
advantageously displayed by imagining that the sur-
face of the structure can be unfolded to give a radial
projection (Fig. 7-6B).  Here subunits corresponding to
those in the helix in Fig. 7-6A are laid out on a plane
obtained by slitting the cylinder representing the sur-
face of the helix and laying it out flat.  In the example
shown, the number of subunits per turn is about 4.8
but it can be an integral number.  The interactions bk
between subunits along the direction of the fiber axis
may sometimes be stronger than those (aj) between
adjacent subunits around the spiral.  In such cases
the microtubule becomes frayed at the ends through
breaking of the aj interactions.  This phenomenon can
be observed under the electron microscope for the
microtubules from flagella of eukaryotic organisms.
Figures 7-7 to 7-10 show four helical structures from the
molecular domain.  They are a filamentous bacterio-
phage, a plant virus, a bacterial pilus, and an actin
microfibril.  Each is composed largely of a single kind
of protomer.  A larger and more complex helical struc-
ture, the microtubule, is shown in Fig. 7-34.

Filamentous bacteriophages. Bacteriophages of
the Ff family include the fd, f1, and M13 strains.31a,32– 36

Phage M13 is widely used in cloning genes and for
many other purposes (Chapter 26).  The genome is a
circular, single-stranded DNA of ~ 6400 nucleotides

which is held in an elongated double-stranded form
by a helical sheath of about 2700 subunits of a 50-
residue protein.  The rod is about 6 nm in diameter
and 880 nm long and it is capped by two specialized
proteins at one end and a different pair of proteins at
the other end.  The five coat proteins are encoded by
five of the 11 genes present in these little viruses.37,38

Each coat subunit in the Ff viruses is coiled into an
α-helical rod of 7 nm length.  These are arranged in the
virus in a right-handed helical pattern with a pitch of
1.5 nm and with 4.4 subunits per turn (Fig. 7-7).  The
protein rods are inclined to the helix axis and extend
inward.  This arrangement permits a “knobs-in-holes”
hydrophobic bonding between subunits.  The helix of
pitch 1.5 nm is the primary or one-start helix.  How-
ever, in every regular helical structure we can also
trace a two-start helix, a three-start helix, etc.  In this
instance the five-start helix is easiest to see.

The protein coat of these viruses provides an
elongated cylindrical cavity to protect the circular,
single-stranded DNA molecule that is the genome.
Although there are two antiparallel strands of DNA,
a regular base-paired structure is impossible and the
DNA is probably not present in a highly ordered
form.38a  There are about 2.4 nucleotides in the DNA
per protein subunit.  However, there are related viruses
with ratios as low as one nucleotide per protein sub-
unit and containing more highly extended DNA.34,39

A rod-shaped plant virus.  The tobacco mosaic
virus (Figs. 5-41, 7-8) is a 300-nm-long rod constructed
from 2140 identical wedge-shaped subunits whose
detailed molecular structure is known.40  Each 158-
residue subunit contains five helices and a small β
sheet.  A single strand of RNA containing 6395 nucle-
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Figure 7-6 (A) Heterologous bonding of subunits to form a
helix.  (B) Radial projection of subunits arranged as in helix
A.  Different bonding regions of the subunit are designated
a, b, c, j, k, and l.
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Figure 7-7 Structure of the virus fd
protein sheath.  (A)  Left.  A single coat
subunit, with its N terminus towards
the top, as if moved from the left side of
the sheath.  The dark circles represent
charged atoms of Asp, Glu, and Lys side
chains.  The backbone of the protein is
a Cα diagram.  The positively charged
atoms near the C terminus line the inner
surface of the sheath neutralizing the
negative charge of the DNA core.  Right.
Each subunit is represented by a helical
tube through successive Cα atoms.
Three nearest neighbors, indexed as 0, 6, and 11, are indicated.  The axial slab shown represents ~1% of the total length of the
virion.  From Marvin.31a  (B)  A 2.0 nm section through the virus coat with the helices shown as curved cylinders.  The view is
down the axis from the N-terminal ends of the rods.  The rods extend upward and outward.  The rods with indices 0 to – 4
start at the same level, forming a five-start helical array.  The rods with more negative indices start at lower levels and are
therefore further out when they are cut in this section.  (C)  The same view but with “wire models” of the atomic structure of
the rods.  From Marvin et al.32

otides (~ 3 per protein subunit) lies
coiled in a groove where it interacts
with side chains from two of the heli-
ces (Fig. 7-8B).41–44a   The virus is as-
sembled by the binding of a region of
the RNA 800 – 1000 nucleotides from
the 3' end to a two-turn helix of sub-
units that appears to form spontane-
ously.  Additional subunits then add at
each end, binding to the RNA as well
as the adjacent protein subunits.42,44,45

A relative with a very similar struc-
ture is cucumber green mottle mosaic
virus.46

Bacterial pili.  The adhesion pili,
or fimbriae,48 of bacteria are also helical
arrays of subunits.  The P pili of E. coli
are encoded by a cluster of 11 genes in
the pap (pilus associated with pyelo-
nephritis) cluster.  They are needed
to allow the bacteria to colonize the
human urinary tract.  The bulk of the
~1-µm-long pilus is made up of about
1000 subunits of a 185-residue protein
encoded by gene PapA. They form a
right-handed  helix of ~ 7 nm diameter
with 3.28 subunits per turn and a
pitch of ~ 2.5 nm (Fig. 7-9A).49– 51  The
rod is anchored to the bacterial outer
membrane by a protein encoded by
gene PapH, while subunits encoded
by PapE and PapF fasten the adhesin
protein (PapG) to the tips of the
pili.49,52,53,53a  The adhesin binds to the
Galα1→ 4Gal ends of glycolipids in

B

C

A
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the kidney.51,54  The PapE, F, and
G subunits form a thin ~ 2.5-nm-
thick by 15 nm “fibrillum” which
is attached by an adapter protein
encoded by gene PapK.  A special
chaperonin (PapD gene) is also
required for pilus assembly in E.
coli53a as well as other bacteria.55

Another E. coli pilus adheres to
mannose oligosaccharides.53b

Similar pili of Neisseria gonno-
rheae are used by that bacterium.
The three-dimensional structure of
the 158-residue pilin subunit is that
of a globular subunit with an 8.5 nm
α-helical spine at one end.56,57  A
proposed model of the intact pilus
shaft is shown in Fig. 7-9B,C.  Notice
the similarity of the packing of the
α-helical spines in the center to the
packing arrangement in the bacterio-
phage coat in Fig. 7-7.  Similar features
may be present in the P pilus rod
shown in Fig. 7-9A.  However, there
is uncertainty about the packing
arrangement.  The E. coli type 1 pilus
subunits contain immunoglobulin
folds that are completed by donation
of an N-terminal strand from a
neighboring subunit.53a  In thin
fimbriae of Salmonella extended,
parallel β helices may be formed
(see Fig. 2-17)53e,53f

Other types of pili are also well-
known.53c,d  F pili or conjugative pili
are essential for sexual transfer of
DNA between bacterial cells (Chapter
26).  F+ strains of E. coli form hollow
pili of 8.5 nm diameter with a 2.0-nm
central hole.58,59  Their 90-residue
subunits apparently form rotationally
symmetric pentamers which stack to
form the pili.59  These pili are essen-
tial to establishing the initial contact
between conjugating bacterial cells.

The thin filaments of muscle.
An essential component of skeletal
muscle (discussed further in Chapter
19) is filamentous actin (F-actin).  It
is composed of 375-residue globular
subunits of a single type and with a
highly conserved sequence.60,61  It is
found not only in muscle but also in
other cells where it is a component
of the cytoskeleton.  The actin micro-
filament has the geometry of a left-

C
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Figure 7-8  (A) Electron micrograph of the rod-shaped particles of tobacco
mosaic virus.  © Omikron, Photo Researchers.  See also Butler and Klug.42

(B)  A stereoscopic computer graphics image of a segment of the 300 nm long
tobacco mosaic virus.  The diameter of the rod is 18 nm, the pitch of the helix is
2.3 nm, and there are 16 1\ 3 subunits per turn.  The coat is formed from ~ 2140
identical 17.5-kDa subunits.  The 6395-nucleotide genomic RNA is represented
by the dark chain exposed at the top of the segment.  The resolution is 0.4 nm.
From Namba, Caspar, and Stubbs.47  (C)  A MolScript ribbon drawing of two
stacked subunits.  From Wang and Stubbs.46
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~1 µm

d ≈ 7 nm

2.5 nm pitch

PapH

Pap A rod

Pap G

Pap F

2.5 nm

15 nm length

Pap E

Pap K

Figure 7-9  (A)  Schematic diagram of a bacterial P pilus.  The ~1-µm-long helical rod is anchored to the outer cell membrane
by protein Pap H.  The adhesion Pap G binds to galactosyl glycolipids of the host.  (B, C)  The structure of pilus fiber from
Neisseria gonnorrheae modeled from the atomic structure of the 54-residue pilin subunit.  The exact structure of the fiber is
uncertain, but the model generated here by trying various possible helical packings matches the dimensions obtained from
fiber diffraction patterns and electron microscopic images.  (B) Cross section.  (C) Stereoscopic view.  The experimental dimensions
of 4.1-nm pitch and 6.0-nm diameters are shown by the “transparent” ring in (B).  From Parge et al.57

B.  Complementarity and the Packing of Macromolecules

handed one-start or primary helix with a pitch of
only 0.54 nm and with approximately two subunits
per turn (Fig. 7-10).62,63

It can also be described as a right-handed two-start
helix in which two chains of subunits coil around one
another with a long pitch (Fig. 7-10).

B

C

A

2.  Oligomers with Twofold (Dyad) Axes

Paired interactions.  If two subunits are held
together with interactions aj and are related by a two-
fold axis of rotation as shown in Fig. 7-11, we obtain an
isologous dimer.  Each point such as a in one subunit
is related to the same point in the other subunit by
reflection through the axis of rotation.  In the center,
along the twofold axis, points c and c’ are directly
opposite the same points in the other subunit.  Figure 7-11
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is drawn with a hole in the center so that groups c and
c’ do not actually touch, and it is the paired interactions
such as aj of groups not adjacent to the axis that con-
tribute most to the bonding.  However, a real protein
dimer may or may not have such a hole.  The pair of
identical interactions in an isologous dimer may be
referred to as a single isologous bond.  Such a bond
always contains the paired interactions between
complementary groups (aj) and has pairs of identical
groups along the axis.  However, because they are
identical those groups usually cannot interact in a
specific complementary manner.

Isologous bonding is very important in oligomeric
enzymes, and it has been suggested that isologous
interactions evolved early.  Initially there may not have
been much complementarity in the bonding but two

“hydrophobic spots” on the surface of the subunits
came together in a nonspecific association.64  Later in
evolution the more specific paired interactions could
have been added.

Dihedral symmetry. Isologous dimers can serve
as subunits in the formation of larger closed oligomers
and helices; for example, an isologous pair of the sort
shown in Fig. 7-11A can be flipped over onto the top of
another similar pair as shown in Figs. 7-11B and 7-11C.
Again, if the proper complementary surfaces exist,
bonds can form as shown (bk in Fig. 7-11B and bk and
cl in Fig. 7-11C).  Both structures in Figs. 7-11B and 7-11C
possess dihedral (D2) symmetry.65  In addition to the
twofold axis of rotation lying perpendicular to the two
rings, there are two other twofold axes of rotation as

Figure 7-10  (A) Model of the
F-actin helix composed of eight
monomeric subunits.  The model
was constructed from the known
structure of the actin monomer
with bound ADP using X-ray data
from oriented gels of fibrous actin
to deduce the helical arrangement
of subunits.  The main interactions
appear to be along the two-start
helix.  See also Holmes et al.62

(B) Ribbon drawing of an actin
monomer with the four domains
labeled. Courtesy of Ivan Rayment.
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In 1968, a tiny cylindrical particle, which appeared
to be a stack of 11-nm rings, was observed by electron
microscopy of an extract of erythrocytes.a,b  Later, a
similar particle was found in both the nucleus and
the cytoplasm of other cells of many organisms.  The
particles were soon recognized as a new type of
protein-hydrolyzing enzyme, a large 700-kDa particle
consisting of 20–30 subunits of several different types
which came to be known as the multicatalytic pro-
tease or 20S proteasome.c,d  Electron microscopy
and X-ray diffraction showed that the particle is
formed from four stacked rings, each of which con-
sists of seven subunits whose molecular masses
range from 21 to 31 kDa.e– j

Proteasomes are strikingly similar in architecture,
though not in peptide sequences, to another particle
found in both bacteria and eukaryotes: a molecular
“chaperone” or chaperonin.  The chaperonins, of
which there are several types, protect proteins while
they fold or undergo translocation within cells.k

One of the best studied members is the E. coli protein
GroEL, which is also composed of double rings of
14 subunits with seven-fold rotational symmetry
and with two of these assemblies associated back-
to-back with dihedral symmetry.l  The dimensions
of GroEL and 20S proteasomes are nearly the same.
However, GroEL has only two rings of ~ 60-kDa
subunits, more than twice the size of proteosomal
subunits.  The accompanying sketch illustrates this
fact and also the basic structural similarity of 20S
proteosomes with GroEL.  The αβ pairs of the pro-
teosome, correspond to single subunits of the chap-
eronin, but these subunits have three distinct
domains–apical, intermediate, and equatorial

BOX 7-A  LIFE AND DEATH FOR PROTEINS: CHAPERONINS AND PROTEASOMES

(labeled A, I, and E , respectively, in the drawing).m

After a protein, whether correctly, incorrectly, or
only partially folded, enters a cavity in GroEL, a
second protein GroES of smaller size (~10 kDa)
but with seven-fold symmetry binds to one end of
the chaperonin.p  Seven molecules of ATP also bind
to sites on the GroEL ring to which GroES binds (the
cis ring).  The binding of the ATP and GroES evi-
dently induces a major conformational change in
the GroEL subunitsl,m,n,q which causes the binding
cavity to expand to over twice the original volume.
This change (see drawing) also causes hydrophobic
surfaces of the cavity to become buried and hydro-
philic side chains to be exposed.  The cavity surface
was initially largely hydrophobic and able to bind
many proteins nonspecifically, but upon expansion
it becomes hydrophilic and less likely to bind.  This
releases the encased protein to complete its folding
or to partially unfold and refold without interference
from other proteins.

While a protein is adjusting its folding in the cis
compartment another protein molecule may become
trapped in the trans compartment.  After some time
the bound ATP molecules are hydrolyzed.  As in the
contraction of muscle, which is discussed in Chapter
19, the loss of inorganic phosphate (Pi) and ADP
from the active site can be accompanied by move-
ment.  In the chapenonin this involves a conforma-
tional switch so that the ES heptamer is released and
the conformation of the trans ring of EL is switched
to that of the initial cis ring and vice versa.  The new
cis ring is ready to receive an ES cap and the new
trans ring can release the folded protein.r  A variety
of experimental approaches are being used in an
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BOX 7-A  LIFE AND DEATH FOR PROTEINS: CHAPERONINS AND PROTEASOMES (continued)

effort to further understand the action of GroEL.s– x

The chaperonin may function repeatedly before a
protein becomes properly folded.t

While chaperonins assist proteins to fold cor-
rectly proteasomes destroy unfolded chains by
partial hydrolysis, cutting the chains into a random
assortment of pieces from 3 to 30 residues in length
with an average length of  ~ 8 residues.y  Proteasomes
destroy not only unfolded and improperly folded
proteins but also proteins marked for destruction by
the ubiquitin system described in Box 10-C.  It has
been hard to locate true proteosomes in most bacteria.
However, they do contain protease particles with
similar characteristicsz– bb  and archaeons, such as
Thermoplasma acidophilum, have proteasomes similar
to those of eukaryotes.cc

The Thermoplasma proteasome contains only two
kinds of subunits, α and β, which have similar amino
acid sequences.  These form α7 and β7 rings which
associate in α7β7 pairs with two of these double rings
stacked back-to-back with dihedral D7 symmetry:
α7β7β7α7.  The crystal structure has been determined
for this 20S proteasome from T. acidophilumg,dd and
for the corresponding proteasome from yeast (Sac-
charomyces cerevisiae).f,ee  The accompanying drawings
illustrate top and side views of the T. acidophilum
proteasome.  The particle contains three internal
cavities.  The outer two are formed between the α7
and β7 rings and the inner is formed between the

two β7 rings.  A channel only 1.3 nm in diameter
permits the entrance of peptide chains into the
compartments.

The active sites of the enzymesff are located in
the β subunits in the central cavity.dd  While the
yeast and human proteasomes are similar to those
of Thermoplasma, the β subunits consist of seven
different protein-hydrolyzing enzymes whose cata-
lytic activities and mechanisms are considered in
Chapter 12.  There are also seven different α sub-
units, all of whose sequences are known.i,gg  To make
the story more complex, additional subunits, some
of which catalyze ATP hydrolysis, form a 600- to
700-kDa cap which adds to one or both ends of a 20S
proteosome to give a larger 26S proteasome.b,d,e,w

These larger proteasomes carry out an ATP-depen-
dent cleavage of proteins selected for degradation
by the ubiquitin system (Box 10-C; Chapter 12).
Some of the short peptide segments formed by pro-
teasomes may leave cells and participate in intercel-
lular communication.  For example, pieces of antigenic
peptides are used by cells of the immune system for
“antigen presentation” (Chapter 31),hh an important
process by which the immune system recognizes
which cells are “self” and which are foreign or malig-
nant and must be killed.

The structure of the caps on the 26S proteasome
ends is complex.  At least 20 different regulatory
subunits have been identified.ii,jj

(A)  Electron micrograph of 26S
proteasomes from Xenopus oocytes
negatively stained with 2% uranyl
acetate.   (B)  Image of the 26S
proteasome (left) and a 20S protea-
some with only one end cap.  These
views were obtained by correlation
averaging of 527 individual images
of the 26S proteasome and 395
images of the single-ended form.
From Peters et al.e  Courtesy of
Wolfgang Baumeister.
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BOX 7-A  (continued)

(A)  Top view of the 20S protea-
some as an α-carbon plot showing
the seven-fold symmetry.  The α
subunits are in front of the β sub-
units.  (B)  Side view showing the
proteasome cut open along its
seven-fold axis.  From Löwe et al.dd

Courtesy of Robert Huber.
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Figure 7-12  A ribbon representation of the ornithine decar-
boxylase dodecamer.  Six dimers of the 730-residue subunits
are related by C6 crystallographic symmetry.  MolScript
drawing from Momany et al.66  Courtesy of Marvin Hackert.

indicated in the drawings.  Again,
the interactions are paired and iso-
logous; of many possible contacts
two bk interactions and two cl inter-
actions are marked for each pair of
subunits in Fig. 7-11.  There are a
total of six pairs of these interac-
tions, one between each combina-
tion of two subunits.  This may be a
little more difficult to see in Fig. 7-11B
than in Fig. 7-11C because in the
former the subunits are arranged in
a more or less square configuration.
Nevertheless, a pair of interactions
between the left-hand subunit in
the top ring and the subunit in the
lower ring at the right does exist,
even if it is only electrostatic and at
a distance.   An example of a tetra-
meric enzyme with perfect dihedral
symmetry of the type shown in Fig.
7-11B is lactate dehydrogenase
(Chapter 15).  The plant agglutinin
concanavalin A has a quaternary
structure resembling that in Fig. 7-11C.

Square arrays of four subunits
can be formed using either heterolo-
gous or isologous interactions.  Both types of bonding
can occur in larger aggregates.  For example, two
trimers such as that shown in Eq. 7-25 can associate to
a hexamer having dihedral (D3) symmetry; a heterolo-
gous “square tetramer” can dimerize to give a dihedral
(D4) octamer.65  The enzymes ornithine decarboxylase
(Fig. 7-12)66 and glutamine synthetase (Chapter 24)67

each consist of double rings of six subunits each.  The
upper ring is flipped over onto the lower giving dihe-
dral symmetry (D6) with one 6-fold axis and six 2-fold
axes at right angles to it.

Oligomers with cubic symmetry (polyhedra).
Symmetrical arrangements containing more than one
axis of rotation of order higher than 2-fold are said to
have cubic symmetry.  The tetrahedron is the simplest
example.  It contains four 3-fold axes which pass through
the vertices and the centers of the faces and three 2-fold
axes which pass through the midpoints of the six edges.
Since protein subunits are always asymmetric, a tetrameric
protein cannot possess cubic symmetry. As we have already
seen, tetrameric enzymes have dihedral symmetry.
However, a heterologous trimer with 3-fold symmetry
can form a face of a tetrahedron containing a total of
12 asymmetric subunits.  Twenty-four subunits can
interact to form a cube.  Three 4-fold axes pass through
the centers of the faces, four 3-fold axes pass through
the vertices, and six 2-fold axes pass through the edges
(see Figs. 7-13 and 16-3).

The largest structure of cubic symmetry that can
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Figure 7-11  (A)  Isologous bonding between pairs of subunits; (B) an “isologous
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Figure 7-13  (A)  MolScript
ribbon drawing of a subunit of
the iron oxide storage proteins
L-ferritin from amphibian red
cells.  This 4-helix bundle is
represented by cylinders of 1.3
nm diameter in the oligomer.
(B)  Helices A and C of the mono-
mer are on the outer surfaces of
the oligomer and helices B and
D are on the inner surface.  The
oligomer consists of a shell of 24
subunits and is viewed down a
4-fold axis illustrating its 423 (cubic)
symmetry.  The molecule is
illustrated further in Fig. 16-3.
From Trikha et al.74  Courtesy of
Elizabeth Theil.
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BA

Figure 7-14  (A)  Schematic drawing illustrating an icosahedrally symmetric structure with sixty identical asymmetric sub-
units all in equivalent positions.  The 5-fold axes are located at the vertices of the icosohedron and the 2-fold and 3-fold axes
can readily be seen.  (B)  Ribbon drawing of the 195-residue polypeptide chain of the coat subunit of satellite tobacco necrosis
virus.  The protein folds into an inwardly projecting N-terminal segment and a “β-jellyroll” domain.  The packing of this
subunit in the virus particle is shown schematically in (C).  The symmetry axes drawn next to the subunit diagram (B) can be
used to position it in the structure.  Contacts between subunits are labeled D, T, and P (‘dimer’, ‘trimer’, ‘pentamer’).  Diagrams
courtesy of Drs. Strandberg, Liljas, and Harrison.68  (D)  The distribution of RNA helical segments in a hemisphere of a virion
of a similar small virus, the satellite tobacco mosaic virus.  The virion viewed down a 3-fold axis from the virus exterior.  The
helical axes of the RNA segments are along icosahedral edges.  From Larson et al.75
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be made is the icosahedron, a regular solid with 20
triangular faces.  Sixty subunits, or some multiple of
60, are required and at each vertex they form a heterol-
ogous pentamer.  As with the tetrahedron, each face
contains a heterologous trimer, while isologous bonds
across the edges form dimers (Fig. 7-14C).  Many
viruses consist of roughly spherical protein shells
(coats) containing DNA or RNA inside.68– 70  As with
the filamentous viruses, the protein coats consist of
many identical subunits, a fact that can be rationalized
in terms of economy from the genetic viewpoint.  Only
one gene is needed to specify the structure of a large number
of subunits.70,71  Under the electron microscope the viruses
often have an icosahedral appearance (Figs. 5-41A, 7-14),
and chemical studies show that the number of the
most abundant subunits is usually a multiple of 60.
An example is the tiny satellite tobacco necrosis
virus,72 diameter ~ 18 nm, whose coat contains just
60 subunits of a 195-residue protein.  Its genome is a

1239-nucleotide molecule of RNA.  The structure of
the coat has been determined to 0.25-nm resolution.73

Many virus coats have 180 subunits or a number
that is some other multiple of 60.  However, in these
coats the subunits cannot all be in identical environ-
ments.  Two cases may be distinguished.  If all of the
subunits have identical amino acid sequences they
probably exist in  more than one distinct conformation
that permit them to pack efficiently. (Next section)
Alternatively, two or more subunits of differing sequence
and structure may associate to form 60 larger subunits
that do pack with icosahedral symmetry.  For example,
the polioviruses (diameter 25 nm) contain three major
coat proteins (α, β, and γ or VP1, VP2, and VP3).  These
are formed by cleavage of a large precursor protein
into at least four pieces.76,77  The three largest pieces of
~ 33-, 30-, and 25-kDa mass (306, 272, and 238 residues,
respectively) aggregate as (αβγ)60.  Sixty copies of a
fourth subunit of 60 residues are found within the shell.

Related picorna viruses such as
human rhinoviruses (Fig. 7-15),69,78,79

foot-and-mouth disease virus, parvo-
virus,80 and Mengo virus81 have
similar architectures.  The small
(diameter 25 nm) single-stranded
DNA bacteriophages such as φX174
also have three different coat pro-
teins, one of which forms small
hollow spikes at the vertices of the
icosahedral shell (Fig. 5-41A).82

Asymmetry and quasi-equiva-
lence in oligomers.  It is natural to
think about association of subunits
in symmetric ways.  Consequently
the observation of square, pentagonal,
and hexagonal arrangements of sub-
units directly with the electron micro-
scope led to a ready acceptance of
the idea that protomers tend to
associate symmetrically.  However,
consider the predicament of the two
molecules shown in Fig. 7-16.  They
might get together to form an isolo-
gous dimer if it were not for the fact
that their “noses” are in the way.
Despite the obvious steric hindrance,
an isologous dimer can be formed
in this case if one subunit is able to
undergo a small change in confor-
mation (Fig. 7-16).  In the resulting
dimer the two subunits are only
quasi-equivalent.

Unsymmetrical dimerization of
proteins appears to be a common
phenomenon that is often observed
in protein crystals.  For example, the

Figure 7-15  (A)  Schematic diagram of the icosahedral shell of a human
rhinovirus showing the arrangement of the three subunits VP1, VP2, and
VP3, each present as 60 copies.  (B)  Stereoscopic view of an image of the
virus “decorated” by the binding of two immunoglobulinlike domains of the
intercellular adhesion molecule ICAM-1, a natural receptor for the virus.
Part of this receptor binds into a groove or “canyon,” which in marked in (A)
by the dark bands.  From Olson et al.78  Courtesy of Michael Rossmann.
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enzymes malic dehydrogenase and glyceraldehyde
phosphate dehydrogenase (Chapter 15) are both tetra-
mers of approximate dihedral symmetry but  X-ray
crystallography revealed distinct asymmetries83,84

which include a weaker binding of the coenzyme
NAD+ in one subunit.  This may simply reflect differ-
ences in environment within the crystal lattice.  How-
ever, negative cooperativity in coenzyme binds has also
been revealed by kinetic experiments.85

The polypeptide hormone insulin is a small protein
made up of two chains (designated A and B) which are
held together by disulfide bridges (Fig. 7-17A).  Figure
7-17B is a sketch of the structure as revealed by X-ray
crystallography,86,87 with only the backbone of the
peptide chains and a few side chains shown.  In the
drawing, the B chain lies behind the A chain.  Beginning
with the N-terminal Phe 1 of the B chain the peptide
backbone makes a broad curve, and then falls into an
helix of three turns lying more or less in the center of
the molecule.  After a sharp turn, it continues upward
on the left side of the drawing in a nearly completely
extended β structure.  The A chain has an overall U
shape with two roughly helical portions.  The U shape
is partly maintained by a disulfide bridge running
between two parts of the A chain.  Two disulfide bridges
hold the A and B chains together, and hydrophobic
bonding of internal side chain groups helps to stabilize
the molecule.

Insulin in solution dimerizes readily, the subunits
occupying quasi-equivalent positions.  Figure 7-17C
shows some details of the bonding between the sub-
units in the insulin dimer with a view from the outside
of the molecule down the 2-fold axis (marked by the X
in the center of the Phe 25 ring in the right-hand chain)
through the dimer.  The C-terminal ends of the B chains
are seen in an extended conformation.  The two anti-
parallel chains form a β structure with two pairs of
hydrogen bonds.  If there were perfect isologous bond-
ing, the two pairs would be entirely equivalent and
symmetrically related one to the other.  A straight line
drawn from a position in one chain and passing through
the twofold axis (X) would also pass approximately
through the corresponding position in the other chain.
However, there are many deviations from perfect
symmetry, the most striking of which is at the center

where the Phe 25 from the right-hand chain projects
upward and to the left.  If the symmetry were perfect
the corresponding side chain from the left-hand chain
would project upward and to the right and the two
phenylalanines would collide, exactly as do the “noses”
in Fig. 7-16.  In insulin one phenylalanine side chain
has been flipped back out of the way.

Under proper conditions, three insulin dimers
associate to form a hexamer of approximate dihedral
(D3) symmetry that is stabilized by the presence of
two zinc ions.  Figure 7-17D is a crude sketch of the
hexamer showing the three dimers, the 3-fold axis of
symmetry, and the two pseudo 2-fold axes, one passing
between the two subunits of the dimer and the other
between two adjacent dimers.  Figure 7-18 is a stereo-
scopic ribbon diagram of the atomic structure, with the
A chains omitted, as obtained by X-ray diffraction.87

The structure has also been obtained by NMR spectro-
scopy.88  Note that each of the two zinc atoms lies on
the threefold axis and is bound by three imidazole
rings from histidines B-10.  The significance of the zinc
binding is uncertain but these hexamers readily form
rhombohedral crystals, even within the pancreatic cells
that synthesize insulin.  The structure illustrates a
feature that is common to many oligomers of circular
or dihedral symmetry. A central “channel” is often
quite open and protruding side chain groups, such as
the imidazole groups in insulin, form handy nests into
which ions or molecules regulating activity of proteins
can fit.  Conformational differences in insulin are in-
duced by the binding of phenol.  In Fig. 7-18A the
C-terminal ends of the chains are extended but in the
phenol complex (B) they have coiled to extend the α
helices.

Quasi-equivalence in virus coats. A large
number of icosahedral viruses have coats consisting
of 180 identical subunits.  For example, the small
RNA-containing bacteriophage MS 2 consists of an
eicosahedral shell of 180 copies of a 129-residue pro-
tein that encloses one molecule of a 3569-residue
RNA.89  The virus also contains a single molecule of a
44-kDa protein, the A protein, which binds the virus
to a bacterial pilus to initiate infection.  Related bacte-
riophages GA, fr, f2, and Qβ90,91  have a similar
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1 21 2
Figure 7-16 Nonsymmetric bonding in a
dimer.  (A)  Two molecules which cannot
dimerize because of a bad fit at the center.
(B)  A solution:  Molecule 1 has refolded its
peptide chain a little, changing shape enough
to fit to molecule 2.
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Figure 7-17  The structure of insulin.  (A) The amino acid
sequence of the A and B chains linked by disulfide bridges.  (B)
Sketch showing the backbone structure of the insulin molecule
as revealed by X-ray analysis.  The A and B chains have been
labeled.  Positions and orientations of aromatic side chains are
also shown.  (C)  View of the paired N-terminal ends of the B
chains in the insulin dimer.  View is approximately down the
pseudo-twofold axis toward the center of the hexamer.   (D)
Schematic drawing showing packing of six insulin molecules in
the zinc-stabilized hexamer.
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architecture.  Many RNA-containing viruses of plants
also have 180 subunits in their coats.68   Much studied
are the tomato bushy stunt virus (diameter ~ 33 nm,
40-kDa subunits),68 and the related southern bean
mosaic virus.92  The human wart virus (diameter
~ 56 nm) contains 420 subunits, seven times the number
in a regular icosahedron.  Adenoviruses (diameter
~100 nm) have 1500 subunits, 25 times more than the
60 in a regular icosahedron.93,94  Caspar and Klug95

proposed a theory of quasi-equivalence of subunits

according to which the distances between the centers
of subunits are preserved in a family of icosadeltahedra
containing subunits in multiples of 20.  However, the
angles must vary somewhat from those in a regular
icosahedron (compare with geodesic shells in which
the angles are constant but the distances are not all the
same).  The resulting polyhedra contain hexamers as
well as pentamers at vertices; for example, the shells
of the 180-subunit viruses contain clusters of subunits
forming 12 pentamers and 20 hexamers.  There are
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Figure 7-18  Stereoscopic MolScript ribbon drawings of the B chains (A chains
omitted) of (A) hexameric 2-zinc pig insulin.  (B) A phenol complex of the same
protein.  Within each dimer the B chains are shaded differently.  The Zn2+ ions
are represented by white spheres and the coordinating histidine side chains are
shown.  Six noncovalently bound phenol molecules can be seen, as can several
conformational differences.  From Whittingham et al.87  Courtesy of Peter C. E.
Moody.

also 60 trimers (on the faces) and 90
dimers (across the edges) (Fig. 7-19).
Such structures can be formed only
for certain values of T where the
number of subunits is 60T and
there are 12 pentamers (pentons)
and 10 (T-1) hexamers hexons. T
can assume values of h2 + hk + k2

where h and k may be positive
integers or zero.  Some allowed T
values are 1, 3, 4, 7, 9, 13, 25.68,70,96,97

The subunits in virus coats
with T greater than one are not all
in equivalent positions.  For example,
the three subunits labeled A, B,
and C in Fig. 7-19 are each slightly
differently positioned with respect
to neighboring subunits.  Since
virus coats are usually tightly
packed the subunits must assume
more than one conformation.  One
kind of conformational change that
allows quasi-equivalence of sub-
units is observed in the tomato
bushy stunt virus.  Two structural
domains are connected by a hinge
which allows an outer protruding
domain to move slightly to pre-
serve good isologous interactions
with a corresponding domain in
another subunit.68

The southern bean mosaic
virus has an eight-stranded anti-
parallel β-barrel structure closely
similar to that of the major domain
of the bushy stunt viruses but
lacking the second hinged domain.
The problem of quasi-equivalence
is resolved by the presence of an N-
terminal extension that binds onto
a subunit across the quasi-six-fold
axis to give a set of three subunits
(labeled C in Fig. 7-19) that associate
with true three-fold symmetry and
another set (B) with a slightly differ-
ent conformation fitting between
them.68,92  The subunits A, which
have a third conformation, fit to-
gether around the five-fold axis in
true cyclic symmetry.

A surprising finding is that the
polyoma virus coat, which was
expected to contain 420 (7 x 60)
subunits, apparently contains only
360.  The result is that the hexavalent
morphological unit is a pentamer
and that quasi-eqivalence appears
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icosahedrally symmetric
structure with 180 sub-
units. The quasi-equivalent
units A, B, and C are
necessarily somewhat
differently positioned with
respect to their neighbors
and must therefore assume
different conformations in
order to fit together tightly.
From Harrison.68
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to be violated.98,99  Flexible arms tie the pentamers
together.

Quasi-equivalence of subunits also provides the
supercoil in bacterial flagella (Chapter 19) and accounts
for some interesting aspects of the structure of tobacco
mosaic virus.  The protein subunits of the virus can
exist either as a helix with 16.3 subunits per turn (Fig.
7-8) or as a flat ring of 17 subunits.100  A very small
conformational difference is involved.  These rings
dimerize but do not form larger aggregates.  What is
surprising is that the dimeric rings do not have dihe-
dral symmetry, all of the subunits in the dimeric disk
being oriented in one direction but with two different
conformations.  The disk may serve as an intermediate
in virus assembly.  The inner portions of the quasi-
equivalent disk subunits have a jawlike appearance
as if awaiting the incorporation of RNA.  As the RNA
becomes bound, the disks could dislocate to a “lock-
washer” conformation to initiate and to propagate
growth of the helical virus particle.100,44a  However,
there is uncertainty about this interpretation.45,101

Some enzymes, such as yeast hexokinase and
creatine kinase (Chapter 12), associate in extremely
asymmetric ways.102  A dimer is formed by means of
heterologous interactions but steric hindrance prevents
the unsatisfied sets of interacting groups from joining
with additional monomers to form higher polymers.
As Galloway pointed out, many biological structures
are not completely ordered but nevertheless possess
well-defined and functionally important local relation-
ships.103

Regulatory subunits and multienzyme complexes.
Proteins are often organized into large complexes,
sometimes for the purpose of regulating metabolism.
An example is aspartate carbamoyltransferase
which catalyzes the first step in the synthesis of the
pyrimidine rings of DNA and RNA (Chapter 25).  The
310-kDa enzyme from E. coli can be dissociated into
two 100-kDa trimers, referred to as catalytic subunits,
and three 34-kDa dimers, the regulatory subunits
which alter their conformations in response to changes
in the ATP, UTP, and CTP concentrations.104– 107  The
molecule is roughly triangular in shape47,108 with a
thickness of 9.2 nm and a length of the triangular side
of 10.5 nm (Fig. 7-20).  The symmetry is 3:2, i.e., it is
dihedral with one 3-fold axis of rotation and three 2-
fold axes.  The two trimers of catalytic subunits lie
face-to-face with the dimeric regulatory subunits fitting
between them into the grooves around the edges of the
trimers (Fig. 7-20).  The dimers are not aligned exactly
parallel with the 3-fold axis, but to avoid eclipsing, the
upper half of the array is rotated around the 3-fold
axis with respect to the lower half. In the center is an
aqueous cavity of dimensions ~ 2.5 x 5.0 x 5.0 nm.  The
active sites of the enzyme are inside this cavity which is
reached through six ~1.5-nm opening around the sides.

Many other oligomeric enzymes and other complex
assemblies of more than one kind of protein subunit are
known.  For example, the 2-oxoacid dehydrogenases
are huge 2000- to 4000-kDa complexes containing three
different proteins with different enzymatic activities in
a cubic array (Fig. 15-14).  The filaments of striated
muscle (Chapter 19), antibodies and complement of
blood (Chapter 31), and the tailed bacteriophages
(Box 7-C ) all have complex molecular architectures.
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Figure 7-20  (A)  Subunit assembly of two C3 catalytic
trimers (green) and three R2 regulatory dimers around the
periphery in aspartate carbamoyltransferase.  After Krause
et al.109  Courtesy of William N. Lipscomb.  The aspartate-
and carbamoylphosphate-binding domains of the catalytic
subunits are labeled Asp and CP, respectivley, while the zinc
and allosteric domains of the regulatory subunits are labeled
Allo and Zn, respectively.  (B)  Ribbon drawing of a single
pair of regulatory (left) and catalytic (right) subunits with
the structural domains labeled.  MolScript drawing from
Thomas et al.110
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C.  Cooperative Changes in Conformation

A substrate will bind better to some conformations
of a protein than it will to others.  This simple fact,
together with the tendency for protein monomers to
associate into clusters, allows for cooperative changes
in conformation within oligomeric proteins.  These
changes provide the basis for important aspects of the
regulation of enzymes and of metabolism.  They im-
part cooperativity to the binding of small molecules
such as that of oxygen to hemoglobin and of substrates
and regulating molecules to enzymes.  Many of the
most fundamental and seemingly mysterious properties
of living things are linked directly to cooperative changes
within the fibrils, membranes, and other structures of
the cell.

In 1965 a simple, appealing mathematical descrip-
tion of cooperative phenomena was suggested by
Monod, Wyman, and Changeux30,110a,110b and focused
new attention on the phenomenon.  They suggested
that conformational changes in protein subunits,
which could be associated with altered binding charac-
teristics, occur cooperatively within an oligomer.  For
example, binding of phenol to hexameric 2-zinc insulin
(Fig. 7-18) could induce all six individual subunits to
change their conformation together, preserving the D6
symmetry of the complex.  (In fact, it is more complex
than this.111)  The four subunits of hemoglobin could
likewise change their conformation and affinity for O2
synchronously.  This is very nearly true and is of major
physiological significance.

Consider an equilibrium (Eqs. 7-27 and 7-28)
between protein molecules in two different conforma-
tions A and B (T and R in the MWC terminology) and
containing a single binding site for molecule X.  In the
Monod–Wyman–Changeux (MWC) model the con-
formations are designated T (tense) and R (relaxed)
but in the interest of providing a more general treat-
ment the terminology used in this book is that of
Koshland et al.13,112 – 115

Kt = [B] / [A]

If the equilibrium constant Kt is approximately 1, the
two conformers have equal energies, but if Kt < 1, A
is more stable than B.

1.  Unequal Binding of Substrate and
“Induced Fit”

Assume that conformer B binds X more strongly
than does conformer A (as is suggested by the shapes
of the binding sites in Eq. 7-27).  The intrinsic binding
constants to the A and B conformers KAX and KBX (or
KT and KR) are defined by Eq. 7-29:

KAX = [AX] / [A] [X]
KBX = [BX] / [B] [X])

The entire set of equilibria for this system are shown in
Eq. 7-30.  Note that the constant relating

BX to AX is not independent of the other three constants
but is given by the expression KtKBX/KAX.  Now con-
sider the following situation.  Suppose that A predom-
inates in the absence of X but that X binds more tightly
to B than to A.  There will be largely either free A or BX
in the equilibrium mixture with smaller amounts of
AX and B.  An interesting kinetic question arises.  By
which of the two possible pathways from A to BX (Eq.
7-30) will the reaction take place?  The first possibility,
assumed in the MWC model, is that X binds only to
preformed B, which is present in a small amount in
equilibrium with A.  The second possibility is that X
can bind to A but that AX is then rapidly converted to BX.
We could say that X induces a conformational change that
leads to a better fit.  This is the basis for the induced fit
theory of Koshland.  Bear in mind that the equilibrium
constants can give us the equilibrium concentrations
of all four forms in Eq. 7-30.  However, rates of reaction
are often important in metabolism and we cannot say
a priori which of the two pathways will be followed.

If KBX/KAX is very large, an insignificant amount
of AX will be present at equilibrium.  In such a case
there is no way experimentally to determine KAX.  The
two constants Kt and KBX are sufficient to describe the
equilibria but an induced fit mechanism may still hold.

Now consider the association of A and B to form
oligomers in which the intrinsic binding constants KAX
and KBX have the same values as in the monomers.
Since more enzymes apparently exist as isologous
dimers than as any other oligomeric form,116 it is
appropriate to consider the behavior of such dimers
in some detail.  Monod et al. emphasized that both

(7-27)
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conformers A and B (T and R) can associate to form
isologous dimers in which symmetry is preserved (Eq.
7-31).

On the other hand, association of B and A would lead
to an unsymmetric dimer in which bonding between
subunits might be poor:

In the MWC treatment, the assumption is made
that the mixed dimer AB can be neglected entirely.
However, a more general treatment requires that we
consider all dimeric forms.  The formation constants
KAA, KBB, and KAB are defined as follows13,113 (Eqs. 7-32
to 7-34; note the statistical factor of 2 relating KAB to
the association constant Kf):

2.  Binding Equilibria for a Dimerizing Protein

All of the equilibria of Eqs. 7-28 through 7-34
involved in formation of dimers A2, AB, and B2 and in
the binding of one or two molecules of X per dimer are
depicted in Fig. 7-21.  Above each arrow the microscopic

constant associated with that step is shown multiplied
by an appropriate statistical factor.  The fractional
saturation Y is given by Eq. 7-35.  Each of the nine
terms in the numerator gives the concentration of

bound X represented by one of the nine forms contain-
ing X in Fig. 7-21.  The 14 terms in the denominator
represent the concentration of protein in each form
including those containing no bound X.  Protein con-
centrations are given in terms of the molecular mass
of the dimer; hence, some of the terms in the denomi-
nator are multiplied by 1/ 2.

All of the terms in both the numerator and the
denominator of Eq. 7-35 can be related back to [X],
using the microscopic constants from Fig. 7-21 to give
an equation (comparable to Eq. 7-8) which presents Y
in terms of [X], KAX and KBX, Kt, and the interaction
constants KAA, KAB, and KBB.  Since the equation is too
complex to grasp immediately, let us consider several
specific cases in which it can be simplified.

The Monod-Wyman-Changeux (MWC) model.
If both KAA and KBB are large enough, there will be no
dissociation into monomers.  The transition between
conformation A and conformation B can occur cooper-
atively within the dimer or higher oligomer, and the
mathematical relationships shown in Fig. 7-21 are still
appropriate.  One further restriction is needed to describe
the MWC model.  Only symmetric dimers are allowed.
That is, KAA and KBB >> KAB (see Eq. 7-31), and only
those equilibria indicated with green arrows in Fig. 7-21
need be considered.30  In the absence of ligand X, the
ratio [B2] / [A2] is a constant, 1/ L in the MWC termi-
nology (Eq. 7-36; see also Eq. 7-31).

Both of the association constants KAA and KBB and the
transformation constant Kt affect the position of the
equilibrium.  Thus, a low ratio of [B2] to [A2] could
result if KBB and KAA were similar but Kt was small.
If Kt were ~ 1 a low ratio could still arise because KAA >

(7-31)
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For an oligomer with n subunits Monod et al. assumed
that all sites in either conformer are independent and
equivalent.  The equation for Y (based on Eq. 7-17) is

We assume initially that B2 binds X more strongly
than does A2.  Hence, if the equilibrium in Eq. 7-36
favors B2 strongly (L is small), the addition of X to the
system will not shift the equilibrium between the two
conformations and binding will be noncooperative
(Eq. 7-39 will reduce to Eq. 7-18).  However, if the
equilibrium favors A2 (L is large), addition of X will
shift the equilibrium in favor of B2 (which binds X
more tightly).  Furthermore, since the expression for Y
(Eq. 7-39) contains a term in K2

BX[X]2 in the numerator,
binding will tend to be cooperative.  In the extreme
case that L is large and KAX ~ 0, most of the terms in
Eq. 7-39 drop out and it approaches the equation
previously given for completely cooperative binding
(Eq. 7-21) with K = KBX

2L.  With other values of KAX,
KBX, and L incomplete cooperativity is observed.112

Further development of the MWC theory as it applies
to enzyme kinetics is given in Chapter 9, Section B.

The induced fit model.  In this model, only A2,
ABX, and B2X2 are considered (heavy arrows in Fig.
7-15).13,114  The expression for 2Y is:

The constants used here are defined by Eqs. 7-8 through
7-10 and differ from those of Koshland, who sometimes
arbitrarily set KAA = 1 and redefined KBB as an interac-
tion constant equal to KBB / KAA.  Although this simplifies
the algebra it is appropriate only for completely asso-
ciated systems and might prove confusing.

When KAB is small (no “mixed” dimer) Eq. 7-16
also simplifies to Eq. 7-45 for completely cooperative
binding with the value K given by Eq. 7-17.  On the
other hand, if KAB is large compared to KAA and KBB,
anticooperativity (negative cooperativity) will be
observed.  The saturation curve will contain two sepa-
rate steps just as in the binding of protons by succinate
dianion (Fig. 7-5).

KBB, i.e., because the subunits are associated more
tightly in A2 than in B2.  For this case Eq. 7-35 simplifies
to Eq. 7-37.

Substituting from Eq. 7-36 into Eq. 7-37 we obtain (Eq.
7-38):
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Figure 7-21  Possible forms of a dimerizing protein existing
in two conformations with a single binding site per protomer
for X.  Green arrows indicate equilibria considered by MWC.
Solid arrows indicate equilibria considered by Koshland et
al.13,114  Heavy gray arrows are for the simplest induced fit
model with no dissociation of the dimer.  Note that all equilibria
are regarded as reversible (despite the unidirectional arrows).
KAX  and KBX are assumed the same for subunits in monomeric
and dimeric forms.
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Since Gibbs energies are additive, the formation constant
will be the product of formation constants representing
the individual interactions; thus, KajAA represents the
formation constant of a dimer in which only the aj pair
of bonds is formed.

In the isologous tetrahedron (Fig. 7-5) the third set
of paired interactions cl must be taken into account.
(However, the third interaction constant will not be an
association constant of the type represented by KajAA

and KbkAA but a dimensionless number.)  On the other
hand, the heterologous square has only a single inter-
action constant.

Now consider the binding of one molecule of X to
the isologous tetramer with a conformational change
in one subunit (Eq. 7-44).  We see that one pair of aj
interactions and one pair of bk interactions have been

altered.  The equilibrium constant for the binding of X
to the tetramer will be (Eq. 7-45) in which the 4 is a

These
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Figure 7-22  Comparison of the interactions in isologous
(dihedral) and heterologous (cyclic) square configurations of
subunits.
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One conformational state dissociated.  It may
happen that A2 is a dimer but that B2 dissociates into
monomers because KBB is very small.  In such a case
binding of X leads to dissociation of the protein.  A
well-known example is provided by hemoglobin of the
lamprey which is a dimer and which dissociates to a
monomer upon binding of oxygen.117  Equation 7-11
simplifies to Eq. 7-42.  The reader may wish to consider
whether the weakly cooperative binding of oxygen by
lamprey hemoglobin is predicted by this equation.

Look again at the expression for L, the constant
determining the relative amounts of a protein in con-
formations A and B in the absence of ligand.  From
Eq. 7-36 we see that a large value of L (conformer A
favored) can result either because Kt is very small or
because KBB << KAA.  Thus, if Kt ~ 1 and L is large, the
subunits must associate much more weakly in B2 than
in A2 and the chances are that binding of X will disso-
ciate the molecule as in the case of lamprey hemoglobin.
On the other hand, if Kt is very small, implying that
the molecule is held in conformation A because of
some intrinsically more stable folding pattern in that
conformation, KBB might exceed KAA very much; if KAA
were low enough A2 could be completely dissociated.
Binding of ligand would lead to association and to
cooperative binding.  This can be verified by writing
down the appropriate terms from Eq. 7-35.

3.  Higher Oligomers

Mathematical treatment of binding curves for
oligomers containing more than two subunits is com-
plex, but the algebra is straightforward.  A computer
can be programmed to do necessary calculations.
Avoid picking an equation from the literature and
assuming that it will be satisfactory.  Consider the two
tetrameric structures in Fig. 7-22.  In the isologous
square (also shown in Fig. 7-11) separate contributions
to the free energy of binding can be assigned to the
individual pairs of interactions aj and bk.

Thus, following Cornish-Bowden and Koshland114

for assembly of the tetramer (Eq. 7-43):
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statistical factor arising from the fact that there are four
different ways in which to form A3BX.  When a second
molecule of X is added three geometrical arrangements
are possible:

Each one can be formed in two ways.  It is a simple
matter to write down the microscopic constants for
addition of the second molecule of X as the sum of
three terms.  Because values of the constants for aj and
bk differ, it will be clear that the three ways of adding
the second molecule of X are not equally probable.
Thus, the oligomer will show preferred orders of
“loading” with ligand X.

Two different geometries for the heterologous
tetramer are possible in form A2B2X2.  Again, the dif-
ferent arrangements need not be equally probable and
the relative distribution of each will be determined by
the specific values of the interaction constants.  In the
heterologous tetramer A4 only one type of an interac-
tion is present between subunits.  However, as soon
as a single molecule of X is bound and one subunit of
conformation B is present, two kinds of aj interactions
exist.  (One in which group a is present in conformation
A and the other in which it is present in conformation
B.)  Since these interactions always occur in equal
numbers they can be lumped together.

While the foregoing may seem like an unnecessarily
long exercise, it should provide a basic approach which
can be applied to specific problems.  However, remem-
ber that mathematical models require simplification.
Real proteins often have more than two stable confor-
mations.117  The entire outside surface of a protein is
made up of potential binding sites for a number of
different molecules, both small and large.  Filling of
almost any of these sites can affect the functioning of
a protein.

D.  The Oxygen-Carrying Proteins

1.  Myoglobin and Hemoglobin

The most studied example of a conformational
change in a multisubunit protein induced by binding
of a small molecule is provided by the cooperative
binding of oxygen to hemoglobin.118 – 120  Mammalian
hemoglobin is an α2β2 tetramer of ~ 16-kDa subunits,
each containing 140 – 150 residues.  Within each sub-
unit the peptide chain folds in a characteristic largely
α-helical pattern around a single large flat iron-containing

ring structure called heme (Fig. 7-23).  The folding is
essentially the same in all hemoglobins, both in the α
and β subunits and in the monomeric muscle oxygen
storage protein, myoglobin.  Amino acid residues are
customerily designated by their position in one of the
eight helices A – H.  The imidazole group of histidine
F-8 is coordinated with the iron in the center of the
heme on the “proximal” side. The other side of the
iron atom (the “distal” side) is the site of binding of
a single molecule of O2.

Although the folding of the peptide chain is al-
most the same in both subunits, and almost identical
to that of myoglobin,118,121,122 there are numerous
differences in the amino acid sequence.  If it were not
for these differences, hemoglobin would be a highly
symmetric molecule with the bonding pattern indicated
in Fig. 7-5 with three 2-fold axes of rotation.  In fact,
hemoglobin has one true axis of rotation and two
pseudo-twofold axes.  There are two sets of true isolo-
gous interactions (those between the two α subunits
and between the two β subunits) and two pairs of
unsymmetrical interactions (between α and β subunits).
The nearly symmetric orientation of different portions
of the peptide backbone is clearly seen in the beautiful
drawings of Geis.119

The contact region involved in one pair of interac-
tions in hemoglobin (α1β1) is more extensive than the
other.  There is close contact between 34 different amino
acid side chains and 110 atoms lie within 0.4 nm of
each other.118  Hydrophobic bonding is the principal
force holding the two subunits together, and only a
few reciprocal contacts of the type found in a true isolo-
gous bond remain.  The second contact designated
α1β2 involves only 19 residues and a total of 80 atoms.
Because this interaction is weaker, hemoglobin disso-
ciates relatively easily into αβ dimers held together
by the α1β1 contacts and motion occurs along the α1β2
contacts during oxygenation.  The truly isologous
interactions (i.e., αα and ββ ) are weak because the
identical protomers hardly touch each other.

The binding of oxygen.  Curves of percentage
oxygenation (Y) vs the partial pressure of O2 are given
in Fig. 7-24 and illustrate the high degree of cooperat-
ivity.  Depending upon conditions, values of nHill (Eq.
7-24) may be as high as 3.  As a result of this cooperat-
ivity the hemoglobin, in the capillaries of the lungs at a
partial pressure of oxygen of ~ 100 mm of mercury, is
nearly saturated with oxygen.  However, when the red
cells pass through the capillaries of tissues in which
oxygen is utilized the partial pressure of oxygen falls
to about 5 mm of mercury.  The cooperativity means
that the oxygen is more completely “unloaded” than it
would be if all four heme groups acted independently.

Deoxyhemoglobin has a low affinity for O2, but
the observed cooperativity in binding implies that in
the fully oxygenated state the O2 is held with a high

X binds on the back side
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affinity.  The monomeric myoglobin also has a high
affinity for oxygen, as does the abnormal hemoglobin H,
which is made up of four β subunits.  The latter also
completely lacks cooperativity in binding.123  These
results can be interpreted according to the MWC model
to indicate that deoxyhemoglobin exists in the T (A)
conformation, whereas oxyhemoglobin is in the R (B)
conformation.  Myoglobin stays in the R conformation
in both states of oxygenation as do the separated α and
β chains of hemoglobin.  The subunits of hemoglobin
H also appear to be frozen in the R conformation, even
though the quaternary structure is similar to that of
deoxyhemoglobin.123,124

Oxygenation curves of hemoglobin are often fitted
with the Adair equation (Eq. 7-12).  Thus, at pH 7.4
under the conditions given in Table 7-2, Imai125 found
for the successive formation constants K1 = 0.004, K2 =
0.009, K3 = 0.002 and K4 = 0.95 in units of mm Hg–1.
From the definition of a formation constant the oxygen

pressure PO2 required for 50 % oxygenation in the first
step will be at PO2 = 1/ Kf or log PO2 = log (1/.004) = 2.4.
This is a high oxygen pressure, far to the right side of
the oxygenation curve in Fig. 7-24A.  However, log K4
is about 0.02, well to the left on the oxygenation curve.
From these formation constants we can say that after
three of the subunits have become oxygenated the
affinity of the remaining subunit has increased about
300-fold when the concentration of the effector 2,3-
bisphosphoglycerate is present at the normal physio-
logical concentraton (see Section 4).125– 127

However, we must ask what uncertainties are
present in the data used to obtain these constants.  To
extract four  successive binding constants from a curve
like that in Fig. 7-24A is extremely difficult.129,130  This
fact has encouraged the widespread use of the simpler
MWC model.30a,127a  When the same data were treated
by Imai131 using the MWC model it was found that L =
2.8 x 106 and c = Kf (T) / Kf (R) = 0.0038.  Changes in

Figure 7-23  Folding pattern of the hemoglobin monomers.  The pattern shown is for the β chain of human hemoglobin.
Some of the differences between this and the α chain and myoglobin are indicated.  Evolutionarily conserved residues are
indicated by boxes,           highly conserved,           invariant.  Other markings show substitutions observed in some abnormal
human hemoglobins.  Conserved residues are numbered according to their location in one of the helices A – H, while mutant
hemoglobins are indicated by the position of the substitution in the entire α and β chain.

HC-2 Tyr

F-4 Leu

C-4 Thr

CD-1 Phe

F8 His
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enthalpy, entropy, and Gibbs energy are given in Table 7-2.  Kinetic
data131a as well as O2-binding measurements with single crystals132 are
partially consistent with the MWC model.133  However, the discovery
of a third quaternary structure of hemoglobin, similar to the R state but
distinct from it,134–136a emphasizes the complexity of this allosteric
molecule.

Hemoglobin tetramers tend to stay tightly associated but some
dissociation of oxyhemoglobin into dimers does occur (Kf = 7 x 105 M).137,138

Deoxyhemoglobin is about 40,000 times more tightly associated.  All of
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Figure 7-24 Cooperative binding of oxygen by hemoglobins.  (A) Binding
curve for myoglobin (noncooperative) and for hemoglobin in the absence
and presence (in whole blood) of  2,3-bisphosphoglycerate.  Oxygen affinity
is decreased by bisphosphoglycerate.  (B) Saturation curve for hemoglobin
(erythrocruorin) of Arenicola, a spiny annelid worm.  The molecule contains
192 subunits and 96 hemes.  It shows very strong cooperativity with nHill ∼ 6.
From (A) Benesch and Benesch,123 and (B) Waxman.128
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BA the equilibria involved are strongly
affected by pH and by the presence
of salts such as NaCl.126,139  This is
in part a reflection of the strong
role of ionic interactions in holding
together the subunits in the T state
as is discussed in the following
sections.127

Structural changes accompa-
nying oxygen binding. Perutz and
associates, using X-ray crystallogra-
phy, found small but real differences
in the conformation of the subunits
of deoxy- and oxy- hemoglobin.140,141

More striking is the fact that upon
oxygenation, both α and β subunits
undergo substantial amounts of
rotation, the net result being that the
hemes of the two β subunits move
about 0.07 nm closer together in the
oxy form than in the deoxy form.
Within the α1β1 contacts (Fig. 7-25)
little change is seen.  On the other
hand, contact α1β2, the “allosteric
interface,” is altered drastically.  As
Perutz expressed it, there is a “jump
in the dovetailing” of the CD region
of the subunit relative to the FG
region of the β subunit.  The hydro-
gen-bonding pattern is also changed.
A major difference is seen in the
hydrogen-bonded salt bridges
present at the ends of the molecules
of deoxyhemoglobin.  The – NH3

+

group of Lys H-10 in each α subunit
is hydrogen bonded to the carboxyl
group of the C-terminal arginine of
the opposite α chain.  The guani-
dinium group of each C-terminal
arginine is hydrogen bonded to the
carboxyl group of Asp H-9 in the
opposite α chain.  It is also hydro-
gen bonded to an inorganic anion
(phosphate or Cl–), which in turn is
hydrogen-bonded to the α amino
group of Val 1 of the opposite α
chain142 forming a pair of isologous
interactions.

At the other end of the molecule,
the C-terminal group of His 146 of
each β chain binds to the amino
group of Lys C-6 of the α chain,
while the imidazole side chain binds
to Asp FG-1 of the same β chain
(Fig. 7-25).  These salt bridges
appear to provide extra stability to

T → T (O2)4 – 51 ± 1 – 154 ± 4 – 5.0 ± 1.7 7.5

R → R (O2)4 – 62 ± 2 – 146 ± 6 – 19 ± 2 2.0 x 103

T → R – 70 ± 7 – 111 ± 25 – 37 ± 10 3.6 x 10–7

(unoxygenated)

T (O2)4 → R (O2)4 – 19 2.1 x 103

(oxygenated)

Parameters for MWC model

L = (3.6 x 10–7)–1 = 2.8 x 106

c = K f (T) /K f (R) = 0.0038

TABLE 7-2
Thermodynamic Functions for Oxygenation of Hemoglobina

a From Imai, K. (1979) J. Mol. Biol. 133, 233 – 247.  The measurements were made at pH
7.4 in the presence of 0.1 M chloride ion and 2 mM 2,3-bisphosphoglycerate to mimic
physiological conditions.  The values of ∆H, ∆S, and ∆G given are per mole of heme,
i.e., per monomer unit.  They must be multiplied by 4 to correspond to the reactions as
shown for the tetramer.

Reaction
∆H

(kJ mol-1)
∆S

(J°K-1 mol-1)
∆G

(kJ mol-1) Kf
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Binding site for 2,3-bisphosphoglycerate
in deoxyhemoglobin

α1β1 contact changes
little upon oxygenation

But a large change
occurs in the α1β2 contact

Salt bridge between
C-terminal —COO–

of β chain and C-6 Lys
—NH3 of α chain

Upon oxygenation this
salt bridge is broken and
the proton of His HC-3
dissociates (Bohr effect)

Tyrosines HC-2 present in
pocket in deoxyhemoglobin
come out in oxyhemoglobin

α

A

α

β

β

E

F
H

Figure 7-25  (A)  Structural changes
occurring upon oxygenation of
hemoglobin.  After Dickerson144 and
Perutz.143  (B) “Rotation at the con-
tact α1β2 causes a jump in the dove-
tailing of the CD region of α relative
to the FG region of β and a switch
of hydrogen bonds as shown”.143

(C)  Some details of the salt bridges.
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deoxyhemoglobin and account for the high value of
the constant L.  In deoxyhemoglobin the side chain of
the highly conserved Tyr HC-2 lies tucked into a pocket
between the H and F helices and is hydrogen bonded
to the main chain carbonyl of residue FG-5 (Figs. 7-23
and 7-25).  Upon oxygenation this tyrosine in each
subunit is released from its pocket; the salt bridges at
the ends of the molecules are broken and the subunit
shifts into the new bonding pattern characteristic of
oxyhemoglobin.143,144  Cooperativity in O2 binding is
absent or greatly decreased in mutant hemoglobins
with substitutions in the residues involved in these
salt bridges145– 147 or in residues lying in the α1β2
interface.148,149

How does the binding of O2 to the iron of heme
trigger the conformational change in hemoglobin?  An
enormous amount of effort by many people has been
expended in trying to answer this question.  As is
pointed out in Chapter 16, the iron atom in deoxyhe-
moglobin lies a little outside the plane of the heme rings.
When oxygenation occurs the iron atom moves toward
the oxygen and into the plane of the heme.150,151  This
movement probably amounts to only about 0.05 nm.
Nevertheless, this small displacement evidently induces
the other structural changes that are observed.  The
iron pulls the side chain of histidine F-8 with it and
moves helix F which is also hydrogen bonded to this
imidazole ring.  Because of the tight packing of the
various groups this motion cannot occur freely but is
accompanied by a movement of the F helix by 0.1 nm
across the heme plane.  These movements may induce
additional structural changes in the irregularly folded
FG corners that allow the subunits to shift to the new
stable position of the R state.  All four subunits appear
to change conformation together.  This conformational
change must also cause the affinity for oxygen of any
unoxygenated subunits to rise dramatically, presum-
ably by shifting the iron atoms into the planes of the
heme rings.  This ensures the cooperative loading of
the protein by O2.

While there is no doubt that the iron atom moves
upon oxygenation, it is not obvious that this will lead
to the observed cooperativity.  Oxygenated heme has
some of the characteristics of an Fe(III)–peroxide anion
complex.152  The iron atom acquires an increased
positive charge upon oxygenation by donating an
electron for bond formation.

This may transmit an electronic effect through either
His F-8 or the heme ring to the nearby α1β2 interface
and also affect the subunit interactions.  The reaction
of various heme proteins with oxygen is discussed
further in Chapter 16.

(7-46)Fe2+ (deoxy) + O2 Fe3+– O2
–

The Bohr effect and allosteric regulators. The
breaking of the salt bridges at the ends of the hemo-
globin molecule upon oxygenation has another impor-
tant result.  The pKa values of the N-terminal valines
of the α subunits and of His HC-3 of the β subunits are
abnormally high in the deoxy form because they are
tied up in the salt bridges.  In the oxy form in which
the groups are free, the pKa values are lower.  If hemo-
globin is held at a constant pH of 7, these protons disso-
ciate upon oxygenation.  This Bohr effect, described
in 1904,153 – 156 is important because acidification of hemo-
globin stabilizes the deoxy form.  In capillaries in which
oxygen pressure is low and in which carbon dioxide
and lactic acid may have accumulated, the lowering of
the pH causes oxyhemoglobin to release oxygen more
efficiently.  These effects are also strongly dependent
on the presence of chloride ions.139,142,143,157,158

Just as the conformational equilibria in hemoglobin
can be shifted by attachment of oxygen to the heme
groups, so the binding of certain other molecules at
different sites can also affect the conformation.  Such
compounds are called allosteric effectors or regulators
because they bind at a site other than the “active site.”
They are considered in more detail in Chapter 9.  An
important allosteric effector for human hemoglobin is
2,3-bisphosphoglycerate, a compound found in
human red blood cells in a high concentration approxi-
mately equimolar with that of hemoglobin.  One mole-
cule of bisphosphoglycerate binds to a hemoglobin
tetramer in the deoxy form with Kf = 1.4 x 105 but
has only half this affinity for oxyhemoglobin.159  X-ray
crystallography shows that bisphosphoglycerate binds
between the two β chains of deoxyhemoglobin directly
on the twofold axis (Fig. 7-26).159  Because of the presence

of 2,3-bisphosphoglycerate in erythrocytes the affinity
of oxygen for hemoglobin in whole blood is less than
that for isolated hemoglobin160,161 (Fig. 7-24).  This is
important because it allows a larger fraction of the
oxygen carried to be unloaded from red corpuscles in
body tissues.  The bisphosphoglycerate level of red cells
varies with physiological conditions, e.g., people living
at higher elevations have a higher concentration.161

It has been suggested that artificial manipulation of
the level of this regulatory substance in erythrocytes
may be of clinical usefulness for disorders in oxygen
transport.
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in the CO2-rich respiring tissues.  Hemoglobin carries
a significant fraction of CO2 to the lungs, and there the
oxygenation of hemoglobin facilitates the dissociation
of CO2 from the carbamino groups.  Hemoglobin is
also one of the major pH buffers of blood.

Carbon monoxide, cyanide, and nitric oxide.
A danger to hemoglobin and other heme proteins is
posed by competing ligands such as CO, CN–, and
NO.  All of these are present within organisms and
both CO and NO act as hormones.  Hemoglobin and
myoglobin are partially protected from carbon monox-
ide by the design of the binding site for O2.  The distal
imidazole of histidine E7 hydrogen bonds to O2 but
not to the nonpolar CO.  The site also accommodates
the geometry of the bound O2 better than that of CO.165

Bound CO can be released from hemes by the action of
light.  Using X-ray diffraction166,166a and X-ray absorp-
tion measurements167 at cryogenic temperatures, it has
been possible to observe the motions of both the released
CO and the heme in myoglobin, motions which may
shed light on the normal oxygen transport cycle.  Co-
operativity in the binding of CO to hemoglobins has
been studied extensively,158,168,169 as has binding to
model heme compounds.170  Cyanide ions bind most
tightly and also cooperatively171– 173 to the oxidized
Fe3+ form, which is called methemoglobin.

Nitric oxide is a reactive, paramagnetic gaseous
free radical which is formed in the human body and
in other organisms by an enzymatic oxidation of
L-arginine (Eq. 18-65).  Since about 1980, NO has been
recognized as a hormone with a broad range of effects

Not all species contain 2,3-bisphosphoglycerate
in their erythrocytes.  In birds and turtles its function
appears to be served by inositol pentaphosphate.  In
crocodiles the site between the two β chains that binds
organic phosphates in other species has been modified
so that it binds bicarbonate ion, HCO3

–, specifically.
This ion, which accumulates in tissues as crocodiles
lie under water, acts as an allosteric regulator in these
animals.162,163  It allows the animals to more completely
utilize the O2 from the hemoglobin and to remain under
water longer.  The Bohr effect, which was considered
in the preceding section, can be viewed as resulting
from the action of protons as allosteric effectors that
bind to the amino and imidazole groups of the salt
linkages. Carbon dioxide also acts as a physiological
effector in mammalian blood by combining reversibly
with NH2-terminal groups of the α and β subunits to
form carbamino (– NH – COO –) groups (Eq. 7-47).119,164

It is the N-terminal amino groups rather than lysyl
side chain groups that undergo this reaction.  Because
of their relatively low pKa values there is a significant

fraction of unprotonated – NH2 groups at the pH of
blood.  The affinity for CO2 is highest in deoxygenated
hemoglobin.  Consequently, unloading of O2 is facilitated

N

H

C

O

O–

+ H+CO2—NH2 +Protein

(7-47)

His
143

F —Helix

E —Helix

A—Helix

Residue 6

His 2

BPG

1.0 nm

—NH3
+α

Lys
82

Figure 7-26   The allosteric
effects of 2,3-bisphosphogly-
cerate (BPG) bound to the β
chains of human deoxyhemo-
globin.  The phosphate groups
of  the BPG form salt bridges
with valines 1 and histidines 2
and 143 of both β chains and
with lysine 82 of one chain.
This binding pulls the A helix
and residue 6 toward the E
helix.  From Arnone.159

Val 1
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(Chapters 11, 18).  It binds to the iron of heme groups
in either the Fe2+ or Fe3+ form and also reacts with
thiol groups of proteins and small molecules to form
S-nitrosothiols (R – S – N= O).174– 176  It reacts with the
heme iron of myoglobin and hemoglobin and, by
transfer of one electron, can oxidize the iron of hemo-
globin to the Fe3+ methemoglobin with formation of
the nitroxyl ion NO–.177,178  This reaction may be a
major cause of methemoglobin formation.

One of the major effects of NO is to induce the
relaxation of smooth muscle of blood vessels, an im-
portant factor in the regulation of blood pressure.
Hemoglobin can carry NO both on its heme and on the
thiol group of cysteine β93.174,175  The affinity for NO is
high in the T state and low in the R state.  This allows
hemoglobin to carry NO from the lungs to tissues, where
it can be released and participate in the regulation of
blood pressure.174,179

A cytoplasmic hemoglobin of the clam Lucina
pectinata has evolved to carry oxygen to symbiotic
chemoautotrophic bacteria located within cells of
the host’s gills.  It is also readily oxidized to the Fe3+

methemoglobin form which binds sulfide ions
extremely tightly180– 182 and is thought to transport
sulfide to the bacteria.

2.  Abnormal Human Hemoglobins

Many alterations in the structure of hemoglobin
have arisen by mutations in the human population.
It is estimated that one person in 20 carries a mutation
that will cause a hemoglobin disorder in a homozy-

gote.183  There are also many unrecognized and harm-
less substitutions of one amino acid for another.  How-
ever, substitutions near the heme group often adversely
affect the binding of oxygen and substitutions in the
interfaces between subunits may decrease the coop-
erative interaction between subunits.184  One of the
most common and serious abnormal hemoglobins is
hemoglobin S, which is present in individuals suffering
from sickle cell disease (see Box 7-B).  In Hb S, glutamic
acid 6 of the β chain is replaced by valine.  Replacement
of the same amino acid by lysine leads to Hb C185 and
is associated with a mild disease condition .  A few of
the many other substitutions that have been studied
are indicated in Fig. 7-23.  The locations of the defects
in the hemoglobin structure have been established
with the aid of protein “fingerprinting” (Fig. 7-27).

A group of serious defects are represented by the
hemoglobins M.  Only heterozygotic individuals
survive.  Their blood is dark because in Hb M the iron
in half of the subunits is oxidized irreversibly to the
ferric state.  The resulting methemoglobin is present in
normal blood to the extent of about 1%.  While normal
methemoglobin is reduced by a methemoglobin
reductase system (Box 15-H), methemoglobins M
cannot be reduced.  All of the five hemoglobins M result
from substitutions near the heme group.  In four of
them, one of the heme-linked histidines (either F-8 or
E-7) of either the α or the β subunits is substituted by
tyrosine.  In the fifth, valine 67 of the β chains is substi-
tuted by glutamate.  The two hemoglobins M that carry
substitutions in the α subunits (MBoston and MIwate) are
frozen in the T (deoxy) conformation and therefore have
low oxygen affinities and lack cooperativity.

D.  The Oxygen-Carrying Proteins

Figure 7-27 “Fingerprints” of human hemoglobins.  The
denatured hemoglobin was digested with trypsin and the 28
resulting peptides were separated on a sheet of paper by
electrophoresis in one direction (horizontal in the figures;
anode to the left) and by chromatography in the other direc-
tion (vertical in the figure).  The peptides were visualized by
spraying with ninhydrin or with specific reagents for histi-
dine or tyrosine residues.  Since trypsin cuts only next to
lysine, which occurs infrequently, the petide pattern provides
a fingerprint, characteristic for any pure protein.  (A)  The
fingerprint of normal adult hemoglobin A.  (B) Fingerprint of
hemoglobin S (sickle cell hemoglobin).  One histidine-con-
taining peptide (1) is missing and a new one (2) is present.
This altered peptide contains the first eight residues of the N-
terminal chain of the subunit of the protein.  From H. Leh-
mann and R. G. Huntsman, Man’s Haemoglobin.187

B

A
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BOX 7-B  SICKLE CELL DISEASE, MALARIA, AND BLOOD SUBSTITUTES

Many persons, especially if they are of west
African descent, suffer from the crippling and often
lethal sickle cell disease.a,b   In 1949, Pauling, Itano,
and associates discovered that hemoglobin from
such individuals migrated unusually rapidly upon
electrophoresis.c  Later, Ingram devised the method
of protein fingerprinting illustrated in Fig. 7-27 and
applied it to hemoglobin.d  He split the hemoglobin
molecule into 15 tryptic peptides which he separated
by electrophoresis and chromatography.  From these
experiments the abnormality in sickle cell hemoglobin
(hemoglobin S; Hb S) was located at position 6 in
the β chain (see Fig. 7-23).  The glutamic acid present
in this position in hemoglobin A was replaced by
valine in Hb S.  This was the first instance in which
a genetic disease was traced directly to the presence
of a single amino acid substitution in a specific
protein.  The DNA of the normal gene for the β globin
chain has since been sequenced and found to have
the glutamic acid codon GAG at position 6.  A single
base change to GTG (see Table 5-5) causes the sickle
cell mutation.  Persons homozygous for this altered
gene have sickle cell disease, while the much more
numerous heterozygotes have, at most, minor prob-
lems.

When HbS is deoxygenated it tends to “crystal-
lize” in red blood cells, which contain 33% by weight
hemoglobin.  The crystallization (actually gel forma-
tion) distorts the cells into a sickle shape and these
distorted corpuscles are easily destroyed, leading to
anemia.  The introduction of the hydrophobic valine
residue in Hb S at position 6 near the end of the
molecule helps form a new bonding domain by
which the hemoglobin tetramers associate to form
long semicrystalline microfilamentous arrays.b,e– g

Why is there such a high incidence of the sickle
cell gene, estimated to be present in three million
Americans?  The occurrence and spread of the gene
in Africa was apparently the result of a balance
between its harmful effects and a beneficial effect
under circumstances existing there.  The malaria
parasite, the greatest killer of all time, lives in red
blood cells during part of its life cycle (see Fig. 1-9).

Left: Normal erythrocytes, © Biophoto Associates, Photo Researchers.
Right: Sickled erythrocytes, © Nigel Calder.

Red cells that contain Hb S as well as
Hb A are apparently less suitable than
cells containing only Hb A for growth
of the malaria organism.  Thus, het-
erozygotic carriers of the sickle cell
gene survived epidemics of malaria
but at the price of seeing one-fourth
of their offspring die of sickle cell
disease.

What is the outlook for the many
(50,000 in the United States alone)

sufferers of sickle cell disease today?  Careful medi-
cal care, including blood transfusion, can prolong
life greatlyh and intense efforts are under way to
find drugs that will prevent Hb S from crystallizing.i

The problem arises from a hydrophobic interaction
of valine B6 with phenylalanine B85 and leucine B88
of another molecule in the filaments of Hb S.  The
latter two residues are on the outside surface of
helix F (see Fig. 7-23).  It is difficult to modify one
of these residues chemically but various alterations
at the nearby N-termini of the β chains do inhibit
sickling.  Cyanate does so by specifically carbamoy-
lating these amino groups.  However, although it
was tested in humans, cyanate is too toxic for use.j

Another approach employs an aldehyde that will

form Schiff bases (Eq. 13-4)k  with the same amino
groups.k,l  A third approach is to use an acylating
reagent.  For example, methylacetyl phosphatem

acetylates the same β Lys 82 amino groups that react
with bisphosphoglycerate and with cyanate.

Aspirin (2-acetoxybenzoic acid) is also a mild
acetylating reagent and “two-headed” aspirins such
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BOX 7-B  (continued)

as the following react specifically to crosslink the
hemoglobin β chains.

erythrocyte the hemoglobin tetramers tend to disso-
ciate to dimers, losing cooperativity and escaping
through kidneys.  Suitable crosslinking helps to
solve this problem.x,y,z  Both α and β chains can be
produced from cloned genes and reassembled to
form hemoglobin.aa,bb  This will probably allow
genetic engineering to form more stable but suitably
cooperative hemoglobins that can be used to avoid
hazards of transmission of viruses by transfusion.

These compounds bind into the bisphospho-
glycerate binding site (Fig. 7-26) and prevent the
chains from spreading apart as far as they normally
do in the deoxy (T) state.  Since it is only the latter
that crystallizes, the compounds have a powerful
antisickling action.n,o  Various other crosslinking
reagents have been developed and more than one
could be used together.p– r  New drugs that serve as
allosteric modifiers in the same fashion as bisphos-
phoglycerate may also be useful.s

A fouth approach to treatment of sickle cell
disease is gene therapy.  This might allow patients
to produce, in addition to Hb S, an engineered
hemoglobin with compensating mutations that
would mix with the Hb S and prevent gelling.t,u,v

This is impractical at present but there is another
approach.  Persons with sickle cell disease some-
times also have the disorder of hereditary persis-
tence of fetal hemoglobin.  They continue to make
Hb F into adulthood.  Great amelioration of sickle
cell disease is observed in patients with 20 – 25 % Hb
F.t  Hydroxyurea stimulates a greater production of
Hb F and in patients with hereditary persistence of
Hb F hydroxyurea may raise its level in erythocytes
to ~ 50% of the total hemoglobin.w

Crosslinking of the alpha chains of normal
deoxyhemoglobin through lysines 99 yields a hemo-
globin with normal oxygen-binding behavior and
an increased stability.o  It makes a practical emer-
gency blood substitute, whereas unmodified hemo-
globin is unsatisfactory.v  Unless encapsulated in an

a Weatherall, D. J., Clegg, J. B., Higgs, D. R., and Wood, W. G.
(1995) in The Metabolic and Molecular Bases of Inherited Disease,
7th ed., Vol. 1 (Scriver, C. R., Beaudet, A. L., Sly, W. S., and
Valle, D., eds), pp. 3417– 3484, McGraw-Hill, New York

b Harrington, D. J., Adachi, K., and Royer, W. E., Jr. (1998) J. Biol.
Chem. 273, 32690– 32696

c Strasser, B. J. (1999) Science 286, 1488–1490
d Ingram, V. M. (1957) Nature (London) 180, 326– 328
e Cretegny, I., and Edelstein, S. J. (1993) J. Mol. Biol. 230, 733 –738
f Padlan, E. A., and Love, W. E. (1985) J. Biol. Chem. 260, 8272– 8279
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In hemoglobins Rainier and Nancy the usually
invariant C-terminal tyrosine 145 of the β chains is
substituted by cysteine and by aspartate, respectively.
Oxygen affinity is high and cooperativity is lacking.186

Hemoglobin Kansas, in which the β102 asparagine is
substituted by threonine, also lacks cooperativity and
has a very low oxygen affinity, while hemoglobin Rich-
mond, in which the same amino acid is substituted by
lysine, functions normally.  In hemoglobin Creteil the
β89 serine is replaced by asparagine with the result that
the adjacent C-terminal peptide carrying tyrosine 145
becomes disordered.  In hemoglobin Hiroshima the
C-terminal histidine in the β chain is replaced by aspar-
tic acid.  This histidine is one that donates a Bohr proton
and in the mutant hemoglobin the oxygen affinity is
increased 3-fold and the Bohr effect is halved.188  In
hemoglobin Suresnes the C-terminal arginines 141 of
the α chains are replaced by histidine with loss of one
of the anion-binding sites mentioned in Section 3.189

3.  Comparative Biochemistry of Hemoglobin

Even within human beings there are several hemo-
globins.  In addition to myoglobin, a brain protein neuro-
globin,189a and adult hemoglobin A (Hb A, α2β2), there is
a minor hemoglobin A2 (α2δ2).  Prior to birth the blood
contains fetal hemoglobin, also called hemoglobin F
(Hb F, α2γ2).  In the presence of 2,3-bisphosphoglycerate
Hb F has a 6-fold higher oxygen affinity than Hb A as
befits its role in obtaining oxygen from the mother’s
blood.190 – 192  Hemoglobin F disappears a few months
after birth and is replaced by Hb A.  Each of the hemo-
globins differs from the others in amino acid sequence.

In other species the amino acid composition of
hemoglobins varies more, as do the interactions
between subunits.  Hemoglobins and myoglobins are
found throughout the animal kingdom and even in
plants.192a  The leghemoglobins193–195 are formed in
root nodules of legumes and are involved in nitrogen
fixation by symbiotic bacteria.  Other hemoglobins
apparently function in the roots of plants.196–197

Hemoglobins or myoglobins are found in some cyano-
bacteria198 and in many other bacteria.197,199  The globin
fold of the polypeptide is recognizable in all of these.200

The quaternary structure of hemoglobin also varies.
Myoglobin is a monomer, as is the leghemoglobin.  Hemo-
globin of the sea lamprey dissociates to monomers upon
oxygenation.201,201a  The clam Scapharca inaequivalvis has
a dimeric hemoglobin that binds O2 cooperatively even
though the interactions between subunits are very differ-
ent from those in mammalian hemoglobins.202–204

Hemoglobin of the nematode Ascaris is an octamer.205,206

It has puzzling properties, including a very high affinity
for O2 and a slow dissociation rate.  The distal His E-7
is replaced by glutamine, which has a hydrogen-
bonding ability closely similar to that of histidine.

Earthworms,207  polychaete worms,208,209 and
leeches210 have enormous hemoglobin molecules
consisting of as many as 144 globin chains arranged into
12 dodecamers and held together by 36–42 linker chains.
These hemoglobins are often called erythrocruorins.
In a few families of polychaetes chloroheme (Fig. 16-5)
substitutes for heme and the proteins are called 
chlorocruorins.208

What is common to all of the hemoglobins?  The
same folding pattern of the peptide chain is always
present.  The protein is always wrapped around the
heme group in an identical or very similar manner.  In
spite of this striking conservation of overall structure,
when animal hemoglobins are compared, there are only
ten residues that are highly conserved.  They are indicated
in Fig. 7-23 by the boxes.  The two glycines (or alanine)
at B-6 and E-8 are conserved because the close contact
between the B and E helices does not permit a larger
side chain.  Proline C-2 helps the molecule turn a corner.
Four of the other conserved residues are directly asso-
ciated with the heme group.  Histidine E-7 and His F-8
are the “heme-linked” histidines.  Tyrosine HC-2, as
previously mentioned, plays a role in the cooperativity
of oxygen binding.  Only Lys H-9 is on the outside of
the molecule.  The reasons for its conservation are
unclear.211  When sequences from a broader range of
organisms were determined five residues (see Fig. 7-23)
were found to be highly conserved;  only two are com-
pletely conserved.  These are His F-8 and Phe CD-1,
which binds the heme noncovalently.212  Hemoglobins
are not the only biological oxygen carriers.  The two-
iron hemerythrins (Fig. 16-20) are used by a few
phyla of marine invertebrates, while the copper con-
taining hemocyanins (Chapter 16, Section D,4) are
used by many molluscs and arthropods.

E.  Self-Assembly of Macromolecular
Structures

While it is easy to visualize the assembly of oligo-
meric proteins, it is not as easy to imagine how complex
objects such as eukaryotic cilia (Fig. 1-8) or the sarco-
meres of muscle (Fig. 19-6) are formed.  However, study
of the assembly of bacteriophage particles and other
small biological objects has led to the concepts of self-
assembly and assembly pathways, concepts that are
now applied to every aspect of the architecture of cells.

1.  Bacteriophages

A remarkable example of self-assembly is that of
the T-even phage (Box 7-C).213 – 215  From genetic analysis
(Chapter 26) at least 22 genes are known to be required
for formation of the heads, 21 genes for the tails, and 7
genes for the tail fibers.  Many of these genes encode
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BOX 7-C  THE T-EVEN BACTERIOPHAGES

Among the most remarkable objects made
visible by the electron microscope are the T-even
bacteriophage (T2, T4, and T6) which attack E. coli.a – e

While it is not often evident how a virus gains access
to a cell, these “molecular syringes” literally inject
their DNA through a hole dissolved in the cell wall
of the host bacterium.  The viruses, of length ~ 200
nm and mass ~ 225 x 106 Da each, contain 130 x 106

Da of DNA in a 100 x 70 nm head of elongated
icosahedral shape.  The head surface appears to
be formed from ~ 840 copies of a 45-kDa protein
known as gp23 (gene product 23; it is encoded by
gene 23; see map in Fig. 26-2).  These protein mole-
cules are arranged as 140 hexamers (hexons) and
together with ~ 55 copies of protein gp24, arranged
as 11 pentamers (pentons), make up the bulk of the
shell.f  The head also contains at least nine other
proteins, including three internal, basic proteins
that enter the bacterium along with the DNA.  Addi-
tional proteins form the neck, collar, and whiskers.
The phage tail, which fastens to the collar via a
connector protein,g contains an internal tube with
a 2.5-nm hole, barely wide enough to accommodate
the flow of the DNA molecule into the bacterium.
The tube is made up of 144 subunits of gp19.  The 8
x 106-Da sheath that surrounds the tail tube is made
up of 144 subunits of gp18, each of mass 55 kDa,
arranged in the form of 24 rings of six subunits
each.h,i  The sheath has contractile properties.  After

Drawing courtesy of F. Eiserling and the
American Society for Microbiology.a
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the virus has become properly attached to the host it
shortens from ~ 80 to ~ 30 nm, forcing the inner tube
through a hole etched in the wall of the bacterium.
At the end of the tail is a baseplate, a hexagonal
structure bearing six short pins, each a trimer of a
55 kDa zinc metalloprotein.j  One of the ten proteins
known to be present in the baseplate is the enzyme T4
lysozyme (Chapter 12).  The baseplate also contains
six molecules of the coenzyme 7,8-dihydropteroyl-
hexaglutamate (Chapter 15, Section D).

Six elongated, “jointed” tail fibers are attached
to the baseplate.  The proximal segment of each
fiber is a trimer of the 1140-kDa protein gp34.  A
globular domain attaches it to the baseplate.  The
distal segment is composed of three subunits of
the 109-kDa gp37, three subunits of the 23-kDa
gp36, and a single copy of the 30-kDa gp35.k  The
C-terminal ~140 residues of the 1026-residue gp37
are the specific adhesin that binds to a lipopolysac-
charide of E. coli type B cells or to the outer mem-
brane protein OmpC (Chapter 8).l  Among the
smaller molecules present in the virus are the poly-
amines putrescine and spermidine (Chapter 24),
which neutralize about 30% of the basic groups of
the DNA.

How is infection by a T-even virus initiated?
Binding of the tail fibers to specific receptor sites on
the bacterial surface triggers a sequence of confor-
mational changes in the fibers, baseplate, and

Bacteriophage T4. × 240,000
Micrograph courtesy of Tom Moninger.

E.  Self-Assembly of Macromolecular Structures
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sequences of proteins that are incorporated into the
mature virus, but several specify enzymes needed in
the assembly process.  Several mutant strains of the
viruses are able to promote synthesis of all but one of
the structural proteins of the virion.  Proteins accumu-
lating within these defective bacterial hosts have no
tendency to aggregate spontaneously.  However, when
the missing protein (synthesized by bacteria infected
with another strain of virus) is added complete virus
particles are formed rapidly.  Investigations resulting
from this and other observations have led to the con-
clusion that during assembly each different protein is
added to the growing aggregate in a strictly specified se-
quence or assembly pathway.  The addition of each protein
creates a binding site for the next protein.  In some
cases the protein that binds is an enzyme that cuts off
a piece from the growing assembly of subunits and
thereby creates a site for the next protein to bind.

Before considering this complex process further,
let’s look at the assembly of simpler filamentous bacte-
riophages (Fig. 7-7) and bacterial pili (Fig. 7-9).  The
filamentous bacteriophages are put together from
hydrophobic protein subunits and DNA.  After their
synthesis the protein subunits are stored within the
cytoplasmic membrane of the infected bacteria.216,217

These small, largely α-helical rods can easily fit within
the membrane and remain there until a DNA molecule
also enters the membrane.218,219  Two additional pro-
teins (gene I proteins) also enter the membrane.  One
has a 348-residue length, while the second is a 107-
residue protein formed by translational initiation at
a later point in the DNA sequence of the gene.  These
proteins help to create an assembly site at a place where

the inner and outer membrane of the host bacterium
are close together.220  It isn’t clear how the process is
initiated, but it is likely that each subunit of the viral
coat contains a nucleotide binding site that interacts
with the DNA.  Adjacent sides of the subunits are
hydrophobic and interact with other subunits to spon-
taneously coat the DNA.  As the rod is assembled, the
hydrophobic groups become “buried.”  It is postulated
that the remaining side chain groups on the outer surface
of the virus are hydrophilic and that the formation of
this hydrophilic rod provides a driving force for auto-
matic extrusion of the phage from the membrane.216

Bacterial pili appear to be extruded in a similar
manner.  They arise rapidly and may possibly be
retracted again into the bacterial membrane.  The P
pilus in Fig. 7-9A  is made up of subunits PapA, G, F,
E, and K which must be assembled in the correct
sequence.  A chaperonin PapD is also required as is
an “usher protein,” PapC,50 and also the disulfide
exchange protein DsbA (Chapter 10).  DsbA helps
PapD to form the correct disulfide bridges as it folds
and PapD binds and protects the various pilus sub-
units as they accumulate in the periplasmic space of
the host.  The usher protein displaces the chaperonin
PapD and “escorts” the subunits into the membrane
where the extrusion occurs.50,55

Because eicosahedra are regular geometric solids
and the faces can be made up of hexons and pentons
of identical subunits, it might seem that self-assembly
of eicosahedral viruses would occur easily.  However,
the subunits usually must be able to assume three or
more different conformations and the shells can easily
be assembled incorrectly.  Several stategies are em-

BOX 7-C  THE T-EVEN BACTERIOPHAGES (continued)

sheath.  The lysozyme is released from the baseplate
and etches a hole in the bacterial cell wall.  Contrac-
tion of the sheath is initiated at the baseplate and
continues to the upper end of the sheath.  The tail
tube is forced into the bacterium and the DNA
rapidly flows through the narrow hole into the host
cell.

During contraction the subunits of the sheath
undergo a remarkable rearrangement into a struc-
ture containing 12 larger rings of 12 subunits each.h

Thus, a kind of mutual “intercalation” of subunits
occurs.  In its unidirectional and irreversible nature
the shortening of the phage tail differs from the
contraction of muscle.  The protein subunits of the
sheath seem to be in an unstable high energy state
when the tail sheath of the phage is assembled.  The
stored energy remains available for later contraction.

a Mathews, C. K., Kutter, E. M., Mosig, G., and Berget, P. B., eds.
(1983) Bacteriophage T4, Am. Soc. Microbiology, Washington, D.C.

b Wood, W. B., and Edgar, R. S. (1967) Sci. Am. 217(Jul), 60– 74
c Mathews, C. K. (1971) Bacteriophage Biochemistry, Van Nostrand-

Reinhold, Princeton, New Jersey
d Voyles, B. A. (1993) The Biology of Viruses, Mosby, St. Louis,

Missouri
e Tikhonenko, A. S. (1970) Ultrastructure of Bacterial Viruses,

Plenum, New York
f Branton, D., and Klug, A. (1975) J. Mol. Biol. 92, 559– 565
g Cerritelli, M. E., and Studier, F. W. (1996) J. Mol. Biol. 258,

299– 307
h Moody, M. F., and Makowski, L. (1981) J. Mol. Biol. 150,

217– 244
i Müller, D. J., Engel, A., Carrascosa, J. L., and Vélez, M. (1997)

EMBO J. 16, 2547– 2553
j Zorzopulos, J., and Kozloff, L. M. (1978) J. Biol. Chem. 253,

5543 –5547
k Cerritelli, M. E., Wall, J. S., Simon, M. N., Conway, J. F., and

Steven, A. C. (1996) J. Mol. Biol. 260, 767 – 780
l Tétart, F., Repoila, F., Monod, C., and Krisch, H. M. (1996) J.

Mol. Biol. 258, 726 – 731
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ployed to avert this problem.221,222  Some viruses
assemble an empty shell into which the DNA flows,
but many others first form an internal scaffolding or
assembly core around which the shell is assembled.
An external scaffold may also be needed.223  The RNA
virus MS2 forms its T = 3 capsid by using the RNA
molecule as the assembly core.224  Other viruses may
have one or more core proteins which dissociate from
the completed shell or are removed by the action of

proteases.  This is a feature of the small φX phage (Fig.
7-28),225,226,230 the tailed phages,227,228 and double-
stranded RNA viruses including human reoviruses.229

Bacteriophage PRD1, another virus of E. coli and
Salmonella typhimurium, has a membrane inside the
capsid apparently playing a role in assembly.232

A general concept that seems to hold in all cases
is one of “local rule.”  Several conformers of a virus
subunit may equilibrate within a cell.  However, they

Figure 7-28  (A)  Stereoscop-
ic view of the φX174 114 S
mature virion viewed down a
twofold axis after a cryoelec-
tron microscopy reconstruc-
tion.  From McKenna et al.225

(B)  Morphogenesis of φX174
(based on a report of Hayashi
et al.231).  Proteins A and C are
required for DNA synthesis.
Drawing from McKenna et
al.225  Courtesy of Michael G.
Rossmann.
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can associate only through surfaces that are complementary.
A conformer that allows pentons to form cannot as-
semble into a hexon and only certain combinations
of other conformers can give rise to hexons, etc.233  If
there is only one conformation and the shape is right a
T=1 shell will be formed.  If there are three conformers
a T= 3 shell may arise.  Another generalization is that
in most cases the procapsid or prohead that is formed
initially is fragile.  Subunits may still be undergoing
conformational changes.  However, a final conforma-
tional alteration, which may include chain cleavage
by a protease, usually occurs.  This often expands the
overall dimensions of the capsid and creates new
intersubunit interactions which greatly strengthen the
mature capsid.234  Scaffolding proteins are then removed
and DNA or RNA enters the capsid, again in a precise
sequence.  There are many variations and the detail
that is known about virus assembly is far too great to
describe here.

Figure 7-29 illustrates the assembly pathway for
the very small φX174, a T=1 virus.  The major capsid
protein F is a 426-residue eight-stranded β-barrel.  The
175-residue G protein forms pentameric spikes while
60 copies of the internal scaffolding protein and 240
copies of the external scaffolding protein D and 12
copies of the pilot protein are required to form the
prohead.  The single-stranded DNA enters along with
60 copies of a DNA packaging protein J.

Assembly of the tailed bacteriophages (Box 7-C)
is even more complex.  The genome of the viruses is
large.  The 166-kb circular dsDNA of phage T4 contains
~ 250 genes, many of which encode proteins of the
virion or enzymes or chaperonins needed in assembly.
The assembly pathway for the bacteriophage heads
requires at least 22 gene products.235  Seven of these
form the assembly core which serves as a scaffolding
around which the 840 copies of gp23 and 55 copies of
gp24 (see Box 7-C) are added to give the elongated
icosahedral prohead I.  Most of the internal proteins
are then dissolved by proteases, one of which is the
phage-specified gp21.  A protease also cuts a piece
from each molecule of gp23 to form the smaller gp23*,
the major protein of the mature prohead II.  This
cleavage also triggers the conformational change leading
to head expansion.  The empty proheads are now filled
with DNA in a process which is assisted by another
series of catalytic proteins.

The T4 phage tail is assembled in a separate se-
quence.  Six copies of each of three different proteins
form a “hub” with hexagonal symmetry (Fig. 7-29).
In another assembly sequence, seven different proteins
form wedge-shaped pieces, six of which are then joined
to the hub to form the hexagonal baseplate.  Two more
proteins then add to the surface of the base plate and
activate it for the growth of the internal tail tube.  Only
after assembly of the internal tube begins does the sheath

Figure 7-29  Assembly se-
quence for bacteriophage T4
with details for the tail.  The
numbers refer to the genes in
the T4 chromosome map (Fig.
26-2).  A “P” after the number
indicates that the protein gene
product is incorporated into
the phage tail.  Other numbers
indicate gene products that are
thought to have essential cata-
lytic functions in the assembly
process.  Adapted from King
and Mykolajewycz236 and
Kikuchi and King.214
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EGF-like241– 244 ~ 45 Ca2+

SH2238,245– 247 ~ 100 Phosphotyrosine

Structure248– 253

SH3239,246,254 ~ 60 Polyproline, PXXP

Structure255– 257

PTB238,258,259 Proline-rich sequence

PH (plekstrin homology)260,261 Phosphotyrosine

Structure262,263

PDZ264– 266 80– 100 C-terminal XS / TXV– COO–

Immunoglobulin repeat ~ 100

(Fig. 2-16)267

Kringles, blood clotting

proteins268– 270 80-85 Calcium binding

Apple, Blood clotting

Factor X271 90 Calcium binding

WW (Trp–Trp)272 ~ 38 Proline

Serine protease273

P (Trefoil)274 ~ 50

TPR (Tetratrico peptide repeat)247,275,276

ZBD (Zinc-binding domains)

Zinc finger (Fig. 5-37)277

Others277– 280

TABLE 7-3
A Few Well-Known Structural Domains

Name
Length in

amino acid residues
Specific
ligands

begin to grow, and only when both of these tubular
structures have reached the correct length, is a cap
protein placed on top.  The DNA-filled head is then
attached by a special connector and only then do the
tail fibers, which have been assembled separately, join
at the opposite end.

How can each step in this complex assembly
process set the stage for the next step?  Apparently the
structure of each newly synthesized protein monomer
is stable only until a specific interaction with another
protein takes place.  The binding energy of this inter-
action is sufficient to induce a conformational alteration
that affects a distant part of the protein surface and
generates complementarity toward a binding site on
the next protein that is to be added.  Every one of the
baseplate proteins must have such self-activating
properties!  Sometimes proteolytic cleavage of a sub-
unit is required.  If it occurs at an appropriate point in
the sequence it provides thermodynamic drive for the
assembly process.

The induction of a change in one protein by inter-
action with another protein is a phenomenon that is
met also in the construction of micro-
tubules, ribosomes, cilia, and myo-
fibrillar assemblies of muscle.  It is
basic to the assembly of the many
labile but equally real cascade sys-
tems of protein–protein interactions
such as that involved in the clotting
of blood (Chapter 12) and signaling
at membrane surfaces.

2.  “Kringles” and Other 
Recognition Domains and
Motifs

The assemble of either transient
or long lasting complexes of pro-
teins is often dependent upon the
presence of conserved structural
domains of 30–100 residues.  A
similar domain may occur in many
different proteins and often two or
more times within a single protein.
The sequences within such a domain
are homologous, allowing it to be
recognized from protein or gene
sequences alone.237,238  Domains
are often named after the protein
in which they were first discovered.
For example, EGF-like domains
resemble the 53-residue epidermal
growth factor.  SH2 and SH3 do-
mains are src-homology domains,
named after Src (c-src), the protein
encoded by the src protooncogene

(Table 11-3).239   The SH2 and SH3 domains are found
near the N terminus of this 60-kDa protein.  They are
also found in many other proteins.  An adapter protein
called  Grb2, important in cell signaling, consists of
nothing but one SH2 domain and two SH3 domains
(Figs. 11-13, 11-14).240   The SH2 domains bind to phos-
photyrosyl side chains of various proteins, while SH3
domains bind to a polyproline motif.  Another phos-
photyrosyl binding domain, the plekstrin homology or
PH domain, is named for the protein in which it was
discovered.  Kringle and apple describe the appear-
ances of the folded proteins in those domains.  Struc-
tural domains often function to hold two proteins
together or to help anchor them at a membrane surface
by binding to specific protein groups, such as phos-
photyrosyl, or calcium ions.  Table 7-3 lists a few well-
known folding domains and Fig. 7-30 shows three-
dimensional structures of two of them.

Recognition domains often function transiently.
For example, SH2 domains are often found in proteins
that interact with phosphotyrosyl groups of “activated”
cell surface receptors.  The receptors become activated
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by conformational alteration resulting from the binding.
The src protein is a tyrosine kinase and, when activated,
uses ATP to phosphorylate tyrosyl groups of other
proteins, and using its SH2 domains it will bind to such
groups forming and passing an intracellular message
to them.249

F.  The Cytoskeleton

The cytoplasm of eukaryotic cells contains a com-
plex network of slender rods and filaments that serve
as a kind of internal skeleton.  The properties of this
cytoskeleton affect the shape and mechanical proper-
ties of cells.  For example, the cytoskeleton is responsible

Figure 7-30  (A)  Stereoscopic
MolScript view showing 30 super-
posed solution structures of the
SH2 / phosphopeptide complex
from protein Shc calculated from
NMR data. The N and C termini of
the protein as well as the phospho-
tyrosine (pY) and (pY + 3) residues
of the phosphopeptide are indicat-
ed.  From Zhou et al.252  Courtesy
of Stephen W. Fesik.  (B)  View of
the phosphotyrosine side chain of
the peptide pYEEI bound to a
high-affinity SH2 domain from the
human src tyrosine kinase called
p56lck.  The phosphate group forms
a series of hydrogen bonds with
groups in the protein and with
water molecules (small dots) and
an ion pair with the guanidinium
group of R134.  From Tong et al.248

Courtesy of Liang Tong.  (C)  Struc-
ture of kringle 2 from human tissue
plasminogen activator (see Chapter
12).  From de Vos et al.269  Courtesy
of Abraham M. de Vos.
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for the biconcave disc shape of erythrocytes and for
the ameba’s ability to rapidly interconvert gel-like and
fluid regions of the cytoplasm.281– 283

Three principal components of the cytoskeleton
are microfilaments of ~ 6 nm diameter, microtubules
of 23 – 25 nm diameter, and intermediate filaments
of ~10 nm diameter.  A large number of associated
proteins provide for interconnections, for assembly,
and for disassembly of the cytoskeleton.  Other pro-
teins act as motors that provide motion.  One of these
motors is present in myosin of muscle.  This protein is
not only the motor for muscular work but also forms
thick filaments of 12 – 16 nm diameter, which are a
major structural component of muscle (see Fig. 19-6).

1.  Intermediate Filaments

In most cells the intermediate filaments provide
the scaffolding for the cytoskeleton284– 286  They may
account for only 1% of the protein in a cell but provide
up to 85% of the protein in the tough outer layers of
skin.  Intermediate filament proteins are encoded by
over 50 human genes286 which specify proteins of
various sizes, structures, and properties.  However,
all of them have central 300- to 330-residue α-helical
regions through which the molecules associate in
parallel pairs to form coiled-coil rods with globular
domains at the ends (Fig. 7-31).  Some of these proteins,
such as the keratin of skin, are insoluble.  Others, including
the nuclear lamins (Chapter 27)287 and vimentin,288–289a

dissociate and reform filaments reversibly.
Vimentin is found in most cells and predominates

in fibroblasts and other cells of mesenchymal origin.
Desmin (55-kDa monomer) is found in both smooth and
skeletal muscle.289b,290,290a  In the latter, it apparently
ties the contractile myofibrils to the rest of the cyto-
skeletal network and the individual myofibrils to each
other at Z disc (see Fig. 19-6).  The glial filaments
from the astroglial cells of the brain are composed
mainly of a single type of  55-kDa subunits of the
glial fibrillar acidic protein but the neurofilaments
of mammalian neurons are composed of three distinct
subunits of 68-, 150-, and 200-kDa mass.291– 293  The
larger subunits have C-terminal tails that are not
required for filament formation but which can be
phosphorylated and form bridges to neighboring
neurofilaments and other cytoskeletal components
and organelles.  Keratin filaments, which eventually
nearly fill the highly differentiated epidermal cells, are
also made up of several different subunits.294  Extensions
of the keratin chains are rich in cysteine side chains
which form disulfide crosslinkages to adjacent mole-
cules to provide a network that can be dehydrated to
form hair and the tough outer layers of skin.286

Elastin-associated microfibrils are important constituents
of elastic tissues of blood vessels, lungs, and skin.295

A common architecture of intermediate filaments
is a staggered head-to-tail and side-by-side association
of pairs of the coiled-coil dimers into 2-  to  3-nm proto-
filaments and further association of about eight
protofilaments to form the 10-nm intermediate
filaments.286,290,296

2.  Microfilaments

The most abundant microfilaments are composed
of fibrous actin (F-actin; Fig. 7-10).  The thin filaments
of F-actin are also one of the two major components
of the contractile fibers of skeletal muscle.  There is
actually a group of closely related actins encoded by
a multigene family.  At least four vertebrate actins are
specific to various types of muscle, while two (β- and
γ-actins) are cytosolic.298,299  Actins are present in all
animal cells and also in fungi and plants as part of the
cytoskeleton.  The microfilaments can associate to

Figure 7-31  A model for the structure of keratin microfibrils
of intermediate filaments. (A) A coiled-coil dimer, 45-nm in
length.  The helical segments of the rod domains are inter-
rupted by three linker regions.  The conformations of the
head and tail domains are unknown but are thought to be
flexible.  (B) Probable organization of a protofilament, in-
volving staggered antiparallel rows of dimers. From Jeffrey
A. Cohlberg297

A BDimer Protofilament
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form larger arrays and actin often exists as thicker
“cables,” some of which form the stress fibers seen in
cultured cells adhering to a glass surface.  In the red
blood cells the spectrin–actin meshwork (Fig. 8-14),
which lies directly beneath the plasma membrane,
together with the proteins that anchor it to the mem-
brane, form the cytoskeleton.284,300,301  Its mechanical
properties appear to be responsible for the biconcave
disc shape of the cell.

The acrosomal process of some invertebrate sperm
cells is an actin cable that sometimes forms almost
instantaneously by polymerization of the actin mono-
mers and shoots out to penetrate the outer layers of the
egg during fertilization (Chapter 32).  The stereocilia,
the “hairs” of the hair cells in the inner ear, contain
bundles of actin filaments.302  Motion of the stereocilia
caused by sound produces changes in the membrane
potential of the cells initiating a nerve impulse.  In certain
lizards each hair cell contains about 75 stereocilia of
lengths up to 30 µm and diameter 0.8 µm and contain-
ing more than 3000 actin filaments in a semicrystalline
array.  Microvilli (Fig. 1-6) contain longitudinal arrays
of actin filaments.

In every instance, groups of microfilaments are
held together by other proteins.  Stress fibers of higher
eukaryotes contain the “muscle proteins” tropomyosin,
�-actinin, and myosin (Chapter 19), although the
latter is usually not in fibrillar form. Filamin (250-
kDa) and a 235-kDa protein are associated with actin
in platelets.303  The high-molecular-weight synemin
crosslinks vimentin and desmin filaments,304 while
the smaller, highly polar filaggrin provides a matrix
around the keratin filaments in the external layers of
the skin.305

Postsynthetic modifications of cytoskeletal micro-
filaments can also occur.  For example, epidermal
keratin has been found to contain lanthionine, (γ-gluta-
myllysine) and lysinoalanine, both presumably arising
from crosslinkages.306

3.  Microtubules

A prominent component of cytoplasm consists of
microtubules which appear under the electron micro-
scope to have a diameter of 24 ± 2 nm and a 13 - to 15-nm
hollow core.307– 310  However, the true diameter of a
hydrated microtubule is about 30 nm and the micro-
tubule may be further surrounded by a 5–20 nm low
density layer of associated proteins.  Microtubules are
present in the most striking form in the flagella and cilia
of eukaryotic cells (Fig. 1-8).  The stable microtubules
of cilia are integral components of the machinery caus-
ing their motion (Chapter 19). Labile microtubules,
which form and then disappear, are often found in
cytoplasm in which motion is taking place, for example, in
the pseudopodia of the ameba.  The mitotic spindle

consists largely of microtubules which function in the
movement of chromosomes in a dividing cell (Box 7-D
and Chapter 26).

Microtubules in the long axons of nerve cells
function as “rails” for the “fast transport” of proteins
and other materials from the cell body down the axons.
In fact, microtubules appear to be present throughout
the cytoplasm of virtually all eukaryotic cells (Fig. 7-32)
and also in spirochetes.311  Motion in microtubular
systems depends upon motor proteins such as kinesin,
which moves bound materials toward what is known
as the “negative” end of the microtubule,312 dyneins
which move toward the positive end.310  These motor
proteins are driven by the Gibbs energy of hydrolysis
of ATP or GTP and in this respect, as well as in some
structural details (Chapter 19),  resemble the muscle
protein myosin.  Dynein is present in the arms of the
microtubules of cilia (Fig. 1-8) whose motion results
from the sliding of the microtubules driven by the action
of this protein (Chapter 19).

Microtubules are assembled from ~ 55-kDa tubulins,
which are mixed dimers of α subunits (450 residues)
and β subunits (445 residues) with 40% sequence
identity.  The αβ dimers, whose structure is shown in

Figure 7-32 Micrograph of a mouse embryo fibroblast was
obtained using indirect immunofluorescence techniques.313

The cells were fixed with formaldehyde, dehydrated, and
treated with antibodies (formed in a rabbit) to microtubule
protein.  The cells were then treated with fluorescent goat
antibodies to rabbit γ-globulins (see Chapter 31) and the
photograph was taken by fluorescent light emission.  Cour-
tesy of Klaus Weber.



371

BOX 7-D  MITOSIS, TETRAPLOID PLANTS, AND ANTICANCER DRUGS

Microtubules in cells undergoing mitosis are
the target of several important drugs.  One of these
is the alkaloid colchicine which is produced by
various members of the lily family and has been used
since ancient Egyptian times for the alleviation of
the symptoms of gout.a,b

This compound, with its tropolone ring system, binds
specifically and tightly and prevents assembly of
microtubules, including those of the mitotic spindle.b

Colchicine forms a complex with soluble tubulin,c

perhaps a dimeric αβ complex of the two subunits.d

Dividing cells treated with colchicine appear to be
blocked at metaphase (Chapter 26) and daughter
cells with a high degree of polyploidy are formed.
This has led to the widespread use of colchicine in
inducing formation of tetraploid varieties of flower-
ing plants.  Similar effects upon microtubules are
produced by the antitumor agents vincristine and
vinblastine, alkaloids formed by the common plant
Vinca (periwinkle), and also by a variety of other
drugs.e

The more recently discovered Taxol (paclitaxel)
was extracted from the bark of the Pacific yew.f  It
stabilizes microtubules, inhibiting their disassembly.g

Taxol also blocks mitosis and causes the cells which
fail to complete mitosis to die.  Taxol has been syn-
thesizedf and is a promising drug that is being used

in treatment of breast, ovarian, and other cancers.f

Binding sites for the compound have been located
in β tubulin subunits (Fig. 7-33).h,i  Attempts are
being made to develop “taxoids” and other drugs
more effective than taxol against cancer cells.j,k

a Margulis, T. N. (1974) J. Am. Chem. Soc. 96, 899 – 902
b Chakrabarti, G., Sengupta, S., and Bhattacharyya, B. (1996)

J. Biol. Chem. 271, 2897 – 2901
c Panda, D., Daijo, J. E., Jordan, M. A., and Wilson, L. (1995)

Biochemistry 34, 9921– 9929
d Shearwin, K. E., and Timasheff, S. N. (1994) Biochemistry 33,

894– 901
e Hastie, S. B., Williams, R. C., Jr., Puett, D., and Macdonald, T. L.

(1989) J. Biol. Chem. 264, 6682 – 6688
f Nicolaou, K. C., Nantermet, P. G., Ueno, H., Guy, R. K.,

Couladouros, E. A., and Sorensen, E. J. (1995) J. Am. Chem. Soc.
117, 624 – 633

Laser scanning confocal micrograph of chromosomes
at metaphase.  Courtesy of Tom Moninger

g Derry, W. B., Wilson, L., and Jordan, M. A. (1995) Biochemistry
34, 2203 – 2211

h Rao, S., He, L., Chakravarty, S., Ojima, I., Orr, G. A., and
Horwitz, S. B. (1999) J. Biol. Chem. 274, 37990– 37994

i Makowski, L. (1995) Nature (London) 375, 361– 362
j Nicolaou, K. C., Guy, R. K., and Potier, P. (1996) Sci. Am.

274(Jun), 94 – 98
k Kowalski, R. J., Giannakakou, P., and Hamel, E. (1997) J. Biol.

Chem. 272, 2534 – 2541
l Kwa, M. S. G., Veenstra, J. G., Van Dijk, M., and Roos, M. H.

(1995) J. Mol. Biol. 246, 500 – 510

Another group of drugs that bind to microtu-
bules are benzimidazole and related compounds.
These have been used widely to treat infection by
parasitic nematodes in both humans and animals.
Unfortunately resistance has developed rapidly.
In a nematode that infects sheep a single tyrosine
to phenylalanine mutation at position 200 in the
β-tubulin subunit confers resistance.l
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Fig. 7-33314– 316 are thought to be packed into an imper-
fect helix as indicated in Fig. 7-34.  The structure can
also be regarded as an array of longitudinal protofila-
ments.  Naturally formed microtubules usually have
precisely 13 protofilaments and a discontinuity in the
helical stacking of subunits as shown in Fig. 7-34.  When
grown in a laboratory the microtubules usually have
14 protofilaments317 and rarely 10 or 16 protofilaments
with regular helical packing.318  Microtubules of some
moths and also of male germ cells of Drosophila have
16-protofilament microtubules without a discontinuity,
an architecture that is specified by the geometry of a
specific β-tubulin isoform.319

Each tubulin dimer binds one molecule of GTP
strongly in the α subunit and a second molecule of
GTP or GDP more loosely in the β subunit.  In this
respect, tubulin resembles actin, whose subunits are
about the same size.  However, there is little sequence
similarity.  Labile microtubules of cytoplasm can be
formed or disassembled very rapidly.  GTP is essential
for the fast growth of these microtubules and is hydro-
lyzed to GDP in the process.320  However, nonhydro-
lyzable analogs of GTP, such as the one containing the
linkage P– CH2–P between the terminal and central
phosphorus atoms of the GTP, also support polymer-
ization.321  Since microtubules have a distinct polarity,
the two ends have different tubulin surfaces exposed,
and polymerization and depolymerization can occur
at different rates at the two ends.  As a consequence,
microtubules often grow at one end and disassemble

at the other.  Such “treadmilling” may be important in
movement of chromosomes in neuronal migration322

and in fast axonal transport of macromolecules (Chapter
30).323  During mitosis the minus ends of the microtu-
bules are believed to be tightly anchored at the centro-
some while subunit exchanges can occur at the plus
ends323,324 where the β subunits are exposed.  Using a
phage display system (see Fig. 3-16) it could be shown
that the N termini of the α subunits are exposed at
the minus ends.325  Kinesin can bind to the β sub-
units all along the microtubule.326 Microtubules are
formed by growth from microtubule nucleation sites
in microtubule organizing centers found in centro-
somes, spindle poles, and other locations.327  Several
proteins, including �-tubulin, are required.317,328,329  A
proposed assembly pathway is illustrated in Fig. 7-34.

Isolated microtubules always contain small amounts
of larger ~ 300-kDa microtubule-associated proteins
(MAPS).330  These elongated molecules may in part lie
in the grooves between the tubulin subunits and in part
be extended outward to form a low-density layer around
the tubule.283,309  Nerve cells that contain stable microtu-
bules have associated stabilizing proteins.331  A family
of proteins formed by differential splicing of mRNA are
known as tau.  The tau proteins are prominent compo-
nents of the cytoskeleton of neurons.  They not only
interact with microtubules but also undergo reversible
phosphorylation.  Hyperphosphorylated tau is the
primary component of the paired helical filaments found
in the brains of persons with Alzheimer disease.330

Figure 7-33  Stereoscopic
ribbon diagram of the tubulin
dimer with α-tubulin with
bound GTP at the top and
β-tubulin with bound GDP
at the bottom.  The β-tubulin
subunit also contains a bound
molecule of taxotere (see Box
7-D) which is labeled TAX.
This model is based upon
electron crystallography of
zinc-induced tubulin sheets
at 0.37-nm resolution and is
thought to approximate
closely the packing of the
tubulin monomers in microtu-
bules.315  The arrow at the left
points toward the plus end of
the microtubule.  Courtesy of
Kenneth H. Downing.
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Figure 7-34  Growth of a microtubule from a γ-tubulin ring
complex (γTURC).  The helical γ-tubulin rings are formed in
the microtubule organizing centers which, in animal cells,
are the centrosomes.  Thirteen γ-tubulin subunits are shown
in a hypothetical array formed together with a base of other
molecules of unknown structure.  The microtubule grows by
addition of successive layers of α/β-tubulin dimers, each a
split ring of 13 dimers with the β-tubulin subunits toward
the base, the negative end, and the α-tubulin subunits
toward the growing positive end.  After Zheng et al.317
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Study Questions

1. Rewrite Equations 6-75 through 6-77 in terms of
dissociation constants.  These may be labeled K1,
K2, Ki, etc., as is conventional, but you may prefer
to use K1d, K2d, Kid, etc., to avoid confusion.

2. A molecule has two identical binding sites for a
ligand X.  The Gibbs energy of interaction between
ligands bound to the same molecule, ε, is defined
as the change in Gibbs energy of binding of the
ligand to the molecule that results from the prior
binding of a ligand at the adjacent site.  If the
saturation fraction is Y, show from the equation for
the binding isotherm that the following equation
holds when  Y =  1/ 2:

3. The hydrogen ion binding curve for succinate is
shown is Fig. 7-4.  From the curve estimate ε and
the microscopic association constants.

4. A linear chain molecule has a very large number
of identical binding sites for a ligand X.  The Gibbs
energy of interaction between ligands bound to
adjacent sites is ε.  Interactions between non-
nearest neighbors are considered negligible.  If the
binding constant for a site adjacent to unoccupied
sites is Kr, the binding isotherm is given by

[Applequist, J. (1977) J. Chem. Ed. 54, 417]. Show
from the equation for the binding isotherm that
the following equation holds at Y = 1/ 2;

dY/d ln [ X ] = 1/4 e ε /2RT

5. The binding of adenosine to polyribouridylic acid
[poly(U)] has been studied by the method of
equilibrium dialysis [Huang and Ts’o (1966) J. Mol.
Biol. 16, 523].  The table below gives the fraction of
poly(U) sites occupied, Y at various molar concen-
trations of free adenosine [A] at 5°C.  Assuming
that the nearest-neighbor interaction model is
correct, determine the intrinsic association con-
stant for the binding of adenosine to poly U and
the free energy of interaction of adjacent bound
adenosines.  Do the bound molecules attract or
repel each other?
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dY/d ln[X] = 1

2(1 + e ε/RT)
0.51 0 3.07 0.72
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Portion of an endocytic vacuole forming in the
plasma membrane of a cultured fibroblast.  The
view is from the inside of the cell and shows a
large clathrin cage assembling to form a coated
vesicle.  The overall diameter of the vacuole is
~ 0.2 µm.  Clathrin cages vary in size and in the
number of faces but are typically ~ 0.1 µm in
diameter (see Fig. 8-27 and associated references).
Courtesy of Barbara Pearse.
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The boundary between a living cell and its sur-
roundings is the incredibly thin (7–10 nm) plasma
membrane.  This vital partition, which controls the
flow of materials into and out of a cell and which
senses and controls the response of cells to hor-
mones and other external signals, consists largely of
phospholipids together with embedded proteins.  The
nonpolar chains of the phospholipids stick together to
form a double molecular layer or bilayer which provides
the basic structure of almost all biological membranes.

Phospholipids, together with other natural materials
that have a high solubility in apolar solvents or are
structurally related to compounds with such solubility
properties, are classified as lipids.  The most abundant
lipids are the fats, compounds that are stored by animals
and by many plants as an energy reserve (Fig. 8-1).
Other lipids form the outer cuticle of plants and yet
others serve as protective coatings on feathers and
hair.  Vitamins A, D, K, and E and ubiquinone are all
lipids as are a variety of hormones and such light-
absorbing plant pigments as the chlorophylls and
carotenoids.  Many of these compounds are dissolved
in or partially embedded in the plasma membrane of
bacteria or in the mitochondrial and chloroplast mem-
branes of higher organisms.  Membranes serve many
purposes.  The most obvious is to divide space into
compartments.  Thus, the plasma membrane forms cell
boundaries and mitochondrial membranes separate
the enzymes and metabolites of mitochondria from
those of the cytosol.  Membranes are semipermeable
and regulate the penetration into cells and organelles
of both ionic and nonionic substances.  Many of these
materials are brought into the cell against a concentra-
tion gradient.  Hence, osmotic work must be done in a
process known as active transport.  Many enzymes,

Figure 8-1  Electron micrograph of a thin section of a fat
storage cell or adipocyte.  L, the single large fat droplet; N,
nucleus; M, mitochondria; En, endothelium of a capillary
containing an erythrocyte (E); CT, connective tissue ground
substance which contains collagen fibers (Co) and fibroblasts
(F).  The basement membranes (BM) surrounding the endo-
thelium and the fat cell are also marked.  From Porter and
Bonneville.6  Courtesy of Mary Bonneville.
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including those responsible for most of the oxidative
metabolism of cells, are found in membranes of bacteria
and of mitochondria.  Within the chloroplasts of green
leaves, highly folded membranes containing chlorophyll
absorb energy from the sunlight.  Thin membranes
contain the photoreceptor proteins that function in
vision.  Electrical impulses are transmitted along the
membranes of nerve cells.

The outer surfaces of membranes are designed to
interact with the cell’s external world.  Special receptors
sense the presence of hormones.  Binding proteins
await the arrival of needed nutrients and help to bring
them into cells.  Highly individual arrangements of
protein and of the carbohydrate “fuzz” of glycoproteins
and sphingolipids screen the outer surface, helping to
prevent attack by foreign bacteria, viruses, and toxins.

A.  Lipid Structures

Unlike proteins, polysaccharides, and nucleic acids,
most lipids are not polymers.  However, they are made
by linking together smaller molecules.1–5  Among the
“building blocks” of lipids are fatty acids, glycerol,
phosphoric acid, and sugars.  Many lipids have
both polar and nonpolar regions.  This gives them an
amphipathic character, i.e., a tendency toward both
hydrophobic and hydrophilic behavior, and accounts
for their tendency to aggregate into membranous
structures.  Notice that in the following structure the
carbon atoms of glycerol have been numbered 1 to 3.
Although glycerol is not chiral, the positioning of the
two hydroxymethyl groups is not equivalent.  If the
priority, used in the RS system (page 42) for the C-1
group is raised (e.g., by ester formation) to be higher
than that for the C-3 group, the molecule would have
the S configuration.  The C-1 group is said to be pro-S
and the C-3 group pro-R.  According to the stereo-
chemical numbering (sn) system, which is discussed
further in Chapter 9, the carbon in the pro-S position
is numbered 1.

1.  Fatty Acids, Fatty Alcohols, and Hydrocarbons

The names and structures of some fatty acids are
summarized in Table 8-1.  Notice that these acids have
straight carbon chains and may contain one or more
double bonds.  Except for the smallest members of
the series, which are soluble in water, fatty acids are
strongly hydrophobic.  However, they are all acids
with pKa values in water of ~4.8.  To the extent that
free fatty acids occur in nature, they are likely to be
found in interfaces between lipid and water with the
carboxyl groups dissociated and protruding into the
water.  However, most naturally occurring fatty acids

a The number of carbon atoms is given first, then the number of
double bonds.  The positions of the lowest numbered carbon of
each double bond and whether the configuration is cis (c) or trans
(t) are indicated in parentheses.

b Official IUPAC names of these and other acyl groups have been
designated by the Commission of the Nomenclature of Organic
Chemistry in Pure and Applied Chemistry 10, 111 – 125 (1965).  In
a number of cases IUPAC inserted an o in the traditional name,
e.g., palmityl became palmitoyl and crotonyl became crotonoyl.
However, acetyl was not changed.  In many cases the systematic
names, e.g., hexadecanoyl (from hexadecanoic acid), are preferable
and IUPAC–IUB recommends that alkyl radicals always be designated
by systematic names, e.g., hexadecyl, not palmityl alcohol.  The
older use of palmityl for both acyl and alkyl radicals was one
reason for IUPAC’s adoption of new names for acyl radicals.

c Systematic names are not often used because of their complexity,
e.g., linolenic acid is cis,cis,cis-9,12,15-octadecatrienoic acid.

Saturated fatty acids

1 Methanoic Formic Formyl
2 Ethanoic Acetic Acetyl
3 Propanoic Propionic Propionyl
4 Butanoic Butyric 4:0 Butyryl

12 Dodecanoic Lauric 12:0 Lauroylb

14 Tetradecanoic Myristic 14:0 Myristoyl
16 Hexadecanoic Palmitic 16:0 Palmitoyl
18 Octadecanoic Stearic 18:0 Stearoyl
20 Eicosanoic Arachidic 20:0
22 Docosanoic Behenic 22:0
24 Tetracosanoic Lignoceric 24:0

Unsaturated fatty acidsc

4 Crotonic 4:1(2t) Crotonoyl
16 Palmitoleic 16:1(9c)
18 Oleic 18:1(9c) Oleoyl
18 Vaccenic 18:1(11c)
18 Linoleic 18:2(9c,12c)
18 Conjugated 18:2(9c,11t)

linoleic
18 Linolenic 18:3(9c,12c,15c)
20 Arachidonic 20:4(5c,8c,11c,14c)

TABLE 8-1
Some Important Fatty Acids

No. carbon Systematic Common Common name
atoms name name Abbreviationa of acyl group

Stearic acid, 18 carbon atoms, major
component of animal triacylglycerols

C
CH3

O

HO

C
CH2OH

CH2OH

HO

H

pro-S group
1

2

3

Labeled by the stereochemical
numbering (sn) system

A fatty acid

Glycerol
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Like plants, animals contain palmitic and oleic
acids.  In addition, large amounts of stearic acid and
small amounts of the C20, C22, and C24 acids are also
present.  Phospholipids of photoreceptor membranes
of the retina contain fatty acid chains as long as C36.7

The variety of fatty acids found in animals is greater
than in a given plant species.  A large fraction of the
fatty acids present in most higher organisms are unsat-
urated and contain strictly cis double bonds.  Table 8-2
shows the fatty acid composition of some typical
triacylglycerol mixtures.

are esterified or combined via amide linkages in com-
plex lipids.  For example, ordinary fats are largely the
fatty acid esters of glycerol called triacylglycerols
(triglycerides).

There is a seemingly endless variety of fatty acids,
but only a few of them predominate in any single
organism.  Most fatty acid chains contain an even
number of carbon atoms.  In higher plants the C16
palmitic acid and the C18 unsaturated oleic and
linoleic acids predominate.  The C18 saturated stearic
acid is almost absent from plants and C20 to C24 acids
are rarely present except in the outer cuticle of leaves.
Certain plants contain unusual fatty acids which may
be characteristic of a taxonomic group.  For example,
the Compositae (daisy family) contain acetylenic fatty
acids and the castor bean contains the hydroxy fatty
acid ricinoleic acid.

Bacteria usually lack polyunsaturated fatty acids
but often contain branched fatty acids, cyclopropane-
containing acids, hydroxy fatty acids, and unesterified
fatty acids.  Mycobacteria, including the human patho-
gen Mycobacterium tuberculosis, contain mycolic acids.
In these compounds the complex grouping R contains
a variety of functional groups including –OH, –OCH3,

HO
C

C

O

HO

H

H

CH2

CC

HO

O
C

OHH

R

O

H

Branched fatty acids of the anteiso series have a branch here
and a 5-carbon “starter piece” derived from isoleucine

Branched fatty acids of the iso series
contain a 5-carbon “starter piece” derived
from leucine or a 4-carbon piece derived from valine

A major fatty acid of lactobacilli

C22 or C24 alkyl group

A complex chain of about 60 carbon atoms
with a variety of functional groups (see text)

A mycolic acid

Lactobacillic acid

Branched fatty acids

C=O, –COOH, cyclopropane rings, methyl branches,
and C=C bonds.  Each species of Mycobacterium contains
about two dozen different mycolic acids9,10 as well as
other complex C30–C56 fatty acids (see Eq. 21-5).11

Certain polyunsaturated fatty acids are essential
in the human diet (see Box 21-B).  One of these,
arachidonic acid (which may be formed from dietary
linoleic acid), serves as a precursor for the formation
of the hormones known as prostaglandins and a series
of related prostanoids.  Lipids of animal origin also

TABLE 8-2
Fatty Acid Composition (in %) of Some Typical
Fats and Oilsa

No. of carbon atoms and (following colon)
the number of double bonds

Fats and oils 14 16 18 16:1 18:1 18:2

Human depot fat 3 23 4 8 45 10
Beef tallow 4 30 25 5 36 1
Corn oil 13 2 31 54
Lard 1 28 15 3 42 9

a From Gunstone.8
 One of a family of hormones, this one is

synthesized in tissues from arachidonic acid

COOH

O
H

H H
HO

H OH

Prostaglandin PGE2

Accounts for 60% of the fatty acids in seeds of
Crepis foetida, a member of the compositae family

C
C C

O

HO

Crepenynic acid 18:2 (9c, 12a)

Ricinoleic acid (12-hydroxyoleic acid)

C

O

HO

HO H

Accounts for up to 90% of the fatty acids of Ricinus communis (castor bean)

COOH

A nutritionally essential fatty acid (Box 21-A)
is shown here in a folded conformation

Arachidonic acid
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contain unusual unsaturated fatty acids.  Among
them, conjugated linoleic acids are receiving atten-
tion for their possible cancer-preventive action.  The
predominant form in meats, dairy products, and the
human body is the C18 9-cis, 11-trans isomer whose
two double bonds are conjugated.11a

Other lipid components include the fatty alcohols
which are formed by reduction of the acids.  These are
esterified with fatty acids to form waxes.  Both fatty
alcohols and free fatty acids occur in waxes together
with the esterified forms.  These mixtures are found
on exterior surfaces of plants and animals.  Plants
and, to a limited extent, animals are able to decarboxy-
late fatty acids in a multistep process to alkanes and
these too are important constituents of some waxes.
Small amounts of fatty acid amides such as cis-9,10-
octadecenoamide are present in low concentrations in

the cerebrospinal fluid of cats and rats as well as humans.
This compound accumulates in cats that are deprived
of sleep.  When the synthetic compound was injected
into rats they fell into apparently normal sleep.12

Insects make unsaturated as well as saturated hydro-
carbons.  The former as well as long-chain alcohols and
their esters often form the volatile pheromones with
which insects communicate.  Thus, the female pink
bollworm attracts a male with a sex pheromone con-
sisting of a mixture of the cis,cis and cis,trans isomers
of 7,11-hexadecadienyl acetate,13 and European corn
borer males are attracted across the cornfields of Iowa
by cis-11-tetradecenyl acetate.14  Addition of a little of
the trans isomer makes the latter sex attractant much
more powerful.  Since more than one species uses the
same attractant, it is possible that the males can distin-
guish between different ratios of isomers or of mixtures
of closely related substances.

2.  Acylglycerols, Ether Lipids, and Waxes

The components of complex lipids are linked in a
variety of ways.  Often, glycerol acts as the central unit,

e.g., combining in ester linkage with three fatty acids to
form triacylglycerols (triglycerides), the common fats
of adipose tissues and plant oils.  Diacyl- and monoacyl-
glycerols (diglycerides, and monoglycerides) are

present to a lesser extent.  In addition, small amounts
of alkyl ethers or alkenyl ethers are often present in
isolated lipids.  They are especially abundant in fish
liver oils.

These ether lipids are all chiral molecules with an R
configuration but are derivatives of the nonchiral
glycerol.  The carbon atoms of glycerol are numbered
using the stereochemical system which is described
on p. 470.  The ether linkage is to the sn-1 carbon atom.
Most phospholipids are derivatives of the sn-3 phosphate
ester of glycerol.

Triacylglycerols and the ether lipids described in
the previous section are classified as neutral lipids.
Other neutral lipids are alcohols, waxes, aldehydes,
and hydrocarbons derived from fatty acids.  These
sometimes have specific biological functions.  For exam-
ple, fatty aldehydes are important in the biolumines-
cence of bacteria (Eq. 23-47).

3.  Phospholipids

As major constituents of biological membranes,
phospholipids play a key role in all living cells.
The two principal groups of phospholipids are the

1-Alkyl-2,3-diacyl-sn-glycerol, an alkyl ether lipid
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glycerophospholipids (glycero-
phosphatides; Fig. 8-2) which con-
tain the alcohol glycerol and the
sphingophospholipids which
contain the alcohol sphingosine
(Section 5).  The glycerophospho-
lipids can be thought of as arising
from the building blocks glycerol,
fatty acids, the dihydrogen phos-
phate ion H2PO4

–, and the appro-
priate alcohol by removal of four
molecules of water (Eq. 8-1).  They
are derivatives of sn-glycerol-3-
phosphate.  Esterification of this
alcohol with two fatty acids gives
a phosphatidic acid (Fig. 8-2).
Formation of a phosphate diester
linkage to one of the alcohols

choline, serine, or ethanolamine
yields a glycerophospholipid.
The resulting three groups
of phospholipids are called 
phosphatidylcholine (lecithin),
phosphatidylserine, and 
phosphatidylethanolamine,
respectively (Fig. 8-2).

The phosphate and choline,
ethanolamine, or serine portions
of the phosphatide are electrically
charged and provide a polar “head”
for the molecule.  In all three cases
the positively charged group is
able to fold back and form an ion
pair with the negatively charged
phosphate group.  However, the
methyl groups surrounding the
nitrogen in phosphatidylcholine
prevent a very close approach and
with phosphatidylserine the adja-
cent carboxylate group weakens
this electrostatic interaction.  Un-
like the triacylglycerols, most of
which are liquid at body tempera-
ture, phospholipids are solid at
this temperature.  This property,
like the ionic properties of the
phosphatides, is doubtless related
to their suitability for functioning
in biological membranes.

(8-1)A phosphatidylcholine (lecithin).

A. Lipid Structures

Figure 8-2  Structures of some phosphatides (glycerophospholipids).
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of all eukaryotes and have a specific role in regulating
responses of cells to hormones and other external
agents.  See Chapter 11 for details.  Phosphatidylinositol
also forms part of “anchors” used to hold certain proteins
onto membrane surfaces (see Fig. 8-13).

Bacteria and plants often make the anionic 
phosphatidyglycerol in which the second glycerol is
esterified at its sn-1 position with the phosphate.  Bacteria,
as well as mitochondria, contain diphosphatidylglycerol
(cardiolipin) in which phosphatidyl groups are attached
at both the 1 and 3 positions of glycerol (Fig. 8-2).
Ether phospholipids, analogous to the ether lipids
described in Section 2, are also widely distributed.  The
alkenyl ether analogs of phosphatidylcholine (Fig. 8-2)
are called plasmalogens.17  In neutrophils the 1-O-alkyl
ethers contain the major share of the cell’s arachidonic
acid, which is esterified in the 2 position.18,19

In halophilic (salt loving), thermophilic, and meth-
anogenic bacteria, most of the lipids present are either

Part of the immune response consists of the
release from stimulated neutrophils, macrophages,
and other cells of a platelet activating factor
(PAF), a material that “activates” blood platelets.
Activated platelets aggregate, a response that ini-
tiates clot formation.  They may also be lysed and
release stored substances that include platelet-
derived growth factors (see Chapter 11) and fibrin
stabilizing factor, a proenzyme that is converted to
the protein-crosslinking enzyme transglutaminase
(Eq. 2-17).  See Fig. 12-17.  However, the principal
interest in the platelet-activating factor has arisen
from its powerful effect in inducing inflammation

BOX 8-A  THE PLATELET-ACTIVATING FACTOR

in surrounding tissues.
PAF has been identified as the following simple

ether phospholipid:a–d

A remarkably potent compound, its effects on plate-
lets are observed at concentrations of 10–11 to 10–10

M.  Both lyso-PAF and the glycero-1- phosphocho-
line enantiomer are inactive.  Specific receptors for
this factor are evidently present on platelet surfaces.e–g

One effect of PAF on platelets is to induce a
rapid (5–10s) cleavage of phosphatidylinositol
4,5-bisphosphate by phospholipase C to give diacyl-
glycerol and inositol 1,4,5-trisphosphate.  The
subsequent effects of these two substances in causing
a rapid influx of Ca2+ and in inducing a series of
secondary responses are outlined in Fig. 11-9.  Among
these responses are the release of the materials
stored in the platelet’s granules.  PAF also appears
to inhibit adenylate cyclaseb and causes vasodila-
tion, a property not expected for a compound that
stimulates clotting.  Receptors for PAF are also
present in the brain, where this phosholipid may
function in regulation of development.h

Lecithins and related phospholipids usually con-
tain a saturated fatty acid in the C-1 position but an
unsaturated acid, which may contain from one to
four double bonds, at C-2.  Arachidonic acid is often
present here.  Hydrolysis of the ester linkage at C-2
yields a 1-acyl-3-phosphoglycerol, better known as a
lysophosphatidylcholine.  The name comes from the
powerful detergent action of these substances which
leads to lysis of cells.  Some snake venoms contain
phospholipases that form lysophosphatidylcholine.
Lysophosphatidic acid (1-acyl-glycerol-3-phosphate)
is both an intermediate in phospholipid biosynthesis
(Chapter 21) and also a signaling molecule released
into the bloodstream by activated platelets.15

Another group of phosphatides contain the
hexahydroxycyclohexane known as inositol (Fig. 8-2,
see also Chapter 21).16  Phosphatidylinositol, as well
as smaller amounts of phosphatides derived from
phosphate esters of inositol are present in membranes

Scanning EM of
activated blood
platelets.
© Quest, Photo
Researchers

Transmission EM
of thin section through
activated blood platelets.
© Photo Researchers
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Many other phospholipids are present in small
amounts or in a limited number of species.  These
include phosphonolipids, which contain a C–P bond
and are abundant in ciliate protozoa such as Tetrahymena
and in some other invertebrates.26  Phosphonoethyl-
amine replaces phosphoethanolamine in these lipids.
A consequence of this structural alteration is a high

degree of resistance to the action of the enzyme phos-
pholipase C.  The phosphonolipids of the external
membrane of Tetrahymena are also ether lipids with an
alkoxy group in the sn-1 position.  This makes them

phospholipids and glycolipids containing the C20
isoprenoid phytanyl group or the C40 diphytanyl
group20– 25 (see also Section 4), related isoprenoid
alcohols, or long-chain 1,2-diols.25  An example of a
diphytanylglycerophospholipid is the following:

A. Lipid Structures

BOX 8-A  (continued)

Stimulated platelets release arachidonic acid
rapidly from their phospholipids, apparently as
a result of activation of phospholipase A2.  The
released arachidonate can in turn be metabolized
to endoperoxides and thromboxane A2 (Chapter 21).
These compounds are also potent activators of
platelets and cause a self-activating or autocrine
effect.i,j  While PAF has a beneficial function, it can
under some conditions contribute in a dangerous way
to inflammation and to allergic responses including
anaphylaxis,j asthmag and cold-induced urticaria.k

Although the effect of PAF is separate from those of
histamine and of leukotrienes, these agents may act
cooperatively to induce inflammation.l

The biosynthesis of PAF is discussed in Chapter
21, Section C.  One pathway is deacylation at the
glycerol C-2 of a longer chain alkyl phospholipid
followed by acetylation at the same position.m,n

a Cusack, N. J. (1980) Nature (London) 285, 193
b Hanahan, D. J. (1986) Ann. Rev. Biochem. 55, 483 – 509
c Prescott, S. M., Zimmerman, G. A., and McIntyre, T. M. (1990) J.

Biol. Chem. 265, 17381– 17384
d Winslow, C. M., and Lee, M. L., eds. (1987) New Horizons in

Platelet Activating Factor Research, Wiley, New York
e Hwang, S.-B., Lam, M.-H., and Pong, S.-S. (1986) J. Biol. Chem.

261, 532 – 537
f Ishii, I., Izumi, T., Tsukamoto, H., Umeyama, H., Ui, M., and

Shimizu, T. (1997) J. Biol. Chem. 272, 7846 – 7854
g Bazan, N. G. (1995) Nature (London) 374, 501– 502
h Hattori, M., Adachi, H., Aoki, J., Tsujimoto, M., Arai, H., and

Inoue, K. (1995) J. Biol. Chem. 270, 31345 – 31352
i Bussolino, F., Sironi, M., Bocchietto, E., and Mantovani, A.

(1992) J. Biol. Chem. 267, 14598 – 14603
j Darius, H., Lefer, D. J., Smith, J. B., and Leefer, A. M. (1986)

Science 232, 58 – 60
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k Grandel, K. E., Farr, R. S., Wanderer, A. A., Eisenstadt, T. C.,
and Wasserman, S. I. (1985) N. Engl. J. Med. 313, 405 – 409

l Tomeo, A. C., Egan, R. W., and Durán, W. N. (1991) FASEB J. 5,
2850– 2855

m Billah, M. M., Eckel, S., Myers, R. F., and Siegel, M. I. (1986)
J. Biol. Chem. 261, 5824 – 5831

n Lee, T.-c, Ou, M.-c, Shinozaki, K., Malone, B., and Snyder, F.
(1996) J. Biol. Chem. 271, 209 – 217

o Stafforini, D. M., McIntyre, T. M., Zimmerman, G. A., and
Prescott, S. M. (1997) J. Biol. Chem. 272, 17895 – 17898

p Miwa, M., Hill, C., Kumar, R., Sugatan, J., Olson, M. S., and
Hanahan, D. J. (1987) J. Biol. Chem. 262, 527– 530

q Hwang, S.-B., Lam, M.-H., Biftu, T., Beattie, T. R., and Shen, T.-Y.
(1985) J. Biol. Chem. 260, 15639 – 15645

Platelets can inactivate PAF by the inverse sequence:
deacetylation followed by acylation with arachidonic
acid.  PAF can also be hydrolyzed by a PAF acetylhydro-
lase, a phospholipase.o  Absence of this enzyme in the
brain may be related to a human brain malformation.h

Some tissues may contain a lipid that inhibits binding
of PAF.p  The following compound from a Chinese herb
binds to PAF receptors and may be the forerunner of
useful drugs.q
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BOX 8-B  DIPALMITOYLPHOSPHATIDYLCHOLINE AND THE SURFACTANT SYSTEM OF THE LUNGS

When air is exhaled the small alveoli of the
lungs could collapse if it were not for the surface
active material (surfactant) present in the fluid that
coats the lungs.a– e  In fact, the lack of adequate
surfactant is the cause of respiratory distress
syndrome, a major cause of death among prema-
ture infants and a disease that may develop in
acute form in adults.  The surfactant material
forms a thin film of high fluidity at the air– liquid
interface and lowers the surface tension from the
72 mN/m of pure water to <10 mN/m.f,g  (Pay
attention to the definition of surface tension.h)
About 65% by weight of the surfactant is lecithin,
mostly dipalmitoylphosphatidylcholine (see Fig.
8-4), a phospholipid resistant to attack by oxygen.
Phosphatidylglycerol, in an unusually high concen-
tration, accounts for ~ 12% of the human surfactant.
Other phospholipids, plasmalogen,i cholesterol,
proteins, and calcium ions are also present.

The surfactant contains four unique proteins,
designated SP-A, SP-B, SP-C, and SP-D.c,e  The major
protein (SP-A) is a sialic acid-rich glycoprotein
derived from a 26-kDa peptide, which contains a
short collagen-like domain.e,j,k  Like collagen, this
domain contains glycosylated hydroxyproline.
The C-terminal domain is a Ca2+-dependent C-type
lectin (Chapter 4), while the N-terminal domain is
involved in oligomer formation through disulfide
bridges.  The overall structure is similar to that of
the complement protein C1q (Chapter 31).e,j  Protein
D is also collagen-likel but evidently plays a very
different functional role than SP-A.  The latter asso-
ciates with the major surfactant lipids but SP-D does
not.  It does bind phosphatidylinositolm and gluco-
sylceramide, lipids that are present in small amounts.
Perhaps SP-D helps to remove these polar lipids
which might interfere with surfactant action.e  Both
proteins A and D may also have functions in the
immune system.l

Proteins SP-B and SP-C are small extremely
hydrophobic polypeptides consisting of 79 and
35 amino acid residues, respectively.n,o  Aliphatic
branched amino acids constitute 23 of the 35 residues
of the C-terminal part of protein C, which is also
palmitoylated on two cysteine residues.  SP-B is
formed from a large 381-residue precursor.  The
mature protein contains seven cysteines and disulfide
bridges.  Both proteins have major effects on the
properties of the surfactant mixture.  They promote
rapid reorganization of lipid layers, an important
consideration for the functioning of the surfactant.
Infants lacking SP-B suffer severe respiratory failure
with high mortality.e

The properties of the surfactant allow for rapid
formation of a large area of lipid monolayer–air
interface.  The low surface tension and the ability
to rapidly spread the mixture of lipids and proteins
are essential.o  At the end of the expiration stage of
breathing the surfactant is present in the interface as
a strong, tightly packed monolayer whose properties
reflect the rigidity of the dipalmitoylphosphatidyl-
choline.  The excess surfactant in the alveolar fluid
forms liposome-like bilayer structures and also
associates with proteins and calcium ions to form a
lattice-like material called tubular myelin.  Lipid
in this form must be transferred rapidly into the air
–liquid interface during inspiration.p  The ability of
phospholipids to pass through a hexagonal phase
(Fig. 8-12) may also be important for this transition.q,r

One enzyme present in the surfactant fluid is an
acid phosphatase able to hydrolyze phosphatidyl-
glycerol phosphate, perhaps functioning in the final
step of biosynthesis of the phosphatidylglycerol
present in the surfactant.c  Study of the action of the
natural lung surfactant has led to development of
artificial surfactant mixtures that are being used
effectively to save many lives.d

a Rooney, S. A. (1979) Trends Biochem. Sci. 4, 189 –191
b Persson, A., Chang, D., Rust, K., Moxley, M., Longmore, W.,

and Crouch, E. (1989) Biochemistry 28, 6361– 6367
c Rooney, S. A., Young, S. L., and Mendelson, C. R. (1994) FASEB J.

8, 957 – 967
d Jobe, A. H. (1993) N. Engl. J. Med. 328, 861 – 868
e Kuroki, Y., and Voelkers, D. R. (1994) J. Biol. Chem. 269, 25943–

25946
f Shiffer, K., Hawgood, S., Haagsman, H. P., Benson, B., Clements,

J. A., and Goerke, J. (1993) Biochemistry 32, 590 – 597
g Pastrana-Rios, B., Flach, C. R., Brauner, J. W., Mautone, A. J.,

and Mendelsohn, R. (1994) Biochemistry 33, 5121– 5127
h Bangham, A. D. (1992) Nature (London) 359, 110
i Rana, F. R., Harwood, J. S., Mautone, A. J., and Dluhy, R. A.

(1993) Biochemistry 32, 27 –31
j McCormack, F. X., Calvert, H. M., Watson, P. A., Smith, D. L.,

Mason, R. J., and Voelker, D. R. (1994) J. Biol. Chem. 269, 5833–
5841

k Taneva, S., McEachren, T., Stewart, J., and Keough, K. M. W.
(1995) Biochemistry 34, 10279 –10289

l Crouch, E., Persson, A., Chang, D., and Heuser, J. (1994) J. Biol.
Chem. 269, 17311– 17319

m Ogasawara, Y., Kuroki, Y., and Akino, T. (1992) J. Biol. Chem.
267, 21244– 21249

n Korimilli, A., Gonzales, L. W., and Guttentag, S. H. (2000) J.
Biol. Chem. 275, 8672 –  8679

o Pastrana, B., Mautone, A. J., and Mendelsohn, R. (1991)
Biochemistry 30, 10058– 10064

p Lipp, M. M., Lee, K. Y. C., Zasadzinski, J. A., and Waring, A. J.
(1996) Science 273, 1196– 1199

q Perkins, W. R., Dause, R. B., Parente, R. A., Minchey, S. R.,
Neuman, K. C., Gruner, S. M., Taraschi, T. F., and Janoff, A. S.
(1996) Science 273, 330 –332

r Discher, B. M., Maloney, K. M., Grainger, D. W., Sousa, C. A.,
and Hall, S. B. (1999) Biochemistry 38, 374 – 383
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The plasma membrane of mammalian male germ cells
contains the following sulfogalactosylglycerolipid.
It is found only in spermatozoa and testes, in which it
accounts for 5 – 8% of total lipid, and in the brain, in
which it accounts for only 0.2% of total lipid.31

A variety of acylated glucolipids and
phosphoglucolipids, including monoglucosyl
and diglucosyl diacylglycerols, have been
identified in membranes of the cell-wall-less
bacterium Acholeplasma laidlawii.32,32a  The
following glycolipid from the methanogen
Methanosarcina33 is identical to the core
structure of eukaryotic glycosylphospha-
tidylinositol membrane protein anchors
(Fig. 8-13).

In addition to the previously mentioned phytanyl ether
phospholipids, methanogens contain diphytanyl
tetraether lipids that are both glycerophospholipids
and glycolipids.
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resistant to phospholipase A1 as well.  These two pro-
perties appear to protect the naked cell membranes of
the protozoa from their own phospholipases which
may be secreted into the environment.26  Marine algae
form an arsenic-containing phospholipid O-phospha-
tidyltrimethylarsonium lactic acid.27

They apparently do this as part of a scheme for detoxi-
fying arsenate taken up with phosphate from the
phosphate-poor ocean water.

4.  Glycolipids

The polar heads of the glycoglycerolipids lack
phospho groups but contain sugars in glycosidic link-
age.28  Large amounts of the galactolipids shown in the
following structure are found in chloroplasts.29   The
monogalactosyl diacylglycerol is said to be the most
abundant polar lipid in nature.

Marine algae as well as aquatic higher plants accumu-
late arsenophospholipids.30
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5.  Sphingolipids

The backbone of the sphingolipids is the basic alco-
hol sphingosine (sphingenine) or a related long chain
base.  At least 60 such bases have been identified.34,35

They vary in chain length from C14 to C22 and include
members of the branched iso and anteiso series.  Up
to two double bonds may be present.  Sphingosine
contains 18 carbon atoms and is formed from palmitic
acid and serine (Fig. 21-6).  An intermediate in the
formation of sphingosine is the saturated sphinganine
(dihydrosphingosine), which is also a common com-
ponent of animal sphingolipids.  Hydroxylation of
sphinganine to phytosphingosine occurs in both plants
and animals, especially within glycolipids.  The name
comes from the fact that phytosphingosine was first
discovered in plants.

Sphingosine-containing lipids are classified as
sphingophospholipids (sphingomyelins) and 
sphingoglycolipids.  In both cases the sphingosine is
combined in amide linkage with a fatty acid to form a
ceramide (Fig. 8-3) which still contains a free hydroxyl
group able to combine with another component.  In the
sphingomyelins, which were first isolated from human
brain by Thudicum in 1884, the additional component
is usually phosphocholine (Fig. 8-3).  Ceramide amino-
ethylphosphonates and related glycolipids occur in
some invertebrates.36,37

The cerebrosides are glycosides of ceramide
containing galactose or glucose.  They are found in
relatively large amounts in the brain where monoga-
lactosylceramide predominates.  Cerebrosides also
occur in other animal tissues and to a lesser extent in
plants.  Many glycosphingolipids contain oligosaccha-
rides of various sizes.  When the oligosaccharide
contains one or more residues of sialic acid the com-
pound is known as a ganglioside.38  Sialic acids are
never found in plants.  However, plants and fungi
contain phytoglycolipids, which resemble ganglio-
sides.  Some contain inositol phosphates as well as
sugars.39 – 41  The structures of gangliosides may be very
complex.  Like glycoproteins, these substances are often
located at the outer surface of cells where they may act
as receptors for toxins, viruses, and hormones (see
Section D).42  Some of them carry attached blood
group antigens (Box 4-C).43,44  The sulfate esters of
cerebrosides, known as sulfatides (Fig. 8-3), are also
important components of membranes.45

Gliding bacteria such as Capnocytophaga contain
sulfonolipids:46
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These are analogs of the ceramides.  The sulfono-
lipids seem to be necessary for the gliding movement
of these bacteria across solid surfaces.47

6.  Sterols and Other Isoprenoid Lipids

A large group of isoprenoid lipids, including
sterols, terpenes, and carotenoid compounds, are
often present in membranes or in extracted lipids.
Among these are the fat-soluble vitamins A, D, E, and
K and the high polymers rubber and gutta-percha.

Figure 8-3  Structures of some sphingolipids.
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The phytyl group of chlorophyll (Fig. 23-30), the phy-
tanyl and diphytanyl groups of the lipids of methano-
gens, and the side chain of the pigment heme a (Fig.
16-5) are all related and are all derived from the pre-
cursor prenyl pyrophosphate (isopentenyl diphos-
phate).  The whole group of compounds are often
referred to as polyprenyl or by the older designation
isoprenoid.  The major discussion of polyprenyl
compounds is found in Chapter 22 but the role of
cholesterol and related compounds in membranes and
the function of polyprenyl groups as membrane anchors
for some proteins will be considered in this chapter.
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B.  Membranes

In Chapter 7 we examined ways in which protein
subunits can be stacked to form helices and closed
oligomers.  Another important arrangement of cell
constituents is that of flat sheets or membranes.48– 54

Chemists, physicists, and biologists have mounted a
sustained effort to understand these thin but remark-
ably tough outer surfaces of cells.  However, consider
the fact that a 7 - to10-nm-thick plasma membrane of a
cell of 10-µm diameter has less than 1/ 1000 the thick-
ness of the cell and occupies only 0.5% of the total
volume.  The technical difficulties in studying such a
membrane are great and are compounded by the fact
that a cell contains more than one kind of membrane.

Membranes from many sources have been studied.
One of these is myelin, the multilayered insulation
that surrounds the axons of many nerve cells.55– 57

Myelin is derived from the plasma membrane of
Schwann cells which lie adjacent to many neurons.
Schwann cells literally wrap themselves around neu-
ronal axons.  Their cytoplasm is squeezed out leaving
little but tightly packed membrane layers.  Myelin
membranes are the most stable known and also have
the highest lipid content (80%).  Another readily avail-
able experimental material is the plasma membrane
of the human red bood cell, which can be prepared
by osmotic rupture of the cells.  The remaining
erythrocyte ghosts contain ~ 1% of the dry matter
of the cell and may have been studied more than any
other membrane.  A much investigated specialized
membrane is the outer portion of the visual receptor
cells known as rods (Chapter 23), which contains a
closely packed and regular array of flat discs, each one
consisting of a pair of membranes.  Both membranes
and cell walls of many kinds of bacteria have also been
investigated.

Prenyl diphosphate (pyro-
phosphate) (isopentenyl
pyrophosphate), precursor
of steroid,carotenoid, and
other isoprenoid substances Cholesterol, a sterol

β-Carotene, a yellow pigment
of carrots and other plants;
converted in the human body
to vitamin A.

Notice the center of symmetry
in this 40-carbon molecule
derived from 8 prenyl units
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1.  The Structure of Membranes

Membranes consist largely of protein and lipid.
The ratio (by weight) of protein to lipid varies from 0.25
in myelin to ~ 3.0 in bacterial membranes.  In mem-
branes of erythrocytes it is about 1.2 and a ratio of
about 1.0 may be regarded as typical for animal cells.
Small amounts of carbohydrates (< 5%) are present, as
are traces of RNA (< 0.1%).

In 1926, Gorter and Grendel calculated that the
erythrocyte ghost contained just enough lipid to form
a 3.0- to  4.0-nm-thick layer around the cell.  Apparently
they reached this correct conclusion only because their
measurements of pressures of surface films contained
compensating errors.58  Nevertheless, this information,
together with the known propensity of lipids to aggre-
gate in micelles in which the hydrocarbon “tails”
clustered together and the polar “heads” protruded
into the surrounding water,59 led Danielli and Davsen
in 1935 to propose the lipid bilayer structure for
membranes.60  Its essential features are indicated in
Fig. 8-4.  Hydrophobic bonding holds the extended
hydrocarbon chains together, while the polar groups
of the phospholipid molecules may interact with
proteins on the sides of the bilayer.  The original pro-
posal assumed an extended β structure for the proteins,
which would allow them to coat the bilayer uniformly
on both sides.  However, this is not correct.  Proteins
are sometimes embedded in the bilayer, sometimes
protrude through it, and sometimes are attached on
one surface, most often the cytoplasmic surface of
the plasma membrane.  These concepts were brought
together by Singer and Nicolson in 1972 in the fluid
mosaic model of membrane structure61 (Fig. 8-5).
The lipid bilayer still provides the basic structure upon
which the complex membranes of living organisms are
assembled.52,54,62– 65  The term “fluid” refers to the fact
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Figure 8-4 Bimolecular lipid layers and membranes. (Top)  A molecule
of phosphatidylcholine.  (Center)  Lipid bilayer structure.  (Bottom)
Bilayer structure as seen by the electron microscope with osmium
tetroxide staining.

Figure 8-5  The fluid mosaic model of Singer and Nicolson.61  Some
integral membrane proteins, which are shown as irregular solids, are
dissolved in the bilayer.  Transmembrane proteins protrude from both
sides.  One of these is pictured as a seven-helix protein, a common
type of receptor for hormones and for light absorption by visual pig-
ments.  Other proteins adhere to either the outer or the inner surface.
Many membrane proteins carry complex oligosaccharide groups which
protrude from the outer surface (Chapter 4).  A few of these are indicated
here as chains of sugar rings.

Figure 8-6  (A)  Molecular packing of 2,3-
dimyristoyl-D-glycero-1-phosphocholine dihy-
drate.  The two molecules in the asymmetric
unit are labeled 1 and 2.  The position of the
water molecules is indicated either by W1–W4
or by small open circles.  Hydrogen bonds are
represented by dotted lines.  From Pascher et
al.66  (B)  Two-dimensional “orthorhombic”
arrangement of hydrocarbon chains in a crystal-
line alkane.  The a– b plane corresponds  to the
plane of the bilayer surface; the long axes of the
acyl chains project from the page.  From Cameron
et al.67
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Figure 8-7   Atomic force microscope image of a dimyristoyl-
phosphatidylethanolamine bilayer deposited by the Langmuir
–Blodgett technique (see Fig. 8-8) at a specific molecular area
of 0.41 nm2 and a surface pressure of 40 mN/m on a freshly
cleaved mica substrate.  The images were taken under water.
The long, uniformly spaced rows are roughly 0.7– 0.9 nm in
spacing.  The modulation along the rows, with rounded
bright spots roughly every 0.5 nm, corresponds to the indi-
vidual headgroups of the phosphatidylethanolamine mole-
cules.  The lattice spacing is identical to that measured by
X-ray diffraction at the air–water interface.  The area per
molecule in the AFM image is ~ 0.4 nm2.  From Zasadzinski
et al.68

that at temperatures suitable for growth and metabo-
lism the hydrocarbon chains are not rigidly packed in
the center of the bilayer but are “molten” (see Section 2).
However, at a low enough temperature they become
rigid and pack together in a manner similar to that of
the chains in crystals of the phosphatidylcholine shown
in Fig. 8-6A.  These crystals consist of stacked  bilayers
of thickness 5.5 nm.66,69  The scanning tunneling and
atomic force microscopes have provided direct views
of a similar arrangement of side chains in a monomo-
lecular fatty acid layer68,70,71 (Fig. 8-7).  Measurements
on multilamellar vesicles of dipalmitoylphosphatidyl-
choline give bilayer thicknessess from 5.4 nm for dehy-
drated vesicles to 6.7 nm for the biologically relevant
fully hydrated bilayers.72

Lipids of membranes.  Approximately 1500
different lipids have been identified in the myelin of
the central nervous system of humans.  About 30 of
these are present in substantial amounts.73  The distri-
bution of the different lipids varies markedly between
membranes from different sources (Table 8-3) making
generalization difficult.  However, phospholipids are
apparently always present and, except in chloroplasts,
make up from 40% to over 90% of the total lipid (Table
8-3).

Five kinds of phospholipid predominate:  phospha-
tidylcholine, phosphatidylethanolamine, phosphatidyl-
serine, phosphatidylglycerols, and sphingomyelin.
Usually there are also small amounts of phosphatidyli-
nositol.  The major phospholipid in animal cells is
phosphatidylcholine, but in bacteria it is phosphati-
dylethanolamine.  The phospholipids of E. coli consist
of 80% phosphatidylethanolamine, 15% phosphati-
dylglycerol, and 5% diphosphatidylglycerol (cardio-
lipin).  Significant amounts of cardiolipin are found
only in bacteria and in the inner membrane of mito-
chondria.  Sphingomyelin is almost absent from mito-
chondria, endoplasmic reticulum, or nuclear membranes.

Glycolipids are important constituents of the
plasma membranes, of the endoplasmic reticulum,
and of chloroplasts.  The cerebrosides and their sulfate
esters, the sulfatides, are especially abundant in myelin.
In plant membranes, the predominant lipids are the
galactosyl diglycerides.29,74  The previously described
ether phospholipids (archaebacteria), ceramide amino-
ethylphosphonate (invertebrates), and sulfolipid
(chloroplasts) are also important membrane components.

 Cholesterol makes up 17% of myelin and is present
in plasma membranes.  However, it usually does not
occur in bacteria and is present only in trace amounts
in mitochondria.  Related sterols are present in plant
membranes.  Esters of sterols occur as transport forms
but are not found  in membranes.  Membrane bilayers,
likewise, contain little or no triacylglycerols, the latter
being found largely as droplets in the cytoplasm.

Quantitatively minor membrane components with
important biological functions include ubiquinone,
which is present in the inner mitochondrial membrane,
and the tocopherols.  Plant chloroplast membranes
contain chlorophyll, carotenes, and other lipid-soluble
pigments.

Liquid crystals, liposomes, and artificial mem-
branes.  Phospholipids dissolve in water to form true
solutions only at very low concentrations (~ 10–10 M for
distearoyl phosphatidylcholine).  At higher concentra-
tions they exist in liquid crystalline phases in which
the molecules are partially oriented.  Phosphatidylcho-
lines (lecithins) exist almost exclusively in a lamellar
(smectic) phase in which the molecules form bilayers.
In a warm phosphatidylcholine–water mixture con-
taining at least 30% water by weight the phospholipid
forms multilamellar vesicles, one lipid bilayer sur-
rounding another in an “onion skin” structure.  When
such vesicles are subjected to ultrasonic vibration they
break up, forming some very small vesicles of diameter
down to 25 nm which are surrounded by a single
bilayer.  These unilamellar vesicles are often used for
study of the properties of bilayers.  Vesicles of both
types are often called liposomes.75– 77

When liposomes are stained with osmium tetroxide
or potassium permanganate, embedded, and sectioned

0.5 nm
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for electron microscopy, their membranes show a
characteristic three layered structure similar to that
observed for biological membranes.  Two darkly
stained lines ~ 2 – 2.5 nm thick are separated by a clear
space ~ 2.5 – 3.5 nm wide in the center.  Both myelin
and the retinal rod outer segments show closely spaced
pairs of such membranes with a combined width of
18 nm.  These results seemed to support the original
Davsen–Danielli model.  However, many questions
must be raised about the interpretation of these results.
Why does OsO4 stain only the outer protein layer when
it is known to react also with double bonds of hydro-
carbon side chains of lipids to form osmate esters
which are readily reduced to a diol and osmium?77a-c,78

Membranes from which most of the lipid has been
extracted still stain with OsO4 to give three-layered
electron micrographs.  Perhaps little can be concluded
from the three-layered appearance.  We have learned
that it is difficult to determine even the thickness, let
alone the complete structure of an object that is only
6 – 10 nm thick.

Strong support for the lipid bilayer model comes
from the preparation of another type of artificial mem-

brane which can be made from a solution of phospha-
tidylcholine or of a mixture of phospholipids plus
cholesterol in a hydrocarbon solvent.  A droplet of
solution is placed on a small orifice in a plastic sheet,
separating two compartments filled with an aqueous
medium (Fig. 8-8).  The solution in the orifice quickly
drains, just as does a soap bubble, and the resulting
film eventually becomes so thin that the bright colors
disappear and a “black membrane” is formed.  Similar
membranes, but without a residual content of hydro-
carbon solvent, have been created by apposition of
two lipid monolayers formed at an air–water inter-
face.79,80  The thickness of such artificial membranes is
thought to be only 6 – 9 nm.  Resilient and self-sealing,
the membranes can be stained with OsO4 to give a
typical three-layered pattern.

B. Membranes

O

O

Os

O

O

O

O

O

Os

O

An osmate ester formed
from two unsaturated groups

Protein 22 59 60 76 75 48
Total lipid 78 41 40 24 25 52f

Phosphatidylcholine 7.5 13 6.9 8.8
Phosphatidylethanolamine 11.7 6.5 6.5 8.4 18
Phosphatidylserine 7.1 2.5 3.1
Phosphatidylinositol 0.6 0.4 0.3 0.75
Phosphatidylglycerol 4
Cardioliping 0.4 4.3 3
Sphingomyelin 6.4 0.5 6.5
Glycolipid 22.0 9.5 Trace Trace 23
Cholesterol 17.0 2.0 9.2 0.24
Total phospholipid 33 27 24 22.5 25 4.7
Phospholipid as a percentage 42 66 60 94 >90% 9
   of total lipid

TABLE 8-3
Estimated Chemical Compositions of Some Membranes

Percentage of total dry weight of membranea

a Dewey, M. M. and Barr, L. (1970) Curr. Top. Membr. Transp. 1, 6.
b Kaback, H. R. (1970) Curr. Top. Membr. Transp. 1, 35 – 99.
c Mizushima, S. and Yamada, H. (1975) Biochim. Biophys. Acta. 375, 44 – 53 .
d Yamato, I. Anraku, Y. and Hirosawa, H. (1975) J. Biochem. (Tokyo) 77, 705 – 718.  These investigators found 67% protein, 21% lipids, 10%

carbohydrate, and 2% RNA.
e Lichtenthaler, H. K. and Park, R. B. (1963) Nature (London) 198, 1070 –1072.
f About 14% is accounted for by chlorophyll, carotenoids, and quinones.e
g Diphosphatidylglycerol (Fig. 8 -2).
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The study of monolayers formed on a water sur-
face has also provided important information.  A thin
film of an amphiphilic (containing both polar and non-
polar groups) compound such as a fatty acid is prepared.
This is done by depositing a small quantity of the
compound dissolved in a volatile solvent on a clean
aqueous surface between the barriers of a Langmuir
trough (Fig. 8-8).81,82  The difference in surface tension
(π) across the barriers is measured with a suitable
device81 for different areas of the monolayer, i.e., for
different positions of the moveable barrier.  The value
of π is low for expanded monolayers and falls to nearly
zero when the surface is no longer completely covered.
The pressure reaches a plateau when a compact mono-
layer is formed, after which it rises again (Fig. 8-8B).
At very high values of π the monolayer collapses
(buckles).  Both the cross-sectional area per molecule
in the monolayer and the collapse pressure can be
determined.  For typical fatty acids, regardless of chain
length, the area covered is only ~ 0.2 nm2 per molecule
indicating that the fatty acid chains are stacked verti-
cally to the surface in the monolayer.  The collapse

Figure 8-8  (A)  The Langmuir–Adam film balance.  Ten-
sion on the moveable barrier is recorded for different areas
of the surface between the barriers.  This gives the surface
pressure π, which is the difference between the surface
tension (γo) of a clean aqueous surface and that of a spread
monolayer (γ): π = γo– γ.   Courtesy of Jones and Chapman.81

(B)  Surface pressure (π)– area per molecule isotherm for a
typical fatty acid (e.g., pentadecanoic acid C14H29CO2H) at
the aqueous – air interface.  From Knobler.81a
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pressure is higher for longer molecules as a result of the
greater number of van der Waals interaction between
the chains. Langmuir–Blodgett layers are prepared
by transferring one or more monolayers onto a smooth
solid surface (Fig. 8-7).82,83

Physical properties of membrane lipids.  A
completely extended C18 fatty acid chain as shown in
Fig. 8-4 has a length of ~ 2.0 nm and occupies, either in
crystals or in monolayers, when viewed “end-on,” an
area of ~ 0.2 nm2.  The hydrocarbon layer in a lipid
bilayer containing such chains would have a thickness
of about 4.0 nm;  that determined by X-ray diffraction
for myelin is ~ 3.5 nm.  However, for artificial black
membranes the thickness of the hydrocarbon layer can
be as little as 3.1 nm when all solvent is removed.84

These and many other results85 indicate that the hydro-
carbon chains are to some extent folded and that the
membrane is expanded over that expected according
to the simplest model.

Structure determinations on crystalline alkanes
confirm that the chains exist in a completely extended
conformation and that adjacent chains often pack
together in the orthorhombic arrangement shown in
Fig. 8-6B.  As the temperature of such crystals is raised
a series of solid–solid phase transitions is observed
below the melting point of the crystals.86  These can be
detected by changes in the infrared absorption spectrum
or by small amounts of heat absorption revealed by
differential scanning calorimetry (Fig. 8-9).  Each
new phase permits a greater degree of mobility for the
hydrocarbon chains.  Thus, at a high enough tempera-
ture but below the melting point, the chains are able
to rotate freely about their own axes in a so-called
hexagonal phase.  Now the chains are packed in a
hexagonal array instead of the orthorhombic array of
Fig. 8-6B.  At intermediate temperatures, some of the
chains may assume nonplanar conformations and
changes in the tilt of the hydrocarbon chains (Fig. 8-6)
may occur.

Similar phase transitions are observed for bilay-
ers.88– 90  For dipalmitoyl phosphatidylcholine the first
detectable subtransition91 is centered at a temperature
Ts of 18°C.  The second, known as the pretransition,
occurs at 35°C (Tp).  The structure below Ts may be
described as rigid or crystalline and that above Ts as
a gel in which the hydrocarbon side chains twist and
turn much more freely but in which the orthorhombic
packing is maintained.86  Above Tp the head groups
become disordered.  Although the orthorhombic pack-
ing of the tails may be maintained, there are several
distinct phases,92,93 including one or more in which the
gel is thought to assume a structure analogous to that
in the hexagonal phase of hydrocarbons.  At 41°C the
main transition occurs.
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Figure 8-9  Differential scanning calorimetric curves for 1-stearoyl-2-
linoleoyl-sn-glycerol.  (A)  Crystals of the compound grown from a hexane
solution were heated from –10° to 35°C at a rate of 5°C per minute and the
heat absorbed by the sample was recorded.  (B)  The molten lipid was
cooled from 35° to –10°C at a rate of  5° per minute and the heat evolved
was recorded as the lipid crystallized in the α phase and was then trans-
formed through two sub-α phases.  (C)  The solid was reheated.  From Di
and Small.87  Courtesy of Donald M. Small.
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This is a sharper transition with a well-defined melting
temperature designated Tm.  Above Tm the lipid is in
the lamellar liquid crystalline or Lα state.  The bilayer
continues to hold together, but the fatty acid chains
have melted and are now free to rotate and undergo
twisting movements more freely than at lower temper-
atures (Fig. 8-11).  The main transition is highly, but
not completely, cooperative.  Thus, the melting of the
membrane occurs over a range of several degrees.
The presence in biological membranes of a variety of

different components containing a variety of fatty acid
chains leads to a broadening of the melting range.

The behavior of bilayers is strongly influenced
by the lipid composition.  Phospholipids containing
saturated, long-chain fatty acids have high transition
temperatures.  The presence of unsaturated fatty acyl
groups with cis double bonds in membrane lipids
encourages folding of the hydrocarbon chains and
lowers Tm.  Even a single double bond lowers Tm, the
decrease being greatest when the double bond is near
the center of the chain.94– 96  While Tm for dipalmitoyl
phosphatidylcholine is 41°C, that of 1,2-dipalmitoyl
phosphatidyl-sn-glycerol, which lacks the phospho-
choline head group, is 70°C.  This falls to 11.6°C for
the polyunsaturated 1-stereoyl-2-linoleoyl-sn-glycerol,
whose melting curve is shown in Fig. 8-9.87  This lipid
also shows a complex phase behavior and a melting
point for the stable, crystalline β’ phase higher than
that of the α phase.

Inclusion of other molecules of irregular shape
within membranes also lowers Tm.  However, a mole-
cule of cholesterol can pack into a bilayer with a cross-
sectional area of 0.39 nm2, just equal to that of two
hydrocarbon chains.49  It tends to harden membranes
above Tm but increases mobility of hydrocarbon chains
below Tm.97 – 100  A complex of cholesterol and phospha-
tidylcholine may form a separate phase within the
membrane.101,102  The ether-linked plasmalogens may
account for over 30% of the phosphoglycerides of the
white matter of the brain and of heart and ether linked
phospholipids are the major lipids of many anaerobic

bacteria.103  Their Tm values are a few
degrees higher than those of the corre-
sponding acyl phospholipids.104

Between the pretransition temper-
ature and Tm solid and liquid regions
may coexist within a bilayer.101  The
term lateral phase separation has been
applied to this phenomenon.105,106

Since changes in the equilibrium be-
tween solid and liquid can be induced
readily, e.g., by changes in the ionic
environment surrounding the bilayer,
lateral phase separation may be of
significance in such phenomena as
nerve conduction.107

The phase transitions in bilayers
can be recognized in many ways.
Differential scanning colorimetry has
already been mentioned.  Another
approach is to measure the spacing
between molecules by X-ray diffrac-
tion.  The cross-sectional area occupied
by a phospholipid in a bilayer is
always greater than the 0.40 nm2

expected for closest packing of a pair
of extended hydrocarbon chains.39,85
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bilayer into two or more phases can be observed using
2H- or 31P- NMR.118 – 120  The orientation and dynamic
behavior of various head groups has been explored,110,121

as have effects of mixing into the bilayer other lipids
such as glycosphingolipids122 and cholesterol.123,124

Crystalline phospholipids are being investigated by
solid-state NMR.125

Fourier transform infrared spectroscopy126,127 also
provides information about conformation of both
hydrocarbon chains and head groups.  EPR spectros-
copy (Box 8-C) with doxyl probes on carbon atoms at
different depths within the bilayer has also been em-
ployed.128

In recent years molecular dynamics simulations
have been used to predict behavior of membranes.  As
is indicated in Fig. 8-11, the molten interior of the liquid
crystalline Lα state is portrayed clearly.129– 131  In the gel
state the hydrocarbon chains maintain a closer packing
and undergo coordinated movement.88  It is difficult to
know how realistic the simulations are.  To calibrate
the method efforts are made to correctly predict a series
of known properties such as density and area per lipid
(0.61 nm).130

Functions of phospholipid head groups.  The
dipolar ionic head groups of phosphatidylcholine and
phosphatidylethanolamine occupy about the same
cross-sectional area as the two hydrocarbon tails.
Thus, they are in rather close contact with each other.
In crystals chains of hydrogen-bonded atoms may be
formed.  In phosphatidylethanolamine the phosphate
and –NH3

+ ions may alternate in these chains.132

In phosphatidylcholine, in which the nitrogen is sur-
rounded by methyl groups and cannot form this kind
of chain, water molecules bridge between the phos-
phates but the positive charges still interact with the
adjacent negative charges.

The chains of hydrogen bonds between the head
groups of phosphatidylethanolamine help to stabilize
the bilayer and are apparently responsible for the
elevation of Tm by 10 – 30° above that observed for
phosphatidylcholine.132  In contrast, the negatively
charged carboxyl groups of phosphatidylserine make the
membrane less stable.  The melting point is increased
if the pH is lowered, protonating these groups.  Their
presence also makes the membrane sensitive to the
concentration of cations.133  The same is true of phos-
phatidylglycerol, whose head group contains a
negatively charged phosphate without an attached

Below Tm the spacing between chains is about 0.42 nm
corresponding to close packing of the fatty acid chains
in a hexagonal array with an area per phospholipid of
0.41 nm2.  As the temperature is raised above Tm the
spacing increases85 to give an average area per phos-
pholipid of 0.64–0.73 nm2.  Another technique (Box 8-C)
is to study a spin label by EPR while yet another is to
observe the fluorescence of a polarity-dependent
fluorescence probe such as N-phenylnaphthylamine
or other fluorescent probes108 (see Chapter 23).  The
compound is incorporated into the membrane and
undergoes changes in the intensity of its fluorescence
when the state of the membrane is altered.

A variety of NMR techniques are being applied109 – 113

both to liposomes and to natural membranes.111,114

Incorporation of 13C or 2H into various positions in the
hydrocarbon chains has allowed measurements of the
relative degree of mobility of the chains at different
depths in the bilayer (Fig. 8-10).109,115 – 117  The results
are in agreement with statistical mechanical predictions
that configurational freedom increases with depth
toward the midplane of the bilayer.  Separation of a
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Figure 8-10 2H NMR spectra of dimyristoyl phosphatidyl-
choline-d27/water in lamellar phases at 40°C.  One chain of
the phosphatidylcholine is fully deuterated, containing 27
atoms of 2H.  The mole ratios of water to lipid were 5.0 in (A)
and 25.0 in (B).  The average interfacial areas per alkyl chain
as measured by X-ray diffraction were 0.252 nm2 for (A) and
0.313 nm2 for (B). 2H NMR spectra are presented as “powder
patterns” because the lipid molecules are randomly oriented
in the magnetic field of the spectrometer as if in a powder.
This gives rise to pairs of peaks symmetrically located on
both sides of the origin.  The separation distances are a
measure of the quadrupole splitting of the NMR absorption
line caused by the 2H nucleus.  The various splittings of the
resonances of the 13 – CH2– and one – CH3 groups reflect
differences in mobility.109  The peaks have been assigned
tentatively as indicated.  From Boden, Jones, and Sixl.115

Courtesy of N. Boden.
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counterion.  Addition of calcium ions increases Tm
greatly and causes either phosphatidyglycerol or
phosphatidylserine to form a separate phase with a
more crystalline-like packing of the hydrocarbon side
chains.134  Hydrogen bonding between head groups
also occurs with glycolipids.135

Non-bilayer structures of phospholipids.
Under appropriate conditions some aqueous phospho-
lipids can exist in non-bilayer phases, a fact that may
be of considerable biological importance.119,136,137  In
the presence of Ca2+ some pure phospholipids can be
converted to the inverted hexagonal or HII phase
(Fig. 8-12).136,138– 140  In this phase the phospholipid
heads are clustered together in cylindrical “inverted”
micelles which pack in a hexagonal array.  The ease
with which this transition can occur is increased by the
presence of small amounts of diacylglycerols or lyso-
lecithins.141  Some lipids, such as the galactosyldia-
cylglycerol of chloroplasts, do not form bilayers but
prefer the hexagonal phase structure.29,32a  This is

Figure 8-11  Results of simulated motion in a lipid bilayer
consisting of 64 molecules of dipalmitoylphosphatidylcho-
line and 23 water molecules per lipid at a pressure of 2 atm
and 50°C.  The view is that observed after 500 ps of simula-
tion.  Bold lines represent the head group and glycerol parts
of the structures and the thin lines the hydrocarbon chains.
The gray spheres represent water molecules.  From Berger,
Edholm, and Jähnig.130  Courtesy of Dr. Olle Edholm.

thought to be a result of very high curvature of a
bilayer that arises from the sizes and packing of their
head groups.  Another phase, even though it is liquid,
has a three-dimensional cubic symmetry.142– 144a  It
apparently consists of a complex arrangement of
polyhedral bilayer surfaces with interpenetrating
water channels between them.143

Membrane fluidity and life. In agreement with
the known behavior of bilayers, the lipids of most
membranes in all organisms are partially liquid at
those temperatures suitable for life.  Organisms have
developed at least three distinct means of ensuring
that membrane lipids remain liquid.145  (1) In our
bodies (as well as in E. coli) the unsaturated fatty acids
that are present lower the melting point.  Mutants of E.
coli that are unable to synthesize unsaturated fatty acids
cannot live unless these materials are supplied in the
medium.146  (2) In Bacillus subtilis, which contains no un-
saturated fatty acids when grown at 37°C, and in other
gram-positive bacteria, more than 70% of membrane

31P NMR spectrum

Mol % egg PC
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Phospholipid phase
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Figure 8-12  (A) 31P NMR spectra of different phospholipid
phases.  Hydrated soya phosphatidylethanolamine adopts
the hexagonal HII phase at 30°C.  In the presence of 50 mol%
of egg phosphatidylcholine only the bilayer phase is observed.
At intermediate (30%) phosphatidylcholine concentrations
an isotropic component appears in the spectrum.  (B) Inverted
micelles proposed to explain “lipidic particles” seen in freeze
fracture micrographs of bilayer mixture of phospholipids,
e.g., of phosphatidylethanolanine + phosphatidylcholine +
cholesterol.  From de Kruijft et al.119  Courtesy of B. de Kruijft.
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BOX 8-C  ELECTRON PARAMAGNETIC RESONANCE (EPR) SPECTRA AND “SPIN LABELS”

Unpaired electrons have magnetic moments and
are therefore suitable objects for magnetic resonance
spectroscopy.  The technique is similar to NMR spec-
troscopy, but microwave frequencies of ~1010 Hz are
employed, the energies being ~100 times greater than
those used in NMR.a,b  Unpaired electrons are found
in organic free radicals and in certain transition metal
ions, both of which are important to many enzymatic
processes.  Furthermore, spin labels in the form of
stable organic free radicals, can be attached to macro-
molecules at many different points.a,c– e  Coupling of
such artificially introduced unpaired electrons with
the magnetic moments of other unpaired electrons
or of magnetic nuclei can often be observed by EPR
techniques.

The conditions for absorption of energy in the
EPR spectrometer are given by the equation

hν = gβHo

which is identical in form to that for NMR spectros-
copy.  Here Ho is the external magnetic field strength
and β is a constant called the Bohr magneton.  The
value of g, the spectroscopic splitting factor, is
one of the major characteristics needed to describe
an EPR spectrum.  The value of g is exactly 2.000 for
a free electron but may be somewhat different in
radicals and substantially different in transition
metals.  One factor that causes g values to vary with
environment is spin-orbit coupling which arises
because the p and d orbitals of atoms have directional
character.  For the same reason g sometimes has three
discrete values for the three different directions (g
value anisotropy).  The g value parallel to the direc-
tion of Ho (g ||) often differs from that in the perpen-
dicular direction (g⊥).  Both values can be ascertained
experimentally.

A second feature of an EPR spectrum is hyper-
fine structure which results from coupling of the
magnetic moment of the unpaired electron with
nuclear spins.  The coupling is analogous to the spin
–spin coupling of NMR (Chapter 3).  The hyperfine
splitting constant A, like the coupling constant J of
NMR spectroscopy, is given in Hertz.  Splitting may
be caused by a magnetic atomic nucleus about which
the electron is moving or by some adjacent nucleus
or other unpaired electron.  Sometimes important
chemical conclusions can be drawn from the presence
or absence of splitting.  Thus, the EPR spectrum of a
metal ion in a complex will be split by nuclei in the
ligand only if covalent bonding takes place.

It is customary in EPR spectroscopy to plot
the first derivative of the absorption rather than the

absorption itself.  Thus, for the paramagnetic nitroxide
2,2,6,6-tetramethylpiperidine-1-oxyl the EPR spec-
trum consists of three equally spaced bands whose
peaks are marked at the points where the steep

lines in the middle of the first derivative plots cross
the horizontal axis.

Coupling with the 14N nuclear spin causes split-
ting into three lines as shown in the accompanying
figure.

This nitroxide is more soluble in liquid regions
of bilayers than it is in solid regions.  As bilayers
are warmed in the EPR spectrometer, the solubility
of this spin-labeled compound in the lipid can be
followed (see figure).  The lower of the three spectra
approximates that of the spin label in water alone,
while the others are composite spectra for which
part of the spin label has dissolved in the phospho-
lipid bilayers.

EPR spectrum of tetramethylpiperidine-1-oxyl dissolved
in an aqueous dispersion of phospholipids.  (Top)  above
the main bilayer transition temperature Tt; (center) be-
tween Tt and pretransition temperature; (bottom)  below
pretransition temperature.  From Shimshick and
McConnell.f

N

O
2,2,6,6-Tetramethylpiperidine-1-oxyl

This "spin" label is often
attached by covalent linkage
at this point to larger molecules.
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BOX 8-C  (continued)

Since frequencies for EPR spectroscopy are ~100
times higher than those for NMR spectroscopy,
correlation times (Chapter 3) must be less than
~10–9 s if sharp spectra are to be obtained.  Sharp
bands may sometimes be obtained for solutions, but
samples are often frozen to eliminate molecular
motion; spectra are taken at very low temperatures.
For spin labels in lipid bilayers, both the bandwidth
and shape are sensitively dependent upon molecular
motion, which may be either random or restricted.
Computer simulations are often used to match
observed band shapes under varying conditions with
those predicted by theories of motional broadening
of lines.  Among the many spin-labeled compounds
that have been incorporated into lipid bilayers are
the following:

Much of the interpretation of the observed
changes in EPR spectra of spin labels is empirical.
For example, the spectra in the accompanying figure
can be interpreted to indicate that the spin label
dissolves in the lipid to a greater extent at higher
temperatures.  The ratio f (defined in the figure) is
an empirical quantity whose change can be moni-
tored as a function of temperature.  Plots of f vs T
have been used to identify transition and pretransi-
tion temperatures in bilayers.f

EPR spectroscopy is used widely in the study of
proteins and of lipid–protein interactions.c  It has
often been used to estimate distances between spin
labels and bound paramagnetic metal ions.g  A high-
resolution EPR technique that detects NMR transi-
tions by a simultaneously irradiated EPR transition
is known as electron-nuclear double resonance
(ENDOR).h

a Berliner, L. J., and Reuben, J., eds. (1989) Spinlabeling. Theory and
Applications, Vol. 8, Plenum, New York ((Biological Magnetic
Resonance Series)

b Cantor, C. R., and Schimmel, P. R. (1980) Biophysical Chemistry,
Freeman, San Francisco, California (pp. 525 – 536, 1352 – 1362)

c Marsh, D. (1983) Trends Biochem. Sci. 8, 330 – 333
d Esmann, M., Hideg, K., and Marsh, D. (1988) Biochemistry 27,

3913– 3917
e Millhauser, G. L. (1992) Trends Biochem. Sci. 17, 448 – 452
f Shimshick, E. J., and McConnell, H. M. (1973) Biochemistry 12,

2351– 2360
g Voss, J., Salwinski, L., Kaback, H. R., and Hubbell, W. L. (1995)

Proc. Natl. Acad. Sci. U.S.A. 92, 12295 – 12299
h Lubitz, W., and Babcock, G. T. (1987) Trends Biochem. Sci. 12, 96 –

100

fatty acids contain methyl branches (Chapter 21)147,148

which can decrease the melting point and increase the
monolayer surface area by a factor of as much as 1.5.
(3) Yet another mechanism for lowering the melting
point of fats is the incorporation of cyclopropane-
containing fatty acids (Chapter 21).

On the other hand, as we have already seen, cho-
lesterol tends to reduce the mobility of molecules in
membranes and causes phospholipid molecules to
occupy a smaller area than they would otherwise.
Myelin is especially rich in long-chain sphingolipids
and cholesterol, both of which tend to stabilize artificial
bilayers.  Within our bodies, the bilayers of myelin tend
to be almost solid.  Bilayers of some gram-positive
bacteria growing at elevated temperatures are stiffened
by biosynthesis of bifunctional fatty acids with co-
valently joined “tails” that link the opposite sides of
a bilayer.149

Why must membrane lipids be mobile?  One
reason is probably to be found in the participation of

membranes in many vital transport processes.  Biologi-
cal membranes have a relatively high permeability to
neutral molecules (including H2O),64,150 and it has been
suggested that above Tm fatty acid chains are free to
rotate by 120° around single bonds from trans to gauche
conformations.  When such rotation occurs about
adjacent, or nearly adjacent single bonds, kinks are
formed.  If a kink originates near the bilayer surface,
as will usually be the case, a small molecule may jump
into the void created.  Since the kink can easily migrate
through the bilayer, a small molecule may be carried
through with it.151,152  The same factors may assist
larger protein molecules which function in membrane
transport.  They probably also account for the substan-
tial degree of hydration of bilayers which involves
both the polar head groups and water diffusing through
the nonpolar interior.153

Not only can molecules diffuse through membranes
but also membrane lipids and proteins can move with
respect to neighboring molecules.  The rates of lateral
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diffusion of lipids in bilayers and of antigenic proteins
on cell surfaces are rapid.80,154  If diffusion of phospho-
lipids is assumed to occur by a pairwise exchange of
neighboring molecules, the frequency of such exchanges
can be estimated155 as ~ 107 s–1.  However proteins may
meet many obstacles to free diffusion.156  Lateral diffu-
sion is often measured by the technique of fluorescence
recovery after photobleaching.  One small spot in
a bilayer that contains a dye attached to a lipid or a
protein is bleached by a laser beam.  Lateral diffusion
of nearby unbleached molecules into the bleached
spot can then be observed.80  Lateral diffusion can also
be observed by NMR spectroscopy157 and by single-
particle tracking.158,159  In addition to diffusion there
may often be a flow of membrane constituents in
directions dictated by metabolism.160  Although lateral
diffusion is fast a “flip-flop” transfer of a phospholipid
from one side of the bilayer to the other may require
many seconds.161  However, a sudden increase in the
calcium ion concentration, an important intramolecular
signal (Chapter 11), activates a “scramblase” protein
which promotes a rapid transbilayer movement of
phospholipids.162

Electrical properties of membranes.  Biological
membranes serve as barriers to the passage of ions and
polar molecules, a fact that is reflected in their high
electrical resistance and capacitance.  The electrical
resistance is usually 103 ohms cm–2, while the capaci-
tance is 0.5 – 1.5 microfarad (µF) cm–2.  The correspond-
ing values for artificial membranes are ~ 107 ohms cm–2

and 0.6 – 0.9 µF cm–2.  The lower resistance of biological
membranes must result from the presence of proteins
and other ion-carrying substances or of pores in the
membranes.  The capacitance values for the two types
of membrane are very close to those expected for a
bilayer with a thickness of ~ 2.5 nm and a dielectric
constant of 2.54,84,163  The electrical potential gradient
is steep.

Outer cell surfaces usually carry a net negative
charge, the result of phosphate groups of phospholipids,
of carboxylate groups on proteins, and of sialic acids
attached to glycoproteins.  This negatively charged
surface layer attracts ions of the opposite charge (coun-
terions), including protons, and repels those of the
same charge.  The result is development of a diffuse
electrical double layer consisting of the fixed
negative charges on the surface and a positive ionic
atmosphere extending into the solution for a distance
that depends upon the ionic strength.164– 166  This ionic
atmosphere is analogous to that postulated by the
Debye–Hückel theory (Chapter 6).  At the physiological
ionic strength of 0.145 M the thickness of the double
layer, taken as the distance at which the electrical
potential falls to a certain fraction of that at the cell
surface,164,165 is about 0.8 nm.   However, the double-
layer thickness increases to about three times this

value at an ionic strength of 10–3 M and to still greater
distances at lower ionic strengths.

The net surface charge of a cell and the associated
electrical double layer are important in interactions
between cells and may influence the development of
extracellular structure such as basement membranes.
The net negative charge on cells also gives rise to an
experimentally measurable electrophoretic mobility.

A characteristic of living cells is the maintenance
of ionic gradients across the plasma membrane.  Thus
almost all cells accumulate K+, even “pumping” it from
very dilute external solutions.  Cells also exclude sodium,
pumping it out from the cytoplasm by mechanisms
considered in Section C,2.  If a microelectrode is inserted
through a cell membrane and the potential difference
is measured between the inside and outside of the cell,
a resting potential which, in nerve cells, may be as
high as 90 mV is observed.  The origin of the potential
appears to lie in the concentration differences of ions.
From the value of ∆G for dilution of an ion (Eq. 6-25)
and the relationship between ∆G and electrode poten-
tial (Eq. 6-63), the Nernst equation (Eq. 8-2) can be
derived.  According to this equation, which applies to
a single ion for which the membrane is permeable,

a 10-fold concentration difference across the membrane
for a monovalent ion (n = 1) would lead to a 59-mV
membrane potential, Em.  Since membranes are relatively
impermeable to sodium ions, it is generally conceded
that for many membranes the origin of the membrane
potential lies mainly with the potassium ion concen-
tration difference which is maintained by the Na+, K+-
ATPase (Section C).  A more complete equation takes
account of K+, Na+, and Cl- together with their respec-
tive permeabilities.167 – 169  Note also that Eq. 6-64 is also
often called the Nernst equation.170

Protons are also pumped across cytoplasmic and
inner mitochondrial membranes, a topic of Chapter 18.
The flow of protons from inside to outside also contri-
butes to the membrane potential.  The positive charges
of H+, K+, and other cations associated with the exter-
nal membrane surface are balanced by the negative
charges of protein molecules as well as Cl– and phos-
phate anions that are in or near to the inner surface of
the membranes.

Another possibility for proton flow has intrigued
biophysicists for years.   Membranes often display a
substantial electrical conductivity in a lateral direction
along the membrane surface.171 – 173  Electrical conduction
may involve movement of protons along hydrogen-
bonded lines, e.g., involving ethanolamine head
groups or phosphate groups and bridging water as
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previously discussed (see also Eq. 9-96).  Alternatively,
conduction may depend upon membrane-associated
proteins.174  This lateral proton conduction may be
important to many proton-driven membrane processess,
such as rotation of bacterial flagella, ATP synthesis, and
pumping of ions (Chapter 18).

The two sides of a membrane. Many observa-
tions indicate great differences between the inside and
outside of the membranes that surround cells.51,175,176

Bretscher and Raff62 observed that, among the phos-
pholipids of the erythrocyte membrane, phosphatidyl-
choline predominates in many mammals but is replaced
by sphingomyelin in ruminants.  Sheep erythrocytes
are resistant to cobra venom phospholipase A, which
is known to remove the fatty acid from the central
position on the glycerol of phosphatidylcholine, causing
lysis of the cells.  The resistance of sheep erythrocytes
suggested that the sphingomyelin is on the outside of
the membrane while the phosphatidylethanolamine
and other phospholipids are inside.  By inference,
phosphatidylcholine is also largely on the outside of
plasma membranes.  Supporting this conclusion is the
observation that most of the reactive amino groups of
phosphatidylethanolamine and phosphatidylserine
are found on the inside (cytoplasmic) surfaces.177

Since the total content of phosphatidylcholine and
sphingomyelin often exceeds that of phosphatidyletha-
nolamine and phosphatidylserine, the bilayer would
be incomplete on the inside of the membrane were it
not for the presence of proteins, which contribute more
to the inside than to the outside surface.

Glycolipids are usually on the outside of plasma
membranes with the attached sugar chains projecting
into the surrounding water.  An important generalization
is that sugar groups attached either to lipids or to proteins
tend to be on outer cell surfaces or on materials that are
being exported from cells.  An exception is found in the
abundant galactolipids of chloroplasts.

2.  Membrane Proteins

The many proteins present within or attached to
membranes have a variety of functions.  Some are
obviously structural, tying other proteins to a mem-
brane or providing a base for projecting fimbriae,
flagella, and other appendages.  Some proteins of the
outer surface act as anchoring points for macromolecules
that lie between cells.  The inner surfaces of membranes
are attached to the cytoskeleton (Chapter 7).   Many
of the proteins embedded in membranes control the
passage of materials across membranes.  Others serve
as receptors that sense the presence of specific com-
pounds or of light.  Membranes may also contain
foreign proteins such as subunits of virus coats.  Pro-
teins that are deeply embedded in membranes are

referred to as intrinsic or integral membrane
proteins.  Proteins that are more loosely associated
with the membrane, principally at the inner surface,
are called peripheral.61

Integral membrane proteins.  Membrane pro-
teins are hard to crystallize178 and precise structures
are known for only a few of them.179– 181  A large frac-
tion of all of the integral membrane proteins contain
one or more membrane-spanning helices with loops
of peptide chain between them.  Folded domains in
the cytoplasm or on the external membrane surface
may also be present.  The best-known structure of a
transmembrane protein is that of the 248-residue
bacteriorhodopsin.  It consists of seven helical segments
that span the plasma membrane (Fig. 23-45) and serves
as a light-activated proton pump.  Other proteins with
similar structures act as hormone receptors in eukary-
otic membranes.  A seven-helix protein embedded in a
membrane is depicted in Fig. 8-5 and also, in more
detail, in Fig. 11-6.

The most hydrophobic integral membrane proteins
can be extracted into organic solvents such as mixtures
of chloroform and methanol.  One such proteolipid
protein, the 23.5-kDa lipophilin, accounts for over half
the protein of myelin.57,182 The purified protein from
rat brain contains 66% of nonpolar amino acids and six
molecules of covalently bound palmitic acid and other
fatty acids per peptide chain in thioester linkage to
cysteine side chains.  This protein evidently has four
transmembrane helical segments with the six fatty acid
chains incorporated into the membrane bilayer.  It also
has cytoplasmic and extracellular loops, one of which
binds inositol hexakisphosphate (Ins P-6).  (Fig. 11-9).183

The myelin proteolipid is an essential component of
the myelin sheath and defects in this protein are asso-
ciated with some demyelinating diseases57 which are
discussed in Chapter 30.

There are many known topologies for helix-bundle
membrane proteins with the number of membrane-
spanning helices ranging from 1 to 14 or more e.g.,
see Fig. 8-23.184– 186  A topology can often be predicted
using suitable computer programs.187– 191  A first step
is to identify all sequences of 20 or more residues that
could form a helix sufficiently hydrophobic to allow
good nonpolar interactions with the bilayer core.
Sequences that can form amphipathic (amphiphilic)
helices must also be considered because two or more
of these can pack together in a membrane with their
hydrophilic sides together, sometimes forming pores
(see Section C,1).192

Predictions of membrane protein structure are in
part based on the positive-inside rule which states
that positively charged lysine and arginine residues
will not pass through a membrane but will remain on
the negatively charged cytoplasmic surface.  Often,
N-terminal parts of a protein will pass through a

B. Membranes
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membrane and will contain glutamate or aspartate
residues whose side chains carry negative charges.
These tend to remain outside of the membrane where
they are attracted to the positive charges on the mem-
brane outer surface.  Positively charged residues may
interact with phosphate groups of phospholipids and
tyrosine and tryptophan side chains may interact with
the carbonyl groups of the ester linkages.192a,b

After probable transmembrane helical regions have
been identified a residue-by-residue attempt can be
made to identify cytosolic and extracellular loops.
Chemical reactivities of the naturally occurring side
chains can also be examined.  Residues within the
helix bundle will be protected.  Mutations can be pre-
pared systematically by “scanning mutagenesis.”  For
example, presumed extracellular loops in the erythro-
cyte band 3 protein (next section) have been mutated
by introduction of N-glycosylation acceptor sites (Asn-
X-Ser / Thr).  If the sequence is at least 12–14 residues
away from transmembrane sequences it will probably
be glycosylated in a suitable laboratory test system.193

Within a transmembrane domain amino acid residues
can be systematically replaced with alanine (“alanine
scanning mutagenesis”) or with cysteine and effects on
the protein can be observed.  Substitution with cys-
teine allows another possibility: Two cysteines on
adjacent transmembrane helices may be linked as
disulfides if they are close enough.194,195  Discovery of
such neighboring pairs can be very valuable in at-
tempting to establish relationships of one helix to an-
other.  A cloned gene can also be split into two pieces
prior to crosslinking of cysteine side chains.  This may
facilitate mapping of tertiary interactions within trans-
membrane proteins.196  Molecular dynamics methods
for modeling helix bundle proteins are also being
developed.197

Not all integral membrane proteins have a helix
bundle structure.  Some of the simplest transmembrane
proteins are the subunits of bacterial viruses and pili
(Figs. 7-7 and 7-9)  The 7-nm α-helical rods of phage
M13 have a 20-residue hydrophobic section (residues
25-46) which is preceded by a negatively charged se-
quence that appears to form a short amphipathic helix
that lies on the external surface of the membrane and
helps to anchor the subunit.  A positively charged cluster
at the opposite end of the hydrophobic helical region
remains in the cytoplasm.180,186,198  The porins, which
form pores in outer membranes of bacteria and ribosomes,
are large 16-strand β cylinders (Section C,1).179,180  It
has been suggested that this different basic architecture
may be related to the fact that the porin polypeptides
must be exported through the inner membrane before
being refolded in the periplasm.199  Keep in mind that
a β strand of nine residues can span the 33-nm bilayer
core just as well as can a 22-residue helix.  Beta struc-
tures as well as shorter helices may well be present in
proteins that also contain membrane-spanning helices.

A third important structural pattern involves
extensive use of amphipathic helices that lie partially
embedded in a membrane surface.  For example, the
blood lipoproteins are lipid particles partially coated
by amphipathic helices (Chapter 21).200,201

Anchors for proteins.  Proteins with membrane-
spanning sequences are usually anchored into the
membranes with the help of many polar side chains,
often including glycosylated residues, in the ends and
loops that protrude on the two sides of the membranes.
Other proteins are anchored by insertion into mem-
branes of nonpolar groups.  These include fatty acyl
groups at N termini, fatty acid ester groups on serine,
threonine, or cysteine side chains, and polyprenyl groups
attached to cysteine side chains as thioethers.202  Many
membrane-anchored proteins carry the saturated 14-
carbon myristoyl group in amide linkage with an
N-terminal glycine of the protein.203– 206  The fatty acid
chain is added at the time of the protein synthesis, i.e.,
cotranslationally.  It can intercalate into the membrane
bilayer but provides a relatively weak anchor.207  The
16-carbon palmitoyl group is typically added to a
cysteine thiol in recognition sequences at various
positions in a protein.182,202,208,209  The modification
occurs after protein synthesis, i.e., posttranslationally.
Because thioesters are relatively unstable, palmitoy-
lation is regarded as a reversible modification.210

A third lipid anchor is provided by the polyprenyl
farnesyl (15-carbon) and geranylgeranyl (20-carbon)
groups in thioether linkage to cysteine residues.  These
must be present in specific recognition sequences at
the C termini of proteins, most often with the sequence
CAAX.211 – 215  The prenylation (also called isoprenyla-
tion) reaction is followed by proteolytic removal of the
last three residues (AAX) and methylation of the new
C-terminal carboxyl group as is discussed in Chapter
11, Section D,3.  See also Chapter 22, Section A,4.

A lipoprotein present in the periplasmic space of
E. coli is anchored to the outer bacterial membrane by
a triacylated modified N-terminal cysteine containing
a glyceryl group in thioether linkage as shown in the
following structure (see also Section E,1).

A related anchor that uses diphytanylglycerylation
is found in certain proteins of archaeobacteria.216
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A series of glycosylphosphatidylinositol (GPI)
anchors that are covalently linked to a variety of pro-
teins utilize diacylglycerol or alkylacylglycerol for
attachment to a bilayer.  The proteins are joined through
their C-terminal carboxyl groups to the diacylglycerol
by a chain of covalently linked ethano-
lamine, phosphate, mannose, gluco-
samine, and myo-inositol as shown in
Fig. 8-13.217– 223  The proteins are linked
to the diacylglycerol through the
conserved structure: H2N-protein→
ethanolamine→P→6Manα1→2Manα1→
6Manα1→4GlcNAc→Ins→diacylglycerol.

The structure in Fig. 8-13, which
anchors the small Thy-1 antigen to
surfaces of rat thymocytes,224 contains
additional mannose, N-acetylgalac-
tosamine, and ethanolamine phos-
phate.  These groups may be missing
or substituted by other groups in other
anchors.225  For example, that of human
erythrocyte acetylcholinesterase lacks
the extra mannose and GalNAc of the
Thy-1 anchor but contains a palmitoyl
group attached to an oxygen atom of
the inositol.  This provides an addi-
tional hydrocarbon tail that can enter
the bilayer.218  Other PI-anchored
proteins include enzymes, such as
alkaline phosphatase and lipoprotein
lipase, and surface proteins of the
parasites Trypanosoma,225Leishmania,
and Toxoplasma.220  Some adhesion
molecules and a variety of other outer
surface proteins are similarly attached
to membranes.  Analysis of the genome
of Caenorhabditis elegans suggests that
the nematode contains over 40 GPI-
tailed proteins and perhaps more than
120.225a

Analyzing erythrocyte mem-
branes.  The proteins of red blood cell
membranes were among the first to be
studied.  Because membrane proteins
are present in small amounts and tend
to be hard to dissolve without denatur-
ation, they have been difficult to study.
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They usually do not dissolve readily in water, but red
cell membranes can be almost completely solubilized in
water using a 5 x 10–3 M solution of the chelating agent
EDTA (Table 6-9) or by 0.1 M tetramethyl ammonium
bromide.226  These observations suggested that ionic
linkages between proteins, or between proteins and
phospholipids, are important to membrane stability.
Nonionic detergents such as those of the Triton X series
or β-octylglucopyranoside also solubilize most mem-
brane proteins,178,227 – 229 whereas ionic detergents such
as sodium dodecyl sulfate (SDS) often cause unfolding
and denaturation of peptide chains.

Gel electrophoresis of plasma membrane proteins
in SDS solution yields ~ 10 prominent bands and at

Figure 8-13  Structure of glycosylphosphatidylinositol (also called phospha-
tidylinositol-glycan) membrane anchors.  The core structure is shown in black.
The green parts are found in the Thy-1 protein and / or in other anchors.
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least 30 less intense bands ranging in molecular mass
from 10 to 360 kDa.230,231  Proteins of erythrocyte ghosts,
and the usual system for numbering them, are shown
in Fig. 8-14.  Some very important proteins known to
be present in this membrane, such as (Na+ + K+)-activated
ATPase (Section C,2), are found in such low quantities
(e.g., a few hundred molecules in a single red blood
cell)62 that they do not show up in electropherograms.
Mitochondrial membranes appear to be more complex
than plasma membranes, but myelin has a somewhat
simpler composition.

Glycoproteins. Many of the integral proteins of
membranes are glycoproteins.234– 236  These may some-
times be recognized in electropherograms because they
are stained by the periodic acid-Schiff (PAS) procedure.
At least 20 glycoproteins are present in erythrocyte ghosts,
and glycoproteins appear to be prominent protein
components of the plasma membranes of all eukaryotes
and of primitive archaebacteria such as Halobacterium.

The most abundant glycoprotein of red blood cell
membranes is the 95-kDa PAS-reactive band 3 protein
(Fig. 8-14) which makes up ~ 25% of the total mem-
brane protein.236– 240  A variety of asparagine-linked
oligosaccharides based on the core hexasaccharide
structure shown in Chapter 4, Section D,2 are present
and apparently project into the surrounding medium.
Electron micrographs of freeze-fractured surfaces
through the membrane bilayer (Fig. 8-15) show ~ 4200
particles of 8 nm diameter per square micrometer,
randomly distributed and apparently embedded in
the membrane.  These probably represent dimers of
the glycoprotein.  The amino acid sequence of the
911-residue protein suggests 13 membrane-spanning
helices in the 550-residue C-terminal domain and that
the 41-kDa N-terminal domain projects inward into
the cytoplasm.236,240  Among the first 31 residues are
16 of aspartate or glutamate.  These provide a highly
negatively charged tail that is able to interact electro-
statically with other proteins.236 Among these are com-
ponents of the cytoskeleton, which appears to be anchored
to the membrane via the band 3 protein.  The band 3
protein is also a substrate for transglutaminase (Eq. 2-23)
which creates covalent crosslinks to other proteins.237

Another major function of the band 3 glycoprotein is
to form channels for the transport of anions (Section C,2).

Another integral glycoprotein of erythrocytes, the
31-kDa glycophorin A (PAS-1),235,241– 244 is ~ 60% by

weight carbohydrate.  Its 131-residue chain has a
single ~ 23-residue membrane-spanning helix.  The
first 50 residues at the N terminus, which project from
the outside surface of the membrane,  include many
serines and threonines.  Their side chains carry 15
O-linked tetrasaccharides and one complex N-linked
oligosaccharide.  There are a total of ~ 160 sugar residues
per peptide chain, largely N-acetylgalactosamine,
galactose, and sialic acid.  Some of the oligosaccharides
contain MNO blood group determinants234,241 (Box 4-C).
Because of a high content of sialic acid, glycophorin
also carries a large negative charge.  The 35-residue
C-terminal domain is hydrophilic and rich in proline,
glutamate, and aspartate.  It probably extends into the
cytoplasm and may bind calcium ions or interact with
– NH3

+ groups on phospholipid heads.
If all the sugar residues of the glycophorin mole-

cules in an erythrocyte were spread over the surface of
the cell they could cover approximately one-fifth of its
surface in a loose network.  However, it is more likely
that they form bushy projections of a more localized
sort.  These oligosaccharides not only act as immuno-
logical determinants but also serve as receptors for
influenza viruses.  Other glycoproteins related to
glycophorin A occur in smaller amounts.244

Figure 8-14   SDS-polyacrylamide gel electrophoresis of
human erythrocyte ghosts.  (A) From untreated cells.  (B) From
cells digested externally with chymotrypsin.  (C) Inside-out
vesicles prepared from cells pretreated with chymotrypsin.
(D) The same inside-out vesicles after further treatment with
chymotrypsin.  (E) Polypeptides released by the chymotryptic
treatment of the inside-out vesicles. The peptides are numbered
according to the system of Steck232; Hb, hemoglobin.  From
Luna et al.233
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Connections to the cytoskeleton.  About one-
third of the protein of the red blood cell membrane is
accounted for by a pair of larger hydrophobic peptides
called spectrin with molecular masses of 280 kDa (α
chain) and 246 kDa (β chain).245– 250a  These are found
in bands 1 and 2 of Fig. 8-14.  The spectrin monomers
consist largely of 106- to 119- residue repeat sequences
each of which folds into a short triple-helical bundle
(Fig. 8-16B).  The beaded-chain monomers associate
readily to αβ dimers, long ~ 100 nm thin flexible rods
which associate further to (αβ)2 tetramers.  The latter,
in turn, bind to monomers or to small oligomers of
actin.  In red blood cells the actin crosslinks the spec-
trin tetramers into a two-dimensional “fishnet” (Fig. 8-
16A), the ~ 85,000 spectrin tetramers uniformly
covering the entire inner surface (130 µm2) of the
erythrocyte.245,251  The inner location of spectrin was
established by the fact that chemical treatments252 that
covalently label groups on proteins exposed on the
outer surface of erythrocytes (e.g., iodination with
lactoperoxidase; Chapter 16) did not label spectrin.257

Spectrin also binds to one domain of another large
215-kDa peripheral protein called ankyrin (band 2.1,
in Fig. 8-14) which anchors the spectrin network to the
membrane.258,259  Ankyrin is actually a multigene
family of related proteins that are present in many
metazoan tissues.258,260  These are modular proteins

Figure 8-15  Freeze-fractured membranes of two erythrocyte
“ghosts.”  The upper fracture face (PF) shows the interior of
the membrane “half” closest to the cytoplasm.  The smooth
region is lipid and contains numerous particles.  The lower
face, the extracellular half (EF), possesses fewer particles.
The space between the two is nonetched ice.  See Figs. 1-4
and 1-15 for electron micrographs of sections through bio-
logical membranes.  Courtesy of Knute A. Fisher.

B. Membranes

with separate binding domains for spectrin and band
3 protein.  The latter domain contains 24 ankyrin
repeats, 33-residue modules, also found in a variety
of other proteins.258,259

Ankyrin binds firmly to the band 3 glycoprotein
which is embedded in the membrane.  The 78 kDa
band 4.1 protein is another major component of the
erythrocyte membrane skeleton.261,262   Protein 4.1
binds both to ankyrin and also to glycophorin C,
providing another anchor to an integral membrane
protein (Fig. 8-16C).  Spectrin:actin:protein 4.1 in a
1:2:1 ratio are the major components of the membrane
skeleton.262  Other less abundant proteins include
adducin, protein 4.2 (pallidin, which interacts with
band 3 protein),263 protein 4.9 (dematin, an actin
bundling protein),264 and the muscle proteins tro-
pomyosin and tropomodulin (Chapter 19).  While
spectrin and ankyrin of erythrocyte membranes have
been studied most intensively, related proteins occur
in other cells.265  Spectrin of brain and other tissues is
also known as fodrin.266 Dystrophin and �-actinin,
actin-crosslinking proteins of muscle, are also mem-
bers of the spectrin superfamily.248  Protein 4.1 also
occurs in various organisms,267 in various tissues, and
in various locations in cells.268

What is the function of the membrane skeleton?
There is a group of hereditary diseases including
spherocytosis in which erythrocytes do not maintain
their biconcave disc shape but become spherical or
have other abnormal shapes and are extremely frag-
ile.269– 272  Causes of spherocytosis include defective
formation of spectrin tetramers and defective association
of spectrin with ankyrin or the band 4.1 protein.265,273

Thus, the principal functions of these proteins in
erythrocytes may be to strengthen the membrane and
to preserve the characteristic shape of erythrocytes
during their 120-day lifetime in the bloodstream.  In
other cells the spectrins are able to interact with micro-
tubules, which are absent from erythrocytes, and to
microtubule-associated proteins of the cytoskeleton
(Chapter 7, Section F).270  In nerve terminals a protein
similar to erythrocyte protein 4.1 may be involved in
transmitter release.274  The cytoskeleton is also actively
involved in transmembrane signaling.

Integrins and focal adhesions. Mature erythro-
cytes have no nucleus and lack the microtubules and
actin filaments that span other cells.  In nonerythroid
cells the major connections of the cytoskeleton to
the membrane are through large αβ heterodimeric
membrane-spanning proteins called integrins (Fig.
8-17).  These proteins, as well as the ends of the actin
filaments, tend to be concentrated in regions long
observed and described by microscopists as focal
adhesions.275– 279 These are also sites of interaction
with the external proteins that form the extracellular
matrix (ECM).  There are at least 16 different integrin
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α subunits, whose external domains consist of up to
1114 residues, at least 8 β subunits with external do-
mains of up to 678 residues, and at least 22 distinctly
different αβ heterodimers.280– 282  The N-terminal part
of each α subunit contains seven repeats of ~ 60 resi-
dues each, probably arranged as a β-propeller (see Fig.
11-7D or 15-23).281  The integrins are structurally com-
plex.  Some contain a nucleotide-binding domain (see
Figs. 2-13 and 2-27C).283  Integrins have differing and
quite exacting specificities toward the proteins of the

external matrix to which they bind. They span the
cell membrane and appear to be actively involved in
communication between the cytoskeleton and external
proteins.275,277,284  They are often described as 
receptors for the proteins that bind to them.

Other cell adhesion molecules.  Long before the
discovery of integrins another class of transmembrane
adhesion molecules were recognized as members of
the immunoglobulin family.  These were called cell
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Figure 8-16  The erythrocyte membrane skeleton. (A)
Electron micrograph showing a region of the membrane
skeleton (negatively stained, X 200,000) and artificially
spread to a surface area nine to ten times as great as in the
native membrane.  Spreading makes it possible to obtain
clear images of the skeleton whose protein components are
so densely packed and so subject to thermal flexing on the
native, unspread membrane that it is difficult to visualize the
individual molecules and the remarkably regular way that
they are connected.  The predominantly hexagonal and
pentagonal network is composed of spectrin tetramers cross-
linked by junctions containing actin oligomers and band 4.1
protein.  Band 4.9 protein and tropomyosin are probably also
bound to the oligomers, whose length (13 actin monomers
long) corresponds to the length of a tropomyosin molecule.
From Byers and Branton.253,254  Courtesy of Daniel Branton.
(B)  Proposed triple α-helical structure of a single spectrin
repeat unit.255  Courtesy of Ruby I. MacDonald and Alfonso
Mondragón.  Each α spectrin chain consists of 20 and each β
spectrin chain of 17 such repeats, which have only partially
conserved sequences.  The α and β chains are thought to
associate in a side-by-side fashion and the αβ heterodimers
in an end-to-end fashion to give tetramers.  These are the
rod-like structures seen in (A) and (C).  (C)  Cross section of
the unspread membrane and cytoskeleton as pictured by
Luna and Hitt.256  Major interactions among components of
the cytoskeleton are shown.  Apparent sizes of the protein
subunits, based on migration positions in SDS-polyacryla-
mide gel electrophoresis are: spectrin (260 and 225 kDa),
adducin (105 and 100 kDa), band 3 (90 to 100 kDa), protein
4.1 (78 kDa), protein 4.2 (pallidin, 72 kDa), dematin (protein
4.9, 48 kDa), glycophorin C (~25 kDa), actin (43 kDa), and
tropomyosin (29 and 27 kDa).  Courtesy of Elizabeth J. Luna.
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adhesion molecules (CAMs) by Edelman.286,287 These
molecules go by names such as intercellular adhesion
molecule-1 (ICAM-1), neural cell adhesion molecule
(NCAM),288,289 liver cell adhesion molecule (LCAM),
vascular cell adhesion molecule (VCAM), and platelet
endothelial cell adhesion molecule (PECAM).290,291

Many of these proteins, including the T-cell antigen
CD2,291a were first recognized on leukocyte surfaces
as differentiation antigens and are often designated by
the “Cluster of Differentiation” names (Chapter 31).
For example, ICAM-1 is also called CD54 and PECAM
CD31.290,292  The genes for these proteins are often
expressed differentially in various tissues and the
mRNA molecules formed undergo alternative splic-
ing.287,289  The extracellular domains of these adhesion
molecules consist largely of Ig domains and most have
a single transmembrane helix and a small cytoplasmic
C-terminal domain.  Some of the alternatively spliced
forms are attached to the membrane by PGI tails.287,289

ICAM-1 (Fig. 8-18) has five Ig domains and VCAM-1
has seven,293 but some CAMs have only two.294  The
CAMs are glycoproteins, often with large N-linked
oligosaccharides attached.  The widely distributed N-
CAM contains long α2→8 linked polysialic acid chains
on two of the three N-glycosylation sites in the fifth Ig
domain.289  The CAMs are often referred to as recep-
tors.  Their ligands include surface proteins such as
fibronectin (next section) but also the integrins, which
are also called receptors.  Integrins are coreceptors for

receptors of the Ig superfamily.  Each of the corecep-
tors in a pair has binding sites for other ligands as well
(Fig. 8-18).  The CAMs and many other adhesion
molecules are most abundantly expressed in embryon-
ic tissues in which cells often migrate to new locations
and for which the communication with neighboring
cells is especially active.  Many adhesion molecules
bind only weakly and reversibly to their ligands,
allowing cells to move.

The cadherins are calcium-dependent adhesion
proteins that mediate direct cell–cell interactions.295,296

The external parts of the cadherins also have repeated
structural domains with the Ig fold.297-298b  They have
high affinity for each other, allowing cadherins from
two different cells to interact and tie the cells together
with a zipper-like interaction that is stabilized by the
bound Ca2+ ions,297,300 and may be relatively long-
lived.  The gene for cadherin E is often mutated in
breast cancers and may be an important tumor
suppressor gene (Box 11-D).301

Peripheral proteins of the outer membrane
surface.  Many integral membrane glycoproteins have
their sugar-bearing portions exposed on the outer
surface of the plasma membrane.  Among these are
receptors, ion pumps, and biochemical markers of
individuality.  In addition to these proteins, which are
actually embedded in the bilayer, there are external
peripheral proteins.  One of the best known of these is

B. Membranes

Figure 8-17   Working model of the protein–protein interactions in focal adhesions determined by in vitro binding experi-
ments and immunolocalization.   In addition, several interactions are of relatively low affinity in solution but may be enhanced
at the membrane surface.  Abbreviations are: ECM, extracellular matrix; PM, plasma membrane; p-Tyr-?, unknown phosphoty-
rosine-containing protein; R/E/M, member of the radixin/ezrin/moesin family; VASP, vasodilator-stimulated phosphopro-
tein.  Diagram is modified from Simon et al.285
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Figure 8-18  (A) Diagram of the ICAM-1 molecule.  The structures labeled D1–D5 are the Ig domains.  The glycosylation sites
are labeled with small lollipops and approximate sites for binding of the α chain (CD11a) of the integrin called LFA-1, for the
macrophage antigen Mac-1, for fibrinogen, for a ligand from erythrocytes infected by the malaria organism Plasmodium falci-
parum (PFIE), and for human rhinoviruses (HRV) are labeled.  The binding sites are indicated schematically but each one is a
complex interacting surface complementary to its ligand.  From Bella et al.299  Courtesy of  Michael Rossman.  (B)  Structure of
two N-terminal domains of E-cadherin.  The molecules of the dimer are related by a noncrystallographic twofold symmetry
axis running vertically in the plane of the page.  Clusters of three calcium ions are bound in the linker regions, connecting the
N- and C-terminal domains of each molecule and, in this view, are separated by the twofold axis.  The N- and C-terminal
domains are composed of seven-stranded β-barrels showing the same topology and similar three-dimensional structures.
From Nagar et al.296
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fibronectin (from fibra, “fiber”, and nectare, “to
bind”).302– 309  This very large 470-kDa glycoprotein is a
disulfide-linked dimer.  Appearing under the electron
microscope as having two 60-nm arms,305 fibronectin
molecules join together and surround animal cells,
anchoring other proteins and carbohydrates of the
ECM to the cells.  Fibronectin binds tightly to several
different cell surface integrins and also to collagen and
to glycosaminoglycans of the matrix.  It binds to the
blood-clotting protein fibrinogen, to actin, and also to
staphylococci and other bacteria.  Each peptide chain
of the fibronectin dimer is organized as several do-
mains.  Fibrin and staphylococci bind to the N-termi-

nal domain.  A second domain binds collagen and a
domain near the C-terminus binds heparin.  Several
different integrins of cell surfaces bind to the region of
the 8th, 9th, and 10th type III repeats.308  The specificity
of the binding depends to a large extent on the presence
of the specific tripeptide sequence Arg-Gly-Asp
(RGD) in a type III repeat (Fig. 8-19B).  Peptide
sequences such as the PHSRN (Fig. 8-19B) and oth-
ers310 also participate in binding to specific integrins.
Initial interactions are noncovalent but fibrin and
collagen gradually become covalently attached to
fibronectin through isopeptide linkages formed by
transglutaminase (Eq. 2-23).  This enzyme is abundant
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in many developing tissues but often disappears as the
tissues mature.311,312  Fibronectin was formerly known
as the “large external transformation-sensitive pro-
tein,” a name derived from the fact that its quantity is
greatly reduced in many virus-transformed cells.  This
might explain the loss of adhesiveness and of “contact
inhibition” observed for cancer cells (Box 11-D).

There are 20 isoforms of human fibronectin.
These arise by alternative splicing of the primary
gene transcript.  Their formation is developmentally
regulated.308,315  One of the isoforms is present as a
soluble protein (cold-insoluble globulin) in blood
plasma.302  The fibronectins belong to a larger family
of cytoadhesins, among which are the blood-clotting
proteins fibrinogen and von Willebrand factor
(Chapter 12), and also thrombospondin, vitronectin,316

tenascin,317 – 320 laminin,321,322 osteopontin,323 and
collagens.  These proteins all have a modular construc-
tion with repeated domains, often of several different
types.324  For example, tenascin contains 14 1/2 EGF
domains (Table 7-3), 16 fibronectin type III repeats,
and a C-terminal segment homologous to fibrino-
gens.325  Laminin (see Fig. 8-33) also has EGF-like
modules.  Most of these proteins also have in common
the presence of the RGD sequence, which binds the
cytoadhesins to those integrins and other molecules
that carry RGD receptor sites.304,326– 328  The extracellu-
lar matrix is discussed further in Section E,2.

B. Membranes

Figure 8-19  (A)  Schematic diagram of a human fibronectin molecule showing one complete
~ 250-kDa chain consisting largely of 29 type I, II, or III fibronectin domains with a 12-kDa
type III connecting segment or “V-region.”  The second chain, for which only the C-terminal
portion is shown, is identical to the first except for the absence of the V-region as a result of
alternative splicing of the mRNA.  The two chains are joined in antiparallel fashion by a pair
of – S – S – bridges near the C terminus.313  The kDa sizes refer to fragments generated by the
action of thermolysin.  After Ingham et al.306  (B)  MolScript ribbon drawing of the structure of
the ninth and tenth type III repeats in human fibronectin.  The biologically active peptide
segments PHSRN and RGD are represented in a stick and ball mode.  The arrow marks valine
1416, next to which a polyglycine linker of various lengths has been inserted experimentally
in order to study interactions between modules.308  From Spitzfaden et al.314
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3.  Enzymes and Membrane Metabolism

Many of the proteins of membranes are enzymes.
For example, the entire electron transport system of
mitochondria (Chapter 18) is embedded in membranes
and a number of highly lipid-soluble enzymes have
been isolated.  Examples are phosphatidylserine
decarboxylase, which converts phosphatidylserine to
phosphatidylethanolamine in  biosynthesis of the
latter, and isoprenoid alcohol phosphokinase,
which participates in bacterial cell wall synthesis
(Chapter 20).  A number of ectoenzymes are present
predominantly on the outsides of cell membranes.329

Enzymes such as phospholipases (Chapter 12), which
are present on membrane surfaces, often are relatively
inactive when removed from the lipid environment
but are active in the presence of phospholipid bilay-
ers.330,331  The distribution of lipid chain lengths as
well as the cholesterol content of the membrane can
affect enzymatic activities.332

Why are membranes so important to cells?  Be-
sides their obvious importance in enclosing and defin-
ing the limits of cells, membranes are the result of a
natural aggregation of amphipathic molecules.  They
also represent a natural arrangement for boundaries
between different aqueous phases within a cell.  In
addition, membranes are the “habitat” for many rela-
tively nonpolar molecules formed by metabolism.
These include proteins with hydrophobic surfaces and
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those with membrane anchors.  The semiliquid interi-
or of the membrane permits distortion of the bilayer
and the addition or subtraction of proteins (and low-
molecular-mass materials) in response to metabolic
processes in the adjacent cytoplasm.

The principal factor providing stability to macro-
molecules and membranes is the hydrophobic nature
of reduced organic compounds.  This characteristic
leads to the separation of lipids, proteins, and other
molecules from the aqueous cytoplasm into oligomeric
aggregates and membranes.  However, the best cata-
lysts, including most enzymes, are soluble in water.
Thus, membranes represent thin regions of relative
stability adjacent to aqueous regions in which chemi-
cal reactions occur readily and which tend to contain
the more polar, the smaller, and the more water-solu-
ble materials. The stability of membrane surfaces
provides a means of bringing together reactants and of
promoting complex sequences of biochemical reac-
tions.  For example, membranes contain both oxidative
enzymes and reactive, dissolved quinones.  The mem-
brane–cytoplasmic interfaces may often be the meta-
bolically most active regions of cells.

Despite their stability, membrane components
have a metabolism of their own which is related to the
high concentrations of oxidizing enzymes located in or
on membranes.  Oxidative reactions provide a mecha-
nism for modification of hydrophobic membrane
constituents.  For example, sterols, prostaglandins, and
other regulatory molecules are initially synthesized as
hydrophobic chains attached to water-soluble “head
groups” (Chapter 21).  The hydrophobic products of
these synthetic reactions tend to be deposited in mem-
branes.  However, attack by oxygen leads to introduc-
tion of hydroxyl groups and to a gradual increase in
water solubility.  As the hydrophilic nature of the
compound is increased through successive enzymatic
hydroxylation reactions, the hydrophobic membrane
constituents eventually redissolve in the water and are
completely metabolized.  Another process that actively
degrades membrane lipids is attack by hydrolytic
enzymes such as the phospholipases.

C.  The Transport of Molecules through
Membranes

Small neutral molecules, such as water or ethanol,
can penetrate membranes by simple diffusion.64,150

The rate is determined by the solubility of a substance
in the membrane, by its diffusion coefficient (see Eq.
9-24) in the membrane, and by the difference in its
concentration between the outside and the inside of
the cell.  This concentration difference is commonly
referred to as the concentration gradient across the
membrane.  The ease of diffusion through a mem-
brane is described quantitatively by a permeability

coefficient P which is related to the diffusion coeffi-
cient D (Eq. 8-3).

J = –DmKc / ∆x = –P∆c

Here J is the flux of molecules across the membrane,
i.e., the number of molecules crossing one cm2 per
second.  Dm is the diffusion coefficient in the bilayer,
while K is a partition coefficient, the ratio of the
concentration of the diffusing solute in the bilayer to
that in water.  The concentration gradient of the solute
across the membrane is ∆c, while ∆x is the membrane
thickness in centimeters.  The permeability coefficient
P for H2O through biological membranes333 is about
1 – 10 µm   s–1.  For H+ and OH– P is 0.1 µm   s–1.  For
halide ions diffusing across liposome bilayers P ranges
from 10–5  to 10–3 µm s–1,334 fast enough to be of some
biological significance.  However, for most other ions
P is less than 10–6 µm   s–1.  Because of their high lipid
content membranes are quite permeable to nonpolar
materials.  For example, anesthetics usually have a
high solubility in lipids, enabling them to penetrate
nerve membranes.

1.  Facilitated Diffusion and Active Transport

While simple diffusion may account for the en-
trance of water, carbon dioxide, oxygen, and anesthetic
molecules into cells, movement of most substances is
facilitated by protein channels and transporters.335

Genes of 76 families of such proteins have been locat-
ed in the genomes of 18 prokaryotes.335a Some of these
provide for facilitated diffusion.169,335  Like simple
diffusion, it depends upon a concentration gradient
and molecules always flow from a higher to a lower
concentration.  A distinguishing feature of facilitated
diffusion is a saturation effect, i.e., a tendency to
reach a maximum rate of flow through the membrane
as the concentration of the diffusing substance, on the
high concentration side, is increased.  In this character-
istic it is similar to enzymatic action (Chapter 9).

In active transport a material is carried across a
membrane against a concentration gradient, i.e., from
a lower concentration to a higher concentration.  This
process necessarily has a positive Gibbs energy change
(as given by Eq. 6-25) of approximately 5.71 log c2/c1
kJ mol–1, where c2 and c1 are the higher and lower
concentrations, respectively.  The transport process
must be coupled with a spontaneous exergonic reac-
tion.  In primary active transport there is a direct
coupling to a reaction such as the hydrolysis of ATP to
“pump” the solute across the membrane.  Secondary
active transport utilizes the energy of an electro-
chemical gradient established for a second solute;
that is, a second solute is pumped against a concentra-
tion gradient and the first solute is then allowed to

(8-3)
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cross the membrane through an exchange process with
the second solute (antiport or exchange diffusion).

Alternatively, both the first and the second solutes
may pass through the membrane bound to the same
carrier (cotransport or symport).  Another form of
active transport is group translocation, a process in
which the substance to be transported undergoes
covalent modification, e.g., by phosphorylation.  The
modified product enters the cell and within the cell
may be converted back to the unmodified substance.
Transport processes, whether facilitated or active,
often require the participation of more than one mem-
brane protein.  Sometimes the name permease is used
to describe the protein complexes utilized.

Like facilitated diffusion, active transport depends
upon conformational changes in carrier or pore pro-
teins, the equilibrium between the two conformations
depending upon the coupled energy-yielding process.
Thus, if ATP provides the energy a phosphorylated
carrier will probably have a different conformation
than the unphosphorylated protein.  A carrier with
Na+ bound at one site may have a different affinity for
glucose than the same carrier lacking Na+.  A hypo-
thetical example of the kind of cycle that can function
in active transport is provided by the picture of the
“sodium pump” given in Fig. 8-25.

2.  Pores, Channels, and Carriers

To accommodate the rapid diffusion that is often
needed to supply food, water, and inorganic ions to
cells, membranes contain a variety of small pores and
channels.  The pores may be nonspecific or they may
be selective for anions or cations or for some other
chemical characteristics.  They may be permanently
open or sometimes closed and referred to as gated.
The gating may be controlled by the membrane electri-
cal potential, by a hormone, by the specific ligand, or
by other means.  Some pores may be small enough to
allow only small molecules such as H2O to pass
through.  Others may be large enough to allow for
nonspecific simple diffusion of molecules of low mo-
lecular mass.  Structures are known for only a few.

Large pores tend to be nonspecific, but when the
solute approaches the pore diameter in size the speci-
ficity increases.  Furthermore, diffusion of ions
through pores is influenced strongly by any charged
groups in or near the pore.  Thus, a cation will not
enter a pore containing a net positive charge in its
surface.  Any electrical potential difference across the
membrane, resulting from accumulation of excess
negative ions within the cell, will also affect the diffu-
sion of ions.336,337

Porins.  The outer membranes of gram-negative
bacteria contain several 34-  to  38-kDa proteins known

as porins.  They form a large number of trimeric pores
which allow molecules and ions with molecular mass-
es < 600 Da to enter.  However, even small proteins are
excluded.  This appears to be a means for protecting
the bacteria against enzymes such as lysozyme (Chap-
ter 12).  Four distinct porins are among the most abun-
dant proteins of the outer membrane of E. coli.338  They
are designated according to the names of their genes.
OmpF (a nonspecific, open channel) and OmpC
(osmoporin) are encoded by OmpF (outer membrane
protein F) and OmpC genes, respectively.  Maltoporin
(LamB) is selective for maltodextrins but also allows
other small molecules and ions to pass.338– 341a  Its
name comes from its original discovery as a receptor
for bacteriophage lambda.  PhoE (phosphoporin) is a
porin with a preference for anions such as sugar phos-
phates while OmpF prefers cations.342  Porin FepA is
ligand gated, opening to take up the chelated iron
from ferric enterochelin (Chapter 16).  OmpF, OmpC,
and PhoE all have 16-stranded β-barrel structures (Fig.
8-20).199,343  Maltoporin forms a quite similar 18-
stranded barrel.  Similar porins are present in many
bacteria.199,344

The porin monomers associate to form trimeric
channels as is shown in Fig. 8-20B.  They all have a
central water-filled, elliptical channel that is constricted
in the center to an “eye” ~ 0.8 x 1.1 nm in size.  In this
restriction zone the channel is lined with polar residues
that provide the substrate discrimination and gating.
For example, in OmpF and PhoE there are many posi-
tively and negatively charged side chains that form the
edge of the eye (Fig. 8-20C).  The electrostatic potential
difference across the outer membrane is small, but
apparently determines whether the porins are in an
open or a closed state.344a  The voltage difference has
opposite effects on OmpF and PhoE, apparently as a
result of the differing distribution of charged
groups.342,345,346  A key role in determining the voltage
dependence may be played by Lys 18 (Fig. 8-20C).342

Polyamines (Chapter 24), which are present in the
outer membrane, induce closing of porin channels
by binding to specific aspartate and tyrosine side
chains.347

The most abundant protein in the E. coli outer
membrane is OmpA.  It appears to form a transmem-
brane helical bundle.  Although it is regarded primarily
as a structural protein it too acts, in monomeric form,
as an inefficient diffusion pore.350  Mitochondrial
outer membranes contain nonspecific pores (mito-
chondrial porins) that allow passage of sucrose and
other saccharides of molecular mass up to 2 to 8
kDa.351,352 Similar pore-forming proteins have been
found in plant peroxisomes.353

Aquaporins.  Many biological membranes are not
sufficiently permeable to water to allow for rapid
osmotic flow.  For example, the kidney membranes in

C. The Transport of Molecules through Membranes
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portions of  Henle’s loop have permeabilities as high
as 2500 µm s–1 (compared to 10–20 µm s–1 in a 1:1
cholesterol / phospholipid bilayer).354-355a   This high
permeability is provided by aquaporin-1 (AQP-1),
formerly called CHIP (channel-forming integral mem-
brane protein) or AQP-CHIP.  Aquaporin-1 was first
identified in erythrocyte membranes and is present in
many  tissues.  The 28-kDa subunits of the protein form
six-helix bundles, each with a pore in the center.  These
are associated as tetramers in the membrane.356– 358

Other aquaporins with related sequences occur
broadly.  There are at least ten in mammals.359,359a

Plants, which must accommodate to heavy loss of
water in hot dry weather, have aquaporins in both
plasma membranes and tonoplasts.360  Bacteria also
have aquaporins.356,361  A defect in aquaporin-2 of the
kidney collecting duct leads to nephrogenic diabetes
insipidus, in which the kidneys fail to concentrate
urine in response to secretion of the hormone
vasopressin.355a,362,363

Ion channels.  Most organisms contain a large
number of ion channels.  One of these, which plays a
key role in nerve conduction, is the voltage-gated K+

channel.  It is closed most of the time but opens when
a nerve impulse arrives, dropping the membrane
potential from its resting 50 - to  70-mV (negative inside)
value to below zero.  This voltage change opens the
channel, allowing a very rapid outflow of K+ ions.364– 367

The channels then close spontaneously.  There are
many different K+ channels but most have a similar
architecture.368– 370  The three-dimensional structure
has been determined for the membrane-spanning part
of the K+ channel of Streptomyces lividans (Fig. 8-21).
The funnel-shaped tetrameric molecule has a narrow
conduction channel which contains the selectivity
filter.

The conduction channel is lined largely with
hydrophobic groups.  The selectivity filter, which
discriminates between K+ and Na+, is a short (~ 1.2-
nm-long) narrow (~ 1.0-nm-diameter) portion of the

Figure 8-20  MolScript ribbon drawings of the OmpF porin
of E. coli.  (A)  View of the 340-residue monomer.  (B)  View
of the trimer looking down the threefold axis.  From Wa-
tanabe et al.348  From atomic coordinates of  Cowan et al.349

(C) Molecular model of the constriction zone of the PhoE
porin.  Locations of key residues are shown, with positions
of homologous residues in OmpF given in parentheses.
Extracellular loops have been omitted.  Constructed from
coordinates of Cowan et al.349 by Samartzidou and Del-
cour.342  Courtesy of Anne Delcour.
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pore that is aligned roughly with
the center of the bilayer.  It is
formed by four extended peptide
chains, one from each subunit, each
having the “signature sequence”
for K+ channels, TVGYG.  In this
sequence the peptide carbonyl
groups all point into the channel.
The consecutive groups of four
carbonyls along the channel form
binding sites for K+, whose ionic
diameter (Table 6-10) is 0.27 nm.
The K+ must lose its hydration
sphere to fit into the 1.0-nm chan-
nel.  The site of strongest binding,
occupied by K+ in Fig. 8-21C, lies
just at the C-terminal ends of four
helices, and the partial negative
charges of the helix dipoles proba-
bly contribute to the binding.  The
pore may constrict to strengthen
the bonds.  When a second K+ ion
enters the channel it appears to
bind ~ 0.75 nm from the central K+,
repelling it and weakening its
interaction with the filter, allowing
it to pass through the pore.  Rb+

(0.30 nm diameter) and Cs (0.34 nm
diameter) also pass through.

How are the smaller Na+ (0.19
nm diameter) and Li+ (0.12 nm
diameter) excluded from the pore?
The pore is too small for the hydrated
ions and perhaps too large to bind
the dehydrated ion well enough
to let it escape from its hydration
sphere.  Four negatively charged
side chains in the cytoplasmic
mouth of the pore presumably
discourage anions from entering.
At the other end, the extracellular
entryway is a site that can be blocked
specifically by 35- to 40-residue
scorpion toxins.368

The S. lividans K+ channel is
not voltage gated.  Voltage-gating
mechanisms must be learned from
study of other channels!  The voltage-
dependent K+ channels from the rat
have an α4β4 composition.  The α
and β subunits coassemble in the
endoplasmic reticulum and remain
as a permanent complex,370a–c  After
insertion into the plasma mem-
brane the α subunits form a chan-
nel as in Fig. 8-21.  However, an
additional intracellular domain of

C. The Transport of Molecules through Membranes

Figure 8-21  Views of the tetrameric K+ channel from Streptococcus lividans.
(A)  Ribbon representation as an integral membrane protein.  Aromatic amino
acids on the membrane-facing surface are also shown.  (B)  Stereoscopic view.
(C)  Stereoscopic view perpendicular to that in (B) with a K+ ion in the center.
From Doyle et al.366
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the α subunits, together with the β4 complex, provide
an elaborate and as yet poorly understood internal
structure.  The β subunits are oxidoreductases contain-
ing bound NADH, whose function is also uncertain.

There are many more pores and carriers of various
kinds in biological membranes.  Some, like the S. lividans
K+ channel, facilitate diffusion of a single ion or
compound.  They are uniporters.  Others promote
cotransport in which an ion such as H+ or Na+ also
passes through the carrier.  In some cases a pore is
formed by a single molecule.  Other pores follow a
twofold, threefold, or fourfold axis (Fig. 8-21) of an
oligomeric  protein.371  Two different conformations
for the protein, one in which a “gate” opens to one
side of the membrane and one in which it opens to the
other, are usually involved.  Interconversion between
the two conformations is spontaneous but the equilib-
rium between them may be influenced by the binding
of the solute, by the membrane potential, or by bind-
ing of inhibitors or activators.  The latter may bind
differently to the parts of the carrier (pore) protein
exposed on the two sides of the membrane.

Channel-forming toxins and antibiotics. Some
of the bacterial toxins known as colicins (Box 8-D) kill
susceptible bacteria by creating pores that allow K+ to
leak out of the cells.  One part of the complement
system of blood (Chapter 31) uses specific proteins to
literally punch holes in foreign cell membranes.   Mel-
litin, a 26-residue peptide of bee venom,372,373 as well as
other hemolytic toxins and antibiotic peptides of insects,
amphibians, and mammals (Chapter 31) form amphip-
athic helices which associate to form voltage-depen-
dent anion-selective channels in membranes.374– 377

The polypeptide antibiotic gramicidin A consists
of 15 nonpolar residues of alternating d- and l-config-
uration; two molecules can form a channel with a
right-handed β helix structure.378,379  The central 0.48-nm
hole in the β helix is large enough to allow unhydrated
cations such as Na+ or K+ to pass through.  The same
peptide, under other conditions, forms left-handed
helical channels whose structures are known.379

Aggregates of β10 helices may form channels between
helices of suzukacillin.380  For this antibiotic as well
as for alamethicin (Chapter 30) the conductance
depends upon the membrane potential, a characteristic
shared with the pores of nerve membranes.  A variety
of synthetic channel-forming peptides have been
prepared.  Some of these form α-helical bundles with
a central pore.  A five helix bundle of this type381 has
a structure reminiscent of the acetylcholine receptor
channel of neurons.382

Ionophores and other mobile carriers.  Facili-
tated diffusion of a molecule or ion is sometimes
accomplished by binding to a mobile carrier.  An
example is the diffusion of a complex of K+ with the

low-molecular-mass lipid-soluble carrier, or ionophore
valinomycin (Fig. 8-22).  The K+ –valinomycin com-
plex diffuses the short distance to the other side of the
membrane and discharges the bound ion.  If the rates
of binding to a carrier and of release from the carrier
are greater than those of the diffusion process,
Michaelis–Menten kinetics are observed.  The maxi-
mum velocity Vmax and Michaelis constant Km can
be defined as in Eq. 9-15 for enzymatic catalysis.

Valinomycin is a depsipeptide which contains
ester linkages as well as amide linkages.  The anti-
biotic is made up of d- and l-valine, l-lactic acid, and
d-hydroxyisovaleric acid.  When incorporated into an
artificial membrane bathed in a K+-containing medium,
valinomycin increases the conductance greatly and
when it is added to a suspension of Streptococcus
faecalis cells the high ratio of [K+]i / [K+]o falls rapidly.383

The loss of K+ from cells probably explains the anti-
biotic activity.  However, under suitable conditions,
with a high external [K+], the bacteria will continue
to grow and reproduce in the presence of the anti-
biotic.384

Uncomplexed valinomycin has a more extended
conformation than it does in the potassium com-
plex.385,386  The conformational change results in the
breaking of a pair of hydrogen bonds and formation
of new hydrogen bonds as the molecule folds around
the potassium ion.  Valinomycin facilitates potassium
transport in a passive manner.  However, there are
cyclic changes between two conformations as the
carrier complexes with ions, diffuses across the mem-
brane, and releases ions on the other side.  The rate of
transport is rapid, with each valinomycin molecule
being able to carry ~ 104 potassium ions per second
across a membrane.  Thus, a very small amount of this
ionophore is sufficient to alter the permeability and
the conductance of a membrane.

Because the stability constant of its complex with
potassium is much greater than that with sodium,
valinomycin is a relatively specific potassium ionophore.
In contrast, the mushroom peptide antamanide has a
binding cavity of a different geometry and shows a
strong preference for sodium ions.388,390  The structure
of the Na+–antamanide complex is also shown in
Fig. 8-22B.  The Streptomyces polyether antibiotic 
monensin (Fig. 8-22D),389,391 a popular additive to
animal feeds, is also an ionophore.  However, its mode
of action, which involves disruption of Golgi functions,
is uncertain.392

Anions of lipid-soluble phenols such as 2,4-dini-
trophenol can serve as effective carriers of protons
(Chapter 18).  However, proteins usually serve as the
natural carriers, both of protons and of other ions.  A
protein is sometimes pictured as rotating to present
the solute-binding surface first to one side, then to the
other side of a membrane.  However, gated pores or
channels are probable for most biological transport.
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permeability coefficient P for D-glucose across a lipid
bilayer is only 10–6  to  10–5 µm  s–1.  For an intact eryth-
rocyte, P is much greater:  ~ 1 µm   s–1.  This is the result
of facilitated diffusion by a transport protein with a
high specificity for hexose and pentose sugars having
a pyranose ring in a C1 chain conformation.396  This
human erythrocyte glucose transporter, now known as
GLUT1, has a Km of 1.6 mM for D-glucose but of >3 M
for L-glucose.  It is a 55-kDa intrinsic membrane glyco-
protein migrating in band 4.5 of Fig. 8-14.  From the
sequence of its cloned gene the unglycosylated carrier
was deduced to be a 54-kDa peptide of 492 residues.

3.  The 12-Helix Major Facilitator Superfamily

A large family of transmembrane facilitators from
bacteria and eukaryotes appear to consist largely of 12
transmembrane helices with intervening cytosolic and
extracellular loops.  Some of these transporters facili-
tate simple uniport diffusion, but others participate in
active transport of the symport or antiport type.393,394

Several hundred members of the family are known.395

Entrance of sugars into cells. It is important
that sugars be able to enter cells rapidly.  However, the

Figure 8-22 (A) Uncomplexed valinomycin and its complex with K+ (from Duax et al.387).   (B) Stereodiagram of the Na–
[Phe4, Val6]antamanide complex.  A molecule of C2H5OH, which forms the fifth ligand to the Na+, is omitted for clarity. From
Karle et al.388  (C)  Monensin and its complex with K+.  From Pangborn et al.389
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Figure 8-23  Predicted topology of the human glucose transporter GLUT1.  The 12 predicted helices are numbered and the
single external N-linked oligosaccharide is marked CHO.  The sequence RXGRR (marked) is found in many 12-helix transporters.
Its occurrence in these two positions suggests that the transporters may have evolved by duplication of a 6-helix motif.  How-
ever, the human glucose transporters otherwise show no sequence similarity to other 12-helix transporters.  After Bell et al.398

See also Muekler.400
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The glucose transporter is specifically inhibited by the
fungal metabolite cytochalasin B which can also be
used for photoaffinity labeling of the transporter.397

There are at least six closely related facilitative
sugar transporters in the human body.398– 400  GLUT1 is
found not only in red cells but also in brain401 and
other tissues.  GLUT2 is the principal liver transporter
and GLUT3 is found along with GLUT1 and GLUT5 in
the brain.401  GLUT5 is primarily a fructose transport-
er.402,403  The latter is present in spermatozoa, in which
fructose transport is especially important (Box 20-A),
and also in the small intestine.  Both the GLUT1 and
GLUT5 genes are overexpressed in breast cancer.403

GLUT6 is an unexpressed pseudogene (see Chapter
27) and GLUT7 has been found only in liver micro-
somes.  GLUT4 of skeletal and cardiac muscle and
adipose tissue has received a great deal of attention
because of its response to insulin400,404-405a and to
exercise406 (see Chapter 17).

All of the GLUT family appear to be 12-helix
transmembrane-regulated, gated-pore proteins407,408

with relatively short cytosolic N- and C-terminal ends.
The proposed topology of GLUT1, which has been
supported by much experimental data,400,406 is shown
in Fig. 8-23.  However, the helices are thought to be
bundled with the glucose channel centered within a
helix bundle.  The structure is unknown, but it could
resemble the α,α-barrel of glucoamylase (Fig. 2-29),
which has 12 helices, a glucose-binding site in the
center, and a structure that could easily be modified to
form a central pore.

Dehydroascorbate, the oxidized form of vitamin C
(Box 18-D) is also transported into cells by GLUT1 and
GLUT3.409  A related transporter carries L-fucose into
mammalian cells.410  Another facilitates the uptake of
galactose in yeast.411

Cotransport of sugars and other nutrients with
H+ or Na+.  Epithelial cells of the small intestine or of
kidney tubules must take up glucose at low concentra-
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tions and discharge it into the bloodstream at a higher
concentration.412  This active transport is accomplished
by cotransport of glucose with Na+ in a 1:2 ratio, with
the sodium ion concentration gradient across the
membrane providing a usable source of energy
amounting to 5.8 kJ / equivalent of Na+.413  The 662-
residue human, sodium-dependent transporter
SGLT1 may have 14 transmembrane helices, 5 of
which have been proposed to provide the sugar path-
way.414

Cotransport with Na+ is also observed for trans-
port of many other sugars, amino acids, neurotrans-
mitters, and cofactors.415  A confusing variety of
transporter molecules have been identified and are
now being classified into families based on gene se-
quences as well as function.416,417  Transporters from
intestinal mucosal cells, kidney membranes, and syn-
aptic endings of neurons have been studied most and
have been the source for many of the cloned genes.418

The Na+-dependent transporters of neutral amino
acids from these tissues have long been classified as
system A, system B, and system ASC (alanine, serine,
cysteine) according to substrate specificities.417,419-420a

Both cationic amino acids and cystine are taken up by
kidney tubules and intestinal epithelial cells by anoth-
er Na+-dependent transporter which is defective in
human cystinuria, a common metabolic genetic prob-
lem.421,422

The brain contains several transporters specialized
for rapid uptake of neurotransmitters glutamate and
aspartate,423– 425 glycine,426 γ-aminobutyrate
(Gaba),427,428 and catecholamines and also for taurine,
L-proline,429 serotonin,430 and other substances.  Many
of these are not only Na+ dependent but also require
cotransport of Cl–.428– 430  There are several different
glutamate transporter genes with specialized distribu-
tion in the brain and other tissues.423,424

Cotransport of sugars with H+ is especially com-
mon in bacteria431 but also occurs in eukaryotes.  For
example, the alga chlorella employs hexose / H+

symporters.432  The most investigated H+ cotransport-
er is probably the lactose (lac) permease from E. coli
which enables E. coli to take up lactose and other β-

galactosides from very dilute solutions.433– 436  From a
variety of measurements it has been possible to pro-
pose a stacking arrangement for the 12 helices434 and
to identify groups that are essential for function of the
417-residue protein.  Glutamates as well as an argin-
ine, and a histidine, all in transmembrane regions, are
essential and may be involved in the gating and trans-
port functions.436  The 469-residue melibiose permease
of E. coli transports α-D-galactopyranosides, including
meliobiose (Galpα1 →  6 Glc) and raffinose (Galpα1 →
6 Glcpα1 → 2 Fruf).437,438  This permease will couple
sugar uptake to either the H+ or Na+ gradient (or to a
gradient of Li+ but not of K+).437  Cells of E. coli also
contain H+ symporters for D-galactose, D-xylose, and L-

arabinose that are homologous to the mammalian
GLUT proteins.439

A series of specific H+-linked cotransporters are
found in the brush border membranes of small intes-
tine and in kidney epithelial cells.440,441  In green plants
H+-linked cotransport of amino acids is used in the
distribution of amino acids synthesized in the roots
and leaves to other parts of the plants.442,443

Antiporter or ion exchange transporters are also
common.  For example, E. coli uses a metal ion–tetra-
cycline / H+ transporter to carry the antibiotic tetracy-
cline out of cells.  This protein, when present, provides
a high level of antibiotic resistance to the bacteria.444

4.  Active Transport Systems

Both bacteria and eukaryotes also possess complex
active transport systems for uptake of sugars, amino
acids, and other nutrients and for pumping out toxic
xenobiotics.  One of the most important groups are the
high affinity ABC (ATP-binding cassette) transporters,
also called traffic ATPases.445– 448a  The E. coli genome
contains genes for 80 ABC transporters, 54 of which
had been identified before the genome sequence was
completed.447  In the human body an ABC transporter
enables eukaryotic cells to pump out a large number of
different drugs and other foreign compounds.  This
multidrug resistance protein (or P-glycoprotein)
not only protects cells but also can seriously interfere
with drug treatment.  For example, cancer cells with
increased amounts of this transporter often arise dur-
ing chemotherapy.  The transporter protein is a single
1280-residue, 170-kDa chain which probably has
12 transmembrane helices and two ATP-binding
domains.448,449  Other human ABC transporters include
the antigen processing transporter TAP (Chapter 31),
the 1480-residue anion transporter CFTR, which is
defective in cystic fibroses (Box 26-C),450 the erythro-
cyte glutathione-conjugate exporter (Box 11-B), and
a long-chain fatty acid transporter of peroxisomes.
ABC transporters usually consist of four domains.
Two are hydrophobic intrinsic membrane domains,
each with six membrane-spanning helices and two are
peripheral membrane ATP binding domains.  All four
domains may be in a single peptide chain, as in CFTR,
or they may be separate smaller proteins as in bacterial
periplasmic permeases.431,446

Periplasmic permeases.  Gram-negative bacteria
contain numerous ABC transporters with components
located on the periplasmic surfaces of their plasma
membranes.  Many of these can be dissociated from
the surfaces by osmotic shock, i.e., by sudden changes
in the osmotic pressure of the medium.451,452  For
example, cells of E. coli suspended in 0.5 M sucrose,
treated with 10–4 M EDTA for 10 min, and then diluted

C. The Transport of Molecules through Membranes
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with cold water release ~ 50 binding proteins that
hold sugars, amino acids, ions, and other substances
tightly with Kf = 106– 108 M–1.453,454  An example is the
L-arabinose binding protein of E. coli, a 306-residue
peptide organized into two large α /β units with a
deep cleft between them.  The sugar is bound into this
cleft455,456 by an extensive network of hydrogen-bond-
ing interactions between polar groups in the sugar and
in the protein similar to the network that binds either
D-galactose (Fig. 4-18) or D-glucose to another of the
periplasmic binding proteins.457,458  Proteins with the
same general architecture bind D-ribose, L-arabinose,458

and maltodextrins.459  The α1,4-linked maltodextrins,
as well as maltose,  are major nutrients for E. coli and
enter the periplasmic space via the previously men-

tioned LamB porin.  Other periplasmic proteins bind
histidine,460 basic amino acids,461 branched chain
amino acids, only leucine, oligopeptides, polyamines,462

and the tetrahedral anions phosphate454 and sulfate.463

The sulfate2– anion is held to its binding protein by
seven hydrogen bonds–one from a serine – OH, one
from an indole ring NH, and five from peptide NH
groups, three of which are at the positive ends of
α helices.  No permanently charged groups nor
cations nor water molecules come into contact with
the SO4

2–.463  The phosphate-binding protein also
binds a tetrahedral dianion HPO4

2– but it doesn’t bind
sulfate.  It forms numerous hydrogen bonds with its
ligand and also an ion pair with a guanidinium group.
An aspartate carboxylate hydrogen bonds to the – OH

BOX 8-D  COLICINS: ANTIBIOTIC PROTEINS

Certain strains of E. coli and related bacteria
synthesize proteins known as colicins that kill cells
of other susceptible strains.a– c  Three kinds of co-
licins, each encoded in its own small DNA plasmid
(colicinogenic factor), are known.  Colicin E3 is a
58-kDa ribonuclease (RNase) that attacks 26S ribo-
somal RNA of susceptible bacteria;d colicin E2 is a
deoxyribonuclease (DNase) that cleaves the bacteri-
al chromosome.e Colicin E1 and its relatives, co-
licins A, B and Ia, Ib and N, attack the bacterial
inner membranes and form lethal pores which allow
K+ and other ions to flow out of the cell.  The pres-
ence of a single channel will kill the bacterium.  The
effect is similar to that of valinomycin.f,g The small
colicin V is an 88-residue peptide antibiotic that is
secreted by a dedicated ABC export system.h  Co-
licins are members of a larger group of bacterio-
cins.  One of these proteins, megacin Cx from
Bacillus megaterium, kills bacteria of sensitive strains
by blocking protein synthesis.i

The channel-forming colicins bind to bacterial
surface molecules that serve as their receptors.  For
example, colicin N binds to the abundant E. coli
surface protein OmpF.  Interaction with a complex
of membrane proteins known as tol Q, R, A, and B
then leads to translocation across both outer and
inner membranes and refolding of the colicin in a
pore-forming conformation.g  This mechanism is
also used by colicins A, E, and K.  The single-strand-
ed bacteriophages M13, fd, and f1 “parasitize” the
same transport system.  Colicins B, D, I, and M enter
bacteria with the aid of a second transport system
consisting of proteins TonB, ExbB, and ExbD which
participate in uptake of chelated iron (Chapter 16)
and of vitamin B12.  This system is also parasitized
by bacteriophages T1, T5, and φ80.j

a Luria, S. E. (1975) Sci. Am. 233(Dec), 30 – 37
b Parker, M. W., Tucker, A. D., Tsernoglou, D., and Pattus, F.

(1990) Trends Biochem. Sci. 15, 126 – 129
c Parker, M. W., and Pattus, F. (1993) Trends Biochem. Sci. 18, 391–

395
d Escuyer, V., Boquet, P., Perrin, D., Montecucco, C., and Mock,

M. (1986) J. Biol. Chem. 261, 10891– 10898
e Dvhsllrt, K., and Nomura, M. (1976) Proc. Natl. Acad. Sci. U.S.A.

73, 3989 – 3993
f Wiener, M., Freymann, D., Ghosh, P., and Stroud, R. M. (1997)

Nature (London) 385, 461– 464
g Evans, L. J. A., Labeit, S., Cooper, A., Bond, L. H., and Lakey, J.

H. (1996) Biochemistry 35, 15143 – 15148
h Fath, M. J., Zhang, L. H., Rush, J., and Kolter, R. (1994) Biochem-

istry 33, 6911– 6917
i Brusilow, W. S. A., and Nelson, D. L. (1981) J. Biol. Chem. 256,

159–164
j Derouiche, R., Bénédetti, H., Lazzaroni, J.-C., Lazdunski, C.,

and Lloubès, R. (1995) J. Biol. Chem. 270, 11078 – 11084
k Griko, Y. V., Zakharov, S. D., and Cramer, W. A. (2000) J. Mol.

Biol. 302, 941 – 953
l Chan, P. T., Ohmori, H., Tomizawa, J.-I., and Lebowitz, J. (1985)

J. Biol. Chem. 260, 8925 – 8935

The N-terminal portion of the 522-residue
polypeptide chain of colicin E1 appears to be re-
quired for transport into the membrane and the
central part for binding to the receptor; the channel-
forming property is characteristic of the C-terminal
region.k  A similar organization has been established
for the smaller colicin N:translocation domain,
(residues 1– 66), receptor domain, (residues 67–182),
and pore-forming domain (residues 183 – 387).

The colicin E1 plasmid is a 4.43 MDa circular
double stranded DNA molecule consisting of 6646
base pairs.l  Only one site is susceptible to cleavage
by the restriction endonuclease ECoR1 (Chapter 26)
This feature has led to its widespread use in cloning
of genes.
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of the phosphate.  Since the sulfate ion lacks the neces-
sary H to form this bond it is excluded from the bind-
ing site.454

All of these binding proteins have similar architec-
tures.  The ligands fit into a groove between two do-
mains as is seen in Fig. 8-24 for the histidine binding
protein.  The histidine is held by formation of carboxy-
late–arginine and –NH3

+–aspartate ion pairs and an
additional hydrogen bond to the imidazole.  The
proteins are able to bend in the hinge region between
the two domains to give a better fit to their ligands.

The periplasmic binding proteins function togeth-
er with the other subunits of the ABC transporter
system.  One of the best understood systems is encod-
ed by the histidine transport operon of Salmonella
typhimurium.445,453  There are four genes: hisJ (encoding
the histidine-binding protein), hisQ, hisM, and hisP.
The Q and M proteins are hydrophic integral mem-
brane proteins which interact with two copies of the P
protein, which contains the ATP-binding motif, to
form a His QMP2 membrane complex.  The soluble
HisJ transfers its bound histidine to this complex,
which with the hydrolysis of ATP supplying the driv-
ing force transfers the histidine across the membrane,
presumably via a channel.445  In E. coli the gene malE
encodes the periplasmic maltose binding protein,
while malF and malG are genes for the integral plasma
membrane components.  The malK gene encodes an
ATP-binding protein homologous to the hisP protein.
As with the histidine permease, a multiprotein complex
MalFGK2 is formed.  It accepts maltose or a maltodex-
trin and ATP is hydrolyzed to drive the transport.459

MalT encodes a positive regulatory protein that stimu-
lates transcription of the mal genes.464  Membrane

transport systems are made more complex by the fact
that several of the binding proteins serve also as recep-
tors for stimulation of chemotaxis (Chapter 19).

The bacterial phosphotransferase system. A
third system for uptake of sugars is utilized by E. coli
and by many other bacteria.  This phosphoenolpyru-
vate-dependent phosphotransferase system converts
glucose, mannose, fructose, other sugars, or mannitol
into their 6-phosphate esters, at the same time trans-
porting the latter across the membrane (a group trans-
location).431,465  Four proteins form a cascade (Eq. 8-4).
Phosphoenolpyruvate, an intermediate in sugar me-
tabolism whose high energy of hydrolysis provides the

Successive
transfers of
a phospho

group PEP (phosphoenolpyruvate)

Sugar phosphate (inside)

(Carbohydrate-
specific protein
or domain)

E IIA – N – PO3
2– or

E III – N – PO3
2–

E IIB – S – PO3
2–

Sugar
(outside)

C

CH2

–OOC O – PO3
2–

E IIC (Integral membrane
domain)

Sugar-specific
permease
complex

HPr – N – PO3
2– (Phosphate carrier protein)

Enzyme I – N – PO3
2– (Phosphohistidine form)

(8-4)

Figure 8-24  (A)  MolScript ribbon drawing of the periplasmic histidine-binding protein HisJ, a component of an ABC trans-
porter system of Salmonella.  The bound L-histidine is shown as a ball-and-stick model.  (B)  Stereoscopic view of the histidine-
binding site showing hydrogen-bonding interactions of protein side chains with the histidine.  From Oh et al.460  Courtesy of
Giovanna Ferro-Luzzi Ames.

A B
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driving force, phosphorylates Nε2 of a histidine side
chain on enzyme I, a large 64-kDa soluble membrane-
associated protein.466-467a

The phospho group is then transferred sequential-
ly to the small 88-residue dimeric phosphate carrier
protein HPr, to the carbohydrate-specific membrane
proteins IIA and IIB, and to the sugar being transport-
ed.  A histidine side chain at position 15 of HPr is
phosphorylated by PEP to form Nδ1-phosphohistidine.468

The NHε2 of the same histidine forms a hydrogen
bond to C-terminal glutamate 85, which is also hydro-
gen bonded to an arginine side chain.  This chain of
interacting groups may function in the phospho trans-
fer reactions.469  Both enzyme I and HPr function in
the transport of many ligands but there are specific
enzymes II (EIIs) for each sugar or other ligand.470  In
E. coli there are at least 13 different PTS transporters.471

A complete EII usually consists of three domains–EIIA
(or EIII), EIIB, and EIIC.  In some cases all three
domains are in a single polypeptide chain, but in other
cases they are individual proteins or some combina-
tion of individual and bifunctional proteins.  The 637-
residue mannitol-specific EII contains all three domains.
Domains A and B are cytoplasmic while the N-terminal
segments form the integral membrane C domain.  The
two phosphorylation sites are His 554 (EIIA) and Cys
384 (EIIB).472  The glucose-specific EII from E. coli
consists of two subunits, IIA and IICB.471,473– 475  The
mannose transporter has three subunits representing
domains IIAB, IIC, and an additional integral mem-
brane subunit IID.476  In addition to their direct trans-
port functions, components of the PTS system play
regulatory roles in chemotaxis, transcription, and
control of other transporters.477,478

5.  Transport of Ions

Cell membranes are impermeable to most ions.
Only a small number of ions can enter cells readily
and these usually do so with the assistance of protein
channels or pores.  The principal anion of plasma (Box
5A) is Cl–, which passes through membranes readily
by virtue of the presence of channel-forming proteins.
Chloride ions are often distributed across membranes
passively according to Eq. 8-5, which describes the
Donnan equilibrium.167,479,480

[K+]i[Cl–]i = [K+]o[Cl–]o

Here the subscripts i and o refer to the inside and the
outside of the cell, respectively.  The potassium ion
concentration within a cell is maintained at a high
value by the operation of the Na+ + K+ pump and by
the presence of nondiffusible anions within the cell.
According to Eq. 8-5, the internal chloride concentra-
tion must be low, with the product of [K]i[Cl]i equaling

that of the low exterior [K+] and high exterior [Cl–].
The internal [Na+] and [Ca2+] are both low, while the
internal [K+] is high.  These differences are also linked
to the membrane potential (Eq. 8-2), which is ordinari-
ly expressed as a negative voltage of the interior of a
cell, mitochondrion, plastid, etc. with respect to a
reference electrode in the external medium.

The maintenance of both the membrane potential
and the steep gradients of ionic concentrations is
essential to cells, both as a means of coupling meta-
bolic energy to transport and other processes and for
electrical signaling.  The effects are most pronounced
for mitochondrial membranes for which Em may attain
–140 to –170 mV and for plasma membranes of excitable
cells such as neurons (Em = –70 to –90 mV).  For liver
and kidney cells Em of plasma membranes may be
approximately – 35 mV and for erythrocytes only
– 9 mV.480

In excitable cells electrical impulses are initiated by
opening or closing ion channels.  They are propagated
along an axon by a complex sequence of opening and
closing of voltaged-gated channels,481 a process that is
described in Chapter 30.  All cells appear to also contain
ATP-driven ion pumps as well as simple channels,
cotransporter proteins, and ion exchangers.

Anions.  Cell membranes have long been known
to be relatively permeable to Cl– and other small an-
ions.  However, the molecular basis of this permeabili-
ty is quite complex.482  Voltage-gated selective anion
channels, often called chloride channels, are impor-
tant in electrically excitable membranes, where they
ensure a high resting chloride conductance and stabili-
ty.483  The gene for one of these channel proteins was
first cloned from the electric ray Torpedo484,485 and is
designated Clc-0.  Similar channels have been found in
organisms ranging from bacteria to yeast, green plants,
and vertebrate animals.  The yeast genome contains
just one Clc gene486 but mammals have at least nine.
One of these, Clc-2, is defective in myotonia congenita,
a human disease of impaired muscle relaxation; and in
similar diseases of mice, goats, and horses.483,487  A
mutation in the chloride channel Clc-5 causes kidney
problems, including proteinuria, hypercalciuria, and
kidney stones.483

Erythrocyte membranes permit rapid transport of
anions to allow for the exchange of Cl– within the red
cells for HCO3

– generated by tissue metabolism.  The
HCO3

– binds to deoxyhemoglobin (Eq. 7-47) and is
carried to the lungs, where it is released upon oxygen-
ation of the hemoglobin.  Then the reverse exchange of
internal HCO3

– for Cl– occurs.  This electroneutral ion
exchange is mediated by the band 3 protein (Fig. 8-14)
which contains a channel that allows anions but not
cations to pass.238,239,488  The band 3 protein, also
known as AE1 (anion exchanger 1), is found principally
in red blood cells but is also present in kidney tubules.489

(8-5)
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Related proteins occur in other tissues.488  The 911-
residue band 3 protein consists of two distinct parts of
nearly equal size.  The N-terminal portion is attached
to the membrane skeleton (Fig. 8-16).  The C-terminal
part, which is embedded in the membrane, is thought
to form 14 transmembrane helices and to contain the
ion exchange channel or channels.489a  As previously
mentioned, defects in the N-terminal portion cause
spherocytosis.  The mutation Arg 589 His in the
C-terminal half causes renal tubular acidosis in
which the kidneys do not adequately remove acids
from the body.238,489  Band 3 proteins can also exchange
phosphate, sulfate, and phosphoenolpyruvate for Cl–

or bicarbonate.
Another chloride channel, which is regulated by

cyclic AMP (Chapter 11), functions in secretory epithe-
lia.  Its regulation is faulty in cystic fibrosis (Box 26-A),
one of the most common human genetic defects,
especially among persons of European descent.490  As
was previously mentioned, this cystic fibrosis trans-
membrane conductance regulator (CFTR) is a mem-
ber of the ABC superfamily of transporters.  The large
1480-residue protein apparently has two 6-helix mem-
brane-spanning domains, two cytoplasmic nucleotide-
binding domains,491 and another large cytoplasmic
regulatory domain.

In addition to AE1 (band 3 protein), kidneys
depend upon other modes of reabsorption of HCO3

–

from the proximal tubules.  These include a Na+/
HCO3

– cotransporter, which seems to be related to the
AE family of ion exchangers.  However, it transfers
three HCO3

– ions per Na+ and is therefore highly
electrogenic.492,493  Transporters for phosphate, sul-
fate, and small organic anions are found in many
organisms.  Bacterial periplasmic transporters have
already been described.  Plants employ H+/ phos-
phate,494 H+/ sulfate,495 and H+/ nitrate496 cotransport-
ers.  Phosphate transporters are probably essential to
all organisms.  One of the best known is the mitochon-
drial Pi/ H+ cotransporter which carries phosphate
ions originating from hydrolysis of ATP to ADP + Pi
back into the mitochondria.497,498  See also Table 18-8.
A human Na+/ Pi cotransporter in the kidney is also
essential.  An X-linked trait leading to inadequate
synthesis of the transporter causes hypophosphatemic
vitamin D-resistant rickets.499

Monocarboxylates such as lactate and pyruvate
enter animal cells with the aid of monocarboxylate /
H+ cotransporters of low specificity.500  A Cl–/ oxalate
transporter is one of several ion exchange proteins in
the kidney.501  Transport systems for ADP, phosphate,
dicarboxylates, and other anions are very active in
mitochondrial membranes (Chapter 18).

Cation channels.  When a nerve impulse passes
along an axon gated pores or channels specifically
permeable to Na+ and K+ open for short periods of

time as a result of changes in membrane potential
induced by the advancing wave of the action potential
(Chapter 30).  We have already considered the struc-
ture of a potassium ion channel (Fig. 8-21).  However,
there are at least 30 types of K+ channels that can be
distinguished.502  Many of these appear to have similar
channel structures but to serve a variety of purposes.
While the K+ channels of neurons are voltage gated
many others are controlled by hormones, neurotrans-
mitters, or mechanical stimuli.503  One of the most
investigated K+ channels, known as KATP, sets the
resting potential in the insulin-secreting β cells of the
pancreas by facilitating a flow of K+ into cells.  Such
channels, which help equilibrate intracellular and
extracellular K+ at near equilibrium, are found in cells
with low negative values of Em.  They are called in-
wardly rectifying.  When the internal glucose concentra-
tion in the β cells rises it initiates a complex signaling
sequence involving blockage of the KATP channels by
ATP, opening of voltage-sensitive Ca2+ channels, and
insulin secretion.504– 506  The KATP  channel is also
blocked by sulfonylureas.  As a result, these com-
pounds induce insulin release and are useful in treat-
ment of diabetes meltitus (Box 17-G).  When its gene
was cloned the sulfonylurea receptor was found to
be a transmembrane protein of the ABC transporter
family.505  The potassium channel protein is another
subunit of the transporter.  Similar KATP channels are
found in the kidneys507 and also in embryonic cells in
which they may participate in regulation of the cell
cycle.508

Voltage-regulated sodium channels are the major
participants in propagation of nerve impulses.  The
large 260-kDa α subunit of the sodium channel of nerve
membranes contains four homologous repeat sequences,
each of which may form transmembrane helices and
also contain a loop that may participate in forming a
pore similar to the K+ pore of Fig. 8-21.509-510a  How-
ever, the structure is uncertain.511  The channel complex
also contains 36- or 33-kDa β1 and β2 subunits that
appear to be members of the Ig superfamily.

Epithelial cells contain a quite different Na+ chan-
nel that participates in reabsorption of urinary Na+

and in control of blood pressure (Box 22-D).  The
channel consists of at least three structurally similar
subunits, each with two predicted transmembrane
helices and a large extracellular domain.512  These
channels are blocked specifically by the diuretic com-
pound amiloride.513
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The best known sodium channel is, in fact, a gen-
eral cation channel which is part of the “nicotinic”
acetylcholine receptor.  Acetylcholine is the principal
excitatory transmitter in the peripheral nervous sys-
tem and upon release from synaptic endings or neuro-
muscular junctions occupies receptors on the
“postsynaptic” membranes of one or more adjacent
neurons.  When acetylcholine binds in the ion pore,
the acetylcholine receptor opens and cations flow out,
depolarizing the membrane.  Under favorable circum-
stances, this initiates a nerve impulse (action potential)
in the postsynaptic neuron.  The receptor gene was
first cloned from Torpedo and the receptor protein has
been studied extensively.382  The 290-kDa protein
consists of five similar-sized subunits with an α2βγ
structure.  These form a nearly symmetric fivefold
oligomer with a pore in the center.  Images of both the
open and the closed states, obtained by electron mi-
croscopy at a resolution of 0.9 nm, suggest that the
inner pore of ~ 2.6 nm diameter is formed by five α
helices, one from each subunit.  It is open when acetyl-
choline binds to the two α subunits and closes to a
much smaller diameter when the acetylcholine leaves
(and is destroyed by hydrolysis).

Calcium channels are a third major group of
cation-selective channels.514  As pointed out in Box 6-D,
calcium ions are involved in a very wide range of
signaling functions.  These are discussed in several
places in this book.  Several of these functions depend
upon voltage-gated Ca2+ channels.  Muscle is rich in
L-type or DHP-sensitive channels (Box 6-D) which
play a role in transmission of nerve impulses to muscles
by allowing rapid flow of calcium ions into cells from
outside.515

The structure appears to be homologous to that
of voltage-gated Na+ channels with a large 170-kDa
subunit with a fourfold repeat plus smaller subunits.
The ryanodine receptors of muscle control the
release of Ca2+ from stores in the endoplasmic reticu-
lum516,517 (see also Chapter 19).  These receptors are
ligand gated, being activated by cyclic ADP-ribose
(Chapter 11).  Two additional types of voltage-sensi-
tive Ca2+ channels, N and P, are found in the central
nervous system.514,518  Another ligand gated calcium
channel has been found in endothelial cells.519  It is
activated by sphingosylphosphocholine519 rather
than by cAMP-ribose or inositol triphosphate.520  A
sodium / calcium ion exchanger and cotransporter521

utilizes the Na+ gradient to exchange three external
Na+ ions for one internal Ca2+.

Many aspects of calcium function are poorly un-
derstood.  Among these is the role of a group of pro-
teins known as annexins (formerly lipocortins,
calpactins, endonexins, etc.).522  The ten or more mem-
bers of the annexin family523– 527 share the property of
binding to phospholipid membranes in the presence of
Ca2+.  One of the several proposed functions of annex-

ins is formation of Ca2+ channels, a function that is
suggested by the modular three-dimensional struc-
tures.525,526  Other suggested functions include roles in
membrane fusion, exocytosis, and adhesion.

Active transport of cations.  Most organisms
take up ions from their surroundings by active trans-
port.  Green plants extract essential nutrients from the
extremely dilute solutions in contact with their roots.
Microorganisms such as yeast and bacteria have the
same ability, and specific concentrating systems for
many ions such as K+, Ca2+, sulfate, and phosphate
have been identified.  The skin of a frog can take up
Na+ from a 10–5 M solution of NaCl and extrude it into
the internal fluids whose Na+ concentration may be
greater than 0.1 M.  Ions can also be concentrated from
internal fluids and excreted at higher concentrations.
Some seabirds and marine animals rid their bodies of
excess salt by secretion from salt glands.  The lining of
the human stomach is able to concentrate hydrogen
ions in gastric juice to ~ 0.16 M.

Organelles within cells have their own ion-concen-
trating mechanisms.  Thus, mitochondria can concen-
trate K+, Ca2+, Mg2+, and other divalent metal ions as
well as dicarboxylic acids (Chapter 18).  The entrance
and exit of many substances from mitochondria ap-
pear to occur by exchange diffusion, i.e., by secondary
active transport.  Such ion exchange processes may
also occur in other membranes.

ATP-driven ion pumps.  Within virtually all cells
the sodium concentration is relatively low, while that
of potassium is high (Box 5-A).  One theory528 regards
the cytoplasm as analogous to an ion exchange resin
with fixed charges in a lattice.  Highly crosslinked ion
exchange resins exhibit specificity toward binding of
certain ions; e.g., sulfonic acid resins tend to bind K+

preferentially, while phosphonic acid resins tend to
bind Na+.  Do proteins also prefer K+ to Na+?

In contrast to the ion exchange theory, much evi-
dence indicates that cells have an active ion pump
that removes Na+ from cells and introduces K+.  For
example, the cytoplasm of the giant axons of nerves of
squid can be squeezed out and replaced by ionic solu-
tions.  Erythrocyte ghosts can be allowed to reseal with
various materials inside.  Ion transport into or out of
cells has been demonstrated with such preparations
and also with intact cells of many types.  Such trans-
port is blocked by such inhibitors as cyanide ion,
which prevents nearly all oxidative metabolism.  How-
ever, the cyanide block can be relieved by introduction
into the cells of ATP and other phosphate compounds
of high group-transfer potential.

Uptake of K+ by cells and extrusion of Na+ from
cells are also specifically blocked by “cardiac glyco-
sides” such as ouabain (Fig. 22-12).  Ouabain labeled
with 3H binds to the outer surface of cells, and from
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this binding it was estimated that erythrocytes possess
100– 200 ion pumping sites per cell (~ 1 site / µm2).529

For the HeLa cell (a widely studied strain of human
cancer cells) 105 to 106 sites / cell (~ 10 / µm2) were
found.  Further experiments showed that in the pres-
ence of Na+ within the cell and K+ on the outside of
the cell, ATP is hydrolyzed.  The rate of hydrolysis was
directly related to the concentrations of these two ions
and to the number of ouabain binding sites and also
required the presence of Mg2+.  These observations led
to the concept of an (Na+ + K+)- activated ATPase
(often abbreviated Na+, K+-ATPase) as synonymous
with the membrane-bound ion pump.  Within the cell
Na+ must be located on one side of the membrane and
K+ on the other to activate this enzyme.  However, the
purified enzyme would be expected to hydrolyze ATP
in the test tube in the presence of Na+ + K+ + Mg2+.
Such a protein was isolated from several sources and
has been studied intensively.  It is an αβ mixed dimer
with molecular masses of ~ 113 kDa for the α chains
and ~ 55 kDa for the glycoprotein β chains.530,531

The proteins may associate to α2β2 tetramers in
membranes.  The genes for various isoforms of the
proteins from several sources have been cloned and
sequenced.531,532  The large α subunit may span the
bilayer of the membrane as many as ten times; the
glycoprotein β subunit is thought to be largely on
the outer surface and may have only one membrane-
spanning helix.533,534 A small 68-residue γ subunit
copurifies with the pump protein.  It may be involved
in control of the ATPase, which has complex regulatory
properties.535,536  Sulfatides (ceramide galactose-3-
sulfate) may also play a role in the enzymatic
activity.535

The sodium–potassium pump displays a curious
stoichiometry.  Three sodium ions are pumped from the
inside and two potassium ions from the outside of a cell for
each molecule of ATP cleaved.  Thus, an excess of positive
ions is pumped out with the result that a negative
charge develops inside the cell and a positive charge
accumulates on the outside.  This action of the Na+,
K+-ATPase is the primary source of the membrane
potential for most eukaryotic cells and is said to be
electrogenic.  Because the cell membrane is somewhat
permeable to K+, outward diffusion of K+ through the
“leaky” membrane along its concentration gradient
helps to maintain the membrane potential as does
inward leakage of Cl–.  At the same time, Na+ diffuses
inward, aided by the membrane potential.  Even
though the permeability of Na+ is low, a steady state
is reached at which the rate of passive inward diffu-
sion of cations just balances the membrane potential
set up by the active transport.

The energy for transport of Na+ and K+ by the ion
pump is supplied by ATP.  The Na+,K+- ATPase does
not merely catalyze the hydrolysis of ATP but also
couples its cleavage to the pumping of the ions.  The

pumping of sodium and potassium ions is one of the
most important energy-requiring activities of cells.  It
is said to account for 23 % of the ATP utilization in a
resting human.  Thus, it constitutes an important fraction
of the basal metabolic activity.

The Na+,K+- ATPase is one of a family of over 50
ion pumps that are characterized by transfer of a
phospho group from ATP to an aspartate side chain
carboxylate in the invariant sequence DKTG to give an
intermediate phosphoenzyme + ADP.530,537

Phosphoenzyme
intermediate of
Na+,K+- ATPase

These P-type ATPases are characterized by phospho-
enzyme intermediates, by a conserved consensus
sequence, and through inhibition by vanadate ion.537– 539

The structures are poorly known.  Some consist of
single chains (perhaps dimerized) and some have
more than one chain.  However, the major subunit
always appears to have about ten transmembrane
helices with a large ~ 430-residue cytoplasmic domain
between the fourth and fifth helices.  This domain
contains the ATP binding site and the phosphoaspartyl
group of the phosphoenzyme.534  This is Asp 369 for
the Na+,K+- ATPase.

In addition  to the Na+,K+- ATPases there is a very
active Ca2+-ATPase which transports two Ca2+ from
the inside of cells to the outside while returning two
H+ from outside per ATP.540– 543a  This is the primary
transporter by which cells maintain a low internal
[Ca2+].  During its action it becomes phosphorylated
on Asp 351.  However, in neurons, in which the mem-
brane potential is maintained at a high negative value
by the sodium pump, an Na+/ Ca2+ ion exchange plays
an even more important role.540

Other P-type ATPases include the gastric H+,
K+- ATPase, which acidifies the stomach and has a
high degree of sequence homology with the Na+,
K+- ATPase.544  Secretion of HCl into the stomach
apparently involves diffusion of K+ together with Cl–

from the bloodstream through the cells lining the
stomach.  The K+ is then pumped back into these cells
in exchange for H+ by  H+,K+-ATPase.545  The chloride
channel may be in the same protein as the (K+ + H+)
pump.546  The kidney is the principle acid excretory
organ of the body and as such also contains proton
pumps.  An electrogenic H+- ATPase pumps H+ alone
outward through the plasma membranes of fungi and of
green plants.547,548  The resulting proton gradient may
be used to provide energy for transport of other materials
into cells.  A group of metal ion P-type transporters
carry copper and other nutrient ions into cells and
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extrude Cd2+ and other toxic ions.539  Some alkaliphilic
bacteria pump Na+ to create a sodium ion gradient.539a

All of these ion pumping systems require MgATP as
the source of energy and function via phosphoenzyme
intermediates.  The ionic gradients generated can be
used to move other ions or nonionic compounds into
or out of cells by exchange or cotransport processes.
For example, internal H+ may be exchanged for exter-
nal Na+ in an exchanger-mediated process that assists
in control of cytoplasmic pH.549,549a  The reverse process
in E. coli549b and many other bacteria provides the
principal mechanism by which those cells export Na+.
This exchange is driven by the electrochemical gradi-
ent of the H+ ion created by oxidative phosphorylation
(Chapter 18).  The Na+ ion, in turn, can be used by
bacterial cells to drive other uptake processes, e.g.,
sugar or amino acid-Na+ cotransport.

What is the mechanism by which ATPase trans-
porters function?  We still do not know.550  The pump-
ing cycles for the Na+,K+- ATPase
and the Ca2+- ATPase are similar
although different in details.  The
ATPases are reversible and with
suitable ionic gradients will work
as ATP synthases.551  A strictly
hypothetical model for the Na+,
K+-ATPase is shown in Fig. 8-25.
There are at least two conformations
of the ion pump proteins.552,552a  In
one conformation the protein binds
three sodium ions tightly, while in
the other conformation it binds two
potassium ions.  The ATP operates
the “motor” that carries out the
conformational changes.  In Fig. 8-25
the ion pump, in conformation A, is
shown embedded in a membrane.
In the center, perhaps between three
or more transmembrane helices,
there is a narrow cavity, perhaps
resembling that of the K+ channel
(Fig. 8-21), into which chelating
groups (e.g., C = O groups of the
peptide chain) protrude.  These
groups form the three binding sites
for the 0.19-nm-diameter Na+ ion.
The spontaneous binding of the
sodium ions triggers a phosphoryla-
tion reaction by which a phospho
group from the MgATP2– complex is
transferred to the side chain carboxyl
of the active site aspartate.  This
phosphorylation in turn triggers a
change to the second conformation
in which the channel to the outside
is open and that to the inside is
closed.  At the same time the affinity

for Na+ is decreased over 100-fold and the sodium ions
dissociate on the outside.  The affinity for Na+ may
decrease because the diameter of the pore is increased
to accommodate the larger 0.27-nm diameter of K+

ions, perhaps by a twisting motion of the peptide
chains that form the channel.

The next step is loading with two K+ ions.  The
affinity for K+ in the second conformation is high.  The
return to conformation 1 with release of K+ to the inside
is triggered by hydrolytic removal of the phospho group
as inorganic phosphate (Pi).  It may seem surprising
that a channel could be opened and closed so readily
with synchronous changes in the number and speci-
ficity of ion binding sites.  However, recall the type of
structural alteration occurring upon oxygenation of
hemoglobin (Fig. 7-25).  Rotation of the hemoglobin
subunits with respect to one another causes small
changes in the geometrical relationships of groups
protruding into the central channel.  This  strongly

Figure 8-25  A strictly hypothetical model of a Na+ + K+ pump which operates
by ATP-driven opening and closing of a channel at opposite ends and with
alternate tight binding of Na+ and K+.
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affects the binding of 2,3-bisphosphoglycerate.  Very
small movements could open up the Na+ binding
groups and create new binding sites for the larger K+

ion, using in part the same chelating groups.

Images of both the Ca2+-ATPase (Fig. 8-26)553 and
the H+-ATPase of Neurospora plasma membranes548 at
0.8 nm resolution reveal similar transmembrane re-
gions and large cytoplasmic domains which are some-
what differently organized.  The picture in Fig. 8-26
has been greatly clarified by determination of the
structure by X-ray diffraction to a resolution of
0.26 nm.553a,b,c  Two calcium-binding sites have been
located in the transmembrane domain between the
helices marked M4, M5, M6, and M8.  The Ca2+ ions
are apparently coordinated by side chains of Asp, Glu,
Gln, and Thr.  There are three cytosolic domains.  The
site of phosphorylation, Asp 351, lies within a large
~ 27 kDa P (phosphorylation) domain adjacent to the
membrane.  The ATP is held by a nucleotide-binding
N domain which must at some point in the cycle move
close to Asp 351 for phosphorylation to occur.  The
third cytosolic (A, actuator) domain is thought to be
involved in control of the conformational alterations.
The nucleotide-binding domain lacks the “P loop”
characteristic of many ATPases and GTPases (see p. 648),
but is homologous in its sequence to L-2-haloacid
dehalogenase (Eq. 12-2)

Two other types of proton-pumping ATPases are
considered in Chapter 18.  One is the mitochondrial
F1F0 ATPase, which ordinarily operates in the reverse
direction as the body’s principal ATP synthase.  The
other type, which in some ways resembles the mito-
chondrial F1F0 ATPase, is the vacuolar ATPase (V-
ATPase).  These are true proton pumps which acidify
vacuoles of plants and also lysosomes and phagocytic
vacuoles.554,555  They are also considered in Chapter 18.

6.  Exocytosis, Endocytosis, and the Flow of
Membrane Constituents

Observation of cells under the microscope with
time-lapse photography reveals that the plasma
membrane as well as the mitochondria and other
organelles are in a constant state of motion.  Mitochon-
dria twist and turn and the surface membrane undu-
lates continuously.  Vesicles empty their contents to the
outside of the cells, while materials are taken into cells
through endocytosis.  In addition, chemical evidence
indicates a directed flow of the materials of which
membranes are constructed from the endoplasmic
reticulum (ER) to the Golgi vesicles, excretion gran-
ules, and plasma membrane (see Fig. 10-8).  Along this
route new materials are inserted from the cytoplasmic
side of the membrane, while enzymes within the
vesicles add glycosyl units and make other modifica-
tions.  The plasma membrane surface area grows quite
rapidly.  In secretory cells fusion of secretion granules
with the plasma membrane also adds additional
material to the membrane.

Counterbalancing this expansion of the plasma

C. The Transport of Molecules through Membranes

Figure 8-26  The structure of the 994-residue Ca2+-ATPase
of the endoplasmic reticulum of rabbit muscle at 0.8-nm
resolution.  (A)  Predicted topology diagram organized to
correspond to the electron density map prepared by electron
crystallography of frozen-hydrated tubular crystals.  The
number of amino acid residues in each connecting loop is
marked.  (B)  The electron density map with the predicted
structure embedded.  The relationships of the helices in (B)
to those in (A) are not unambiguous.  The helices marked B,
D, E, and F in (B) may form the Ca2+ channel.  The large
cytoplasmic loops, which are black in (A), were not fitted.
From Zhang et al.553  Courtesy of David L. Stokes.
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membrane is active endocytosis of fluids and of solid
materials from outside the cell.  This not only brings
new materials into the cell but also accomplishes
removal of material from the plasma membrane and
partial recycling of its components.  One form of
endocytosis is seen with the ameba.555a  The cytoplasm
flows around a smaller organism or other particle of
food enclosing it in an internal membrane-bound
compartment (endocytic vacuole or endosome).
This vacuole then fuses with lysosomes which supply
the necessary enzymes to digest the food.  In a similar
way phagocytic cells of our bodies engulf micro-
organisms or other particles to form phagosomes
which, over a period of more than 24 hours, undergo
extensive biochemical changes.556  They acquire
digestive enzymes, vacuolar ATPase,557 other proteins
needed to kill bacteria, and other parasites.

Uptake of smaller particles including protein
molecules occurs by micropinocytosis, a process that
can be seen only by electron microscopy.  This often
takes place via coated pits, indentations of ~ 0.3 µm
diameter underlain by a thickened membrane.558– 559b

The pit membrane is also coated with protein mol-
ecules and appears to have many short bristles or
spikes protruding into the cytoplasm (Fig. 8-27A).
After endocytosis the coated pits become coated
vesicles of 0.15 – 0.25 nm (Fig. 8-27B).  Within a few
seconds, however, these vesicles lose their coat and
become endosomes.

The major protein making up the coat is the 180-
kDa clathrin, but smaller 33 - to  36-kDa peptides of
several types also contribute.561  The coat forms a
“basket” with pentagonal and hexagonal faces sur-
rounding the lipid bilayer of the vesicle.  At each
vertex of the basket is a “triskelion,” a trimer of
clathrin together with an equal number of the smaller
chains.  The smallest baskets consist of 12 pentagons
plus 4, 8 or more hexagons, a relationship that allows
formation of a variety of larger baskets.562,563  Addi-
tional 50- and 100-kDa accessory proteins form a shell
around the clathrin cage.  That clathrin is essential for
normal cell growth has been established by the
observation that deletion of its structural gene from
yeast is lethal.564  The addition of more trimer units
from a reserve of soluble clathrin in the cytoplasm
allows the vesicles to develop and break off from the
membrane.  From studies with inhibitors it is evident
that metabolic energy is required to drive the process.

Other vesicles are surrounded by nonclathrin mem-
brane coats.  Some of these originate from caveolae
(little caves), which act in endocytosis, exocytosis, and
transmembrane signaling.564a,b,c   A coatomer complex
of eight subunits with molecular masses from 20 to 60
kDa coats vesicles involved in transport between
compartments of the Golgi.565– 567

What is inside a coated vesicle?  Cells take up a
variety of peptide hormones and proteins.  This usual-

ly occurs with the aid of specific receptor proteins
located in or on the outside of the plasma membrane.
Some of these, e.g., receptors for the low-density lipo-
protein of plasma (Chapter 22), are clustered in coated
pits.  Other receptors, such as those for insulin or epi-
dermal growth factor, are spread more evenly across the
membrane but collect in coated pits when the hormone
binds.  Endocytosis provides a means for the cell to
take up and in some cases destroy the hormone or the
receptor or both.

Transmembrane proteins, including hormone
receptors, are incorporated into coated vesicles with
the help of clathrin adapter proteins (APs).  These

Figure 8-27  (A) Region of a coated membrane from fibro-
blasts at an intermediate stage of the budding process,
demonstrated by deep etching and rotary replication (by
J. E. Heuser559b).  From Pearse and Bretscher.560  Courtesy of
Barbara Pearse.  (B) Three structures identified among the
smallest coated vesicles.  Structure (a) contains 12 pentagons
and four hexagons, the latter lying at the vertices of a tetra-
hedron; (b) has a barrel shape built of 12 pentagons and eight
hexagons; structure (c) also has twelve pentagons and eight
hexagons, but the latter are arranged in two arcs of four,
related in the same way as the two parts of a tennis ball.
Larger coats seem to be constructed on similar principles,
with the addition of further hexagons.  From Pearse and
Bretscher.560

A
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complex oligomeric proteins bind to recognition or
“sorting” sequences such as dileucine on YXXφ (Y = Tyr,
X = any amino acid, φ = bulky hydrophobic).567a– d  The
adapter proteins also bind to clathrin, the N-terminal
β-propeller domain associating with the sequence
LφXφD / E of some AP adapters.567c  Completion of a
coated vesicle requires membrane fusion as the vesicle
is pinched off from the membrane surface.  A GTPase
(Chapter 11) called dynamin as well as another pro-
tein endophilin I are required.  Endophilin I is an
acyltransferase able to transfer the fatty acyl group
of arachidonoyl-coenzyme A to lysophosphatidic acid
in the cytosolic surface of the membrane.  This may
change the curvature of the membrane, assisting in
vesicle formation.567e

Once inside a cell the vesicles lose their coats to
become endosomes which may then fuse with lysosomes
or with Golgi membranes.  The removal of a clathrin
coat requires ATP as well as the chaperonin Hsp 70
(Chapter 10) and a coat protein called auxilin.568

Triskelion is distorted and displaced from the clathrin
cage.  The interior of the newly formed endosome is
quickly acidified by the action of a proton pump in the
vesicle walls.554,569  This sometimes leads to dissociation
of enclosed receptors from their ligands and permits
recycling of receptors and lipids of the vesicle mem-
branes to the cell surface.  This is the case for the low-
density lipoprotein receptor.570,571

Exocytosis, by which the content of a secretion
vesicle is released to the outside of a cell, is just as
important as endocytosis.  The process is sometimes
very specialized.  For example, the release of a nema-
tocyst from Hydra (Fig. 1-13) can occur in about 3 ms.572

Exocytosis involves fusion of membranes,562,573 a
process also occurring during the movement of endo-
somes along the endocytic pathway,574 during vesicular
transport between Golgi compartments, and in many
other biological processes.  Exocytosis is often triggered
by the binding of Ca2+ to specific proteins of the
vesicle wall and of the cytoskeleton (Chapter 7).575

The fusion of membranes at several stages in the
vesicle-mediated transport of materials between
Golgi compartments requires a specific protein known
as the N-ethylmaleimide-sensitive fusion protein
(NSF).576,577  A host of other specialized proteins are
also involved562,578 and are discussed in Chapter 10.  See
also Chapters 20 and 29.

D.  Communication

External coats and cell walls help to control the
access of materials to a cell.  However, it is the outer
surface of the plasma membrane that makes the cell’s
first contact with nutrients, hormones, and other
important chemicals.  The membrane must often not
only detect these materials but also send signals to the

E. The Extracellular Matrix and Cell Walls

interior of the cell and sometimes to adjacent cells.
These signals may be about changes in pH or nutrient
concentration or the presence of hormones, neuro-
transmitters, or harmful materials.  For these reasons
cell membranes contain many embedded receptors
and signaling complexes.  These are discussed in
Chapter 11 and later sections of the book.

The plasma membrane also contains many “mark-
ers” of the individuality of the species or of an indi-
vidual.  These are chemical groupings that, in higher
animals, can be recognized by the immune system as
“self” rather than as a foreign invader.  These surface
markers may also be used by parasites as camouflage
to evade the immune response of the host.  Such
chemical groupings on cell surfaces are often de-
scribed as antigenic determinants and the molecules
that carry them as antigens.  Each antigenic determi-
nant elicits the production of antibodies that will bind
specifically to it.  Over 250 different antigenic groups
have already been described for the surface of the red
blood cell.  They determine the blood type.  Groups on
the surfaces of other cells determine whether a trans-
planted tissue will be rejected.  Various proteins from
plant and other sources act as agglutinins by binding
to surface groups much as do antibodies.  Viruses that
attack cells may also become adsorbed onto specific
surface molecules, which act as receptors.

Immunoglobulins can also be receptors.  For
example, molecules of IgE bound to basophils and the
related mast cells of tissues serve as receptors for
allergens.  Binding of an allergen to the IgE molecules
stimulates the release of granules containing histamine
and other substances (Chapter 31).

E.  The Extracellular Matrix and Cell Walls

The surroundings of cells are extremely complex
and vary from one organism to another and from one
tissue to another.  The principal function of cell walls
and other surface coats is to protect cells against attack
by organisms and against physical disruption.

1.  The Structure of Bacterial Cell Walls

The plasma membrane of bacterial cells, other
than the wall-less mycoplasmas and some
archaebacteria, is surrounded by a multilayered wall
which may be separated from the membrane by a thin
periplasm (or periplasmic space).  This can be seen
most clearly in suitably prepared thin sections of cells
of E. coli or other gram-negative bacteria as a relatively
empty space of 11- to 25-nm thickness (Fig. 8-28).579– 581

The volume of this space (which may be filled with
gelled material) depends upon the osmotic pressure of
the medium.  In E. coli it contains 20 – 40% of the total
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cell water.  In gram-negative bacteria the innermost
layer of the walls lies within the periplasm (Fig. 8-28).
It is a porous network of a highly crosslinked material
known as peptidoglycan or murein.  The backbone of
the peptidoglycan is a β-1,4-linked polymer of alter-
nating N-acetylglucosamine and N-acetylmuramic
acid residues.  Alternate units of the resulting chitin-
like molecule carry unusual peptides attached to the
lactyl groups of the N-acetylmuramic acid units (Fig.
8-29).  The peptide side chains are crosslinked as
indicated in the figure.  The peptides vary consider-
ably in structure and crosslinkages.582,583  In E. coli and
other gram-negative bacteria the peptidoglycan forms
a thin (2-nm) continuous network around the cell, but
in gram-positive bacteria the highly crosslinked
peptidoglycan forms a layer as much as 10 nm thick.584

The peptidoglycan layer is surrounded by other layers
whose structures vary from one organism to another,
with the outermost antigenic layers being the most
variable.

The outer membrane of gram-negative bacteria.
Outside the murein layer of E. coli and other gram-
negative organisms is a phospholipid-containing
outer membrane which has the thickness and some-
thing of the structure of a typical biological membrane
(Fig. 8-28).585,586  This membrane is attached to the
peptidoglycan layer with the aid of a small hydropho-
bic 58-residue lipoprotein whose N terminus contains
a glycerylcysteine which carries three fatty acids
connected by ester and amide linkages:

The fatty acid chains are evidently embedded in the
outer membrane as an anchor.  About one-third of the
lipoprotein molecules are attached covalently to the
peptidoglycan through an amide linkage between the
side chain amino group of the C-terminal lysine of the
protein and a diaminopimelic acid residue of the
peptidoglycan (Fig. 8-29).  Thus, the protein replaces
one of the terminal D-alanine residues of about one in
ten of the murein peptides.  There are ~ 2.5 x 105

molecules of the bound form of the lipoprotein per cell
spread over a surface area of peptidoglycan of ~ 3 µm2.
They appear to be associated as trimers located
primarily in the periplasmic space.589

About 105 copies  per  cell of the previously men-
tioned (Section C,2) larger 325-residue structural
protein, OmpA protein,350 after its gene symbol ompA

Figure 8-28  Schematic
molecular structure of the
E. coli envelope.  Sugar
residues are represented by
ovals and rectangles.
Circles represent polar head
groups of phospholipids.
MDO, membrane-derived
oligosaccharides; KDO, 3-
deoxy-manno-octulosonic
acid (structures for KDO
and heptose are in Fig. 4-
15).  From Raetz and
Dowhan.587
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Figure 8-29  (A) Repeating unit of structure of a bacterial peptidoglycan
(murein).  Some connecting bridges are pentaglycine (Staphylococcus aureus),
trialanylthreonine (Micrococcus roseum), and polyserine (S. epidermis).
(B) Schematic drawing of the peptidoglycan of S. aureus.  From Osborn.588
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(outer membrane protein A), are also
present.  The outer membrane contains
almost the same number of molecules of
two porins.  Together with phospholip-
ids or with the lipopolysaccharide
discussed in the next paragraphs, the
porins and OmpA protein associate in
hexagonal arrays which provide the
basic framework structure of the outer
membrane.585  Two of the outer mem-
brane proteins have been shown to
contain some of the modified lysine α-
aminoadipic acid 5-semialdehyde
(allysine).590  The aldehyde groups of
allysine are able to form crosslinks to
other proteins as has been well estab-
lished for collagen and elastin in the
human body.

A characteristic feature of the outer
surface of gram-negative bacteria is a
lipopolysaccharide586 that is anchored
in the outer membrane.  It was discussed
briefly in Chapter 4 where the structures
of the repeating oligosaccharides known
as O-antigens are given.  Figures 8-28
and 8-30 show the manner in which the
oligosaccharide bearing the O antigen is
attached to a lipophilic anchoring group
that is embedded in the outer membrane
of the bacteria.591  The anchor, which is
called lipid A, is a β-1,6-linked disaccha-
ride of N-acetylglucosamine.  It is also
linked both to phosphate groups and to
the fatty acyl groups that fit into the
lipid bilayer of the membrane.  In E. coli
and Salmonella typhimurium four mol-
ecules of 3-D-hydroxymyristic acid are
joined by ester and amide linkages to the
two GlcN units (Fig. 8-30).  Other fatty
acids, including lauric, myristic, and
palmitic acids, are esterified to the
hydroxyl groups of two or three residues
of hydroxymyristic acid (Fig. 8-30).
Lipid A from other gram-negative
bacteria is similar but with variations in
the fatty acyl group composition and
linkages to the carbohydrate.592– 594

E. The Extracellular Matrix and Cell Walls
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Figure 8-30  Structures of the lipopolysac-
charides of the outer membrane of E. coli
and S. typhimurium including the bilayer
anchor lipid A.  For structures of L-glycero-
D-mannoheptulose, KDO, and colitose,  see
Fig. 4-15.
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Many differences are also found in the “core”  oligo-
saccharide (Fig. 8-30) and in the O-antigens.594 – 596

Why do cells of Salmonella have a thousand
distinguishable surface antigens, many based on
differences in the O-antigens?  The ends of these
carbohydrate clusters are the groups to which the
antibodies in animals clamp themselves if the bacteria
enter the bloodstream.  Mutants known as R forms
(because of the growth as rough colonies on agar
plates) completely lack the outer O-antigen.  The R
mutants of Salmonella are nonpathogenic, whereas the
smooth strains with intact O-antigen often cause
illness.  Perhaps, if the O-antigen has the right cluster
of sugar rings at the ends, the host organism does not
recognize it as dangerous.  This is only part of a con-
tinuous battle between the immune system of the
body and camouflaged surfaces of attacking pathogens.
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The lipopolysaccharides of bacterial surfaces have
been identified as the “endotoxins” that cause many
of the worst effects of gram-negative bacterial infec-
tions and that are often lethal.597  Although the name
endotoxin came from the assumption that there was
an internal heat-resistant toxin that was released from
the bacteria, the toxin is part of the bacterial cell wall.
While the O-antigens provide for innumological
recognition, it is the lipid A part that is responsible for
the toxicity and unusually strong fever-inducing
properties of the lipopolysaccharide.592– 594,597

Teichoic and teichuronic acids.  The cell walls of
gram-positive bacteria are composed of a thick pepti-
doglycan layer which also contains proteins and
additional polymers known as teichoic acids and
teichuronic acids.  In some species these account for
50% of the dry weight of the cells.598,599  Teichoic acids
are high polymers of the following general types:
They are often attached through phosphodiester
linkages to N-acetylglucosamine or a disaccharide
which, in turn, is attached to muramic acid residues of
the peptidoglycan.  Since the teichoic acid is uniformly
distributed in its attachment to the peptidoglycan, it
must be intimately associated with peptidoglycan
throughout the wall.

Teichoic acids are often covalently attached to
glycolipids which are part of the plasma membrane.
For example, the glycerolteichoic acid of Streptococcus
faecium contains about 28 monomer units of glycerol
phosphate, approximately 60% of which carry residues
of kojibiose (Gluα1 → 2Glu) as a phosphatidylkojibiosyl
diacylglycerol membrane anchor.600  Teichuronic acids
contain uronic acids:

[→4(N-acetyl)–ManAβ1→6Glcα1–]n

From Micrococcus luteus601

From Bacillus megaterium602

Nearly 800 of the foregoing tetrasaccharide units
are joined to give a large, densely packed, ~ 500-kDa
polymer.  The reducing end of the polymer is
covalently attached to the peptidoglycan layer.

Mycobacteria.  Most mycobacterial species seem
to be harmless saprophytic soil bacteria of the gram-
positive group.  However, tuberculosis (caused by
Mycobacterium tuberculosis) may infect one-third of the
inhabitants of the earth603 and kills about three million
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→4Glcβ1→3Rhaα1→4Rhaα1–
3

→

GlcAβ1
n

people per year.604  Leprosy, caused by M. leprae,
affects 10 million or more.605  Most antibiotics are not
effective against mycobacteria because of the unusual
nature of their multilayered cell walls.  The muramic
acid of their peptidoglycans contains glycolyl groups
instead of acetyl groups, perhaps providing extra
hydrogen bonding within the wall.604  Most character-
istically, they are rich in lipid materials.  Among these
are a unique polysaccharide, a highly branched
arabinogalactan, that is covalently attached to
muramic acid residues of the peptidoglycan.
Clusters of arabinofuranosyl units at the nonreducing
ends of the chains are esterified with mycolic acids
(Section A,1).10,604,605  Mycobacteria also contain
lipoarabinomannans that act as major antigens.603,606

Some mycobacterial species synthesize small
glycopeptidolipids that may disrupt cell membranes
of hosts.607  Mycobacteria don’t produce toxins of
usual types but cause slow, long-lasting infections.

Other bacterial coats. Archaebacteria not only
have unusual plasma membranes that contain
phytanyl and diphytanyl groups (Section A,3)608 but
also have special surface layers (S-layers) that may
consist of many copies of a single protein that is
anchored in the cell membrane.609  The surface protein
of the hypothermic Staphylothermus marius consists of a
complex structure formed from a tetramer of 92-kDa
rods with an equal number of 85-kDa “arms.”610,611  S-
layers are often formed not only by archaebacteria but
also by eubacteria of several types and with quite
varied structures.612– 614  While many bacteria carry
adhesins on pili, in others these adhesive proteins are
also components of surface layers.615  Additional
sheaths, capsules, or slime layers, often composed of
dextrans (Chapter 4) and other carbohydrates, sur-
round some bacteria.

2.  The Surroundings of Animal Cells

Cells in the external epithelial layers are always
surrounded by a protective covering of some kind.
Our own skin is made up of specialized cells which
become filled with microfibrils of keratin as they move
outward and become the relatively dry nonliving
external surface (Box 8-F).  Internal epithelial cells
secrete protein and carbohydrate materials that form a
thin basement membrane around the exposed parts
of the cells.  The connective tissue that lies between
organs and which also includes tendons, cartilage, and
bone consists of a relatively small number of cells
surrounded by a “matrix” consisting of the protein
fibers collagen and elastin in a “ground substance”
rich in proteoglycans (Chapter 4).616– 618  In bone, the
calcium phosphate is deposited within this matrix.
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ensures that the three chains remain in proper register
in the triple helix while the procollagen is converted
into collagen, a process involving additional
crosslinking.

Before this “maturation” can occur there must be
other modifications to procollagen.  These begin while
the peptide chains are still attached to ribosomes of the
rough ER.  Hydroxylases (Chapter 18) localized in the
membranous vesicles of the ER convert some of the
proline and lysine residues of the procollagen chains
into 4-hydroxyproline625,629,630 and hydroxylysine
(Eqs. 8-6 and 8-7).  Lesser amounts of 3-hydroxypro-
line are formed.  About 100 molecules of 4-hydrox-
yproline and 50 of 5-hydroxylysine are created in each
α1 chain.

Galactosyl units are then transferred onto some of
the hydroxyl groups of the hydroxylysine side chains,
and glucosyl groups are transferred onto some of the
galactosyl groups.  This glycosylation may prevent
incorrect association of the procollagen molecules.

The collagens.  The most abundant proteins in
the body are the collagens,619– 624 a family of closely
related materials that account for 20% of the total
protein in higher animals.  Collagens make up much
of the organic mass of skin, tendons, blood vessels,
bone, the cornea, vitreous humor of the eye, and
basement membranes.  They are found in every
metazoan phylum studied.  There are at least 16 types
in the human body.625  Type I collagen, which accounts
for 90% of the total, is the major form occurring in
skin, tendon, and bone.  It is synthesized by the
fibroblasts and is excreted into the extracellular space
where it is polymerized into a durable long-lived
material.  Collagen II is found exclusively in cartilage
and the vitreous humor of the eyes.  Form III is located
in blood vessels and intestines and is prominent in
embryonic tissues.  Collagen IV is the major form
found in basement membranes.  Some other collagens
and characteristic features are listed in Table 8-4.

All collagens contain the triple-helical structure
shown in Fig. 2-23.  Collagen I consists of two chains
of one kind (α1) and one of another (α2), while most
other collagens have three identical chains.  In these
chains over 1000 residues have the characteristic
GlyXY sequence.624,626  At each end of the rodlike
molecules short segments of the peptides fold into
globular domains.  For type I collagen 16 residues at
the N termini and 25 at the C termini form these
domains.  Collagens are synthesized as intracellular
precursors known as procollagens.  The three chains
of procollagens are much longer than in the mature
proteins and have larger non-triple-helical ends (Fig.
8-31).  The C-terminal extensions are crosslinked by
S – S bridges.625,627  Synthesis of the collagen chains
requires at least six minutes after which they are
released into the cisternal space of the ER, associate,
and become crosslinked (Fig. 8-32).  This crosslinking

Figure 8-31  Schematic representation of type
I procollagen.  The molecule is composed of
two identical proα1 chains (solid lines) and
one proα2 chain (dashed line).  In addition to
the central triple-helical region that gives rise
to the collagen molecule, as portrayed in Fig.
2-23(C), the precursor contains amino- and
carboxyl-terminal non-triple-helical domains.
The amino-terminal domain is composed of a
presumably globular region, a short collagen-
like segment, and a non-triple-helical region in
which cleavages by the amino-terminal
protease occur.  Interchain disulfide bonds are
limited to the carboxyl-terminal domain.  The
short telopeptides at the ends of collagen α
chains represent the residual sequences of the
linkage regions between the collagen helix and
the terminal domains.  After Prockop628 and
Byers.625
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Figure 8-32  Scheme summarizing the biosynthesis of a fibrillar collagen by a fibroblast.  (A)  Assembly of pro-α chains in cisternae
of the rough endoplasmic reticulum; posttranslational hydroxylations and glycosylations; association and disulfide bonding of
C-propeptides; and zipper-like folding of the triple helix by nucleated growth.  (B)  Proteolytic processing of procollagen to collagen;
self-assembly of fibrils by nucleated growth; and covalent crosslinking of the fibrils.  The collagen molecule is first shown as a triple
helix and then either as a wavy line to depict a molecule assembling on the surface of a fibril or as a rectangle to depict the quarter-
staggered assay of monomers in a fibril.  The proteolytic processing of procollagen and assembly of fibrils may occur within crypts
of fibrils as shown here or perhaps at some distance from the cell.  After D. J. Prockop.628

Within the extracellular space two procollagen
peptidases act to cleave a 35-kDa peptide from the C
terminus631 and a 20-kDa peptide from the N-terminal
end of each of the three chains of the secreted
procollagen.  The amino acid composition of the
peptides removed is quite unlike that of the remaining
collagen monomer (also called tropocollagen) which
contains one-third glycine and much proline.

The three-stranded monomers of collagens I–III
are rods of dimensions ~ 1.4 x 300 nm (Fig. 8-23).
When they reach their final location they associate and
become crosslinked to form strong fibers with diam-
eters ranging from 8 nm to 0.5 m.  Tendons tend to
contain large fibrils, while those in bone are small.
The smallest 8-nm fibrils must contain about 20 triple
helices in a single cross section but the successive
monomers are staggered by 6.4 – 6.7 nm (234 residues
for type I collagen) in such a way that 3-nm gaps are
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left between the ends (Fig. 8-32).  These gaps give rise
to the characteristic banding pattern seen in the fibrils
in Fig. 2-23D.  Finer analysis of the bands together
with the known sequences shows that the bands also
reflect the locations of residues with charged side
chains.632  These ionized groups are thought to pro-
vide electrostatic stabilization to the fibrils.633  The
exact packing of the collagen molecules into sheetlike
or microfibrillar crystalline arrays is still uncertain.634

However, there is agreement on the staggered
arrangement634a and upon the fact that precisely
formed crosslinks with neighboring rods prevent
the gaps from weakening the fibrils.

Crosslinking of collagen is initiated by oxidation
of some of the lysyl and hydroxylysyl side chains from
amino groups to aldehyde groups under the action of
a copper-containing oxidase (Eq. 8-8, Chapter 18).  The
aldehyde groups enter into a variety of reactions that
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lead to crosslinking of the collagen monomers and to

the formation of insoluble fibers.635  One reaction is
an aldol condensation followed by elimination of
water (Eq. 8-9, step a).  If one of the two aldehydes
involved in the condensation is derived from hydroxy-
lysine and the other from lysine, two isomeric conden-
sation products are formed.  The aldol condensation
product can react further:  An imidazole group from
a histidine side chain can add to the carbon–carbon
double bond and (either before or after this reaction)
another lysine side chain can form a Schiff base with
the free aldehyde.  The results of these two processes
are summarized in Eq. 8-9, step b.  The final product
histidinohydroxymerodesmosine links four different
side chain groups.  In other instances, simple Schiff
bases (aldimines) are formed between aldehyde and
ε-amino groups.  If there is an adjacent hydroxyl group
these can isomerize to ketoamines (Eq. 8-10).  Two
residues of hydroxylysine, one of which is glycosylated
as shown in Eq. 8-10, are often involved.  Borohydride
reduction (Eq. 4-2) and hydrolysis leads to isolation of
dihydroxylysinonorleucine, the predominant product
of such treatment of bone or cartilage.

Crosslinkages reducible with borohydride are
characteristic of newly formed collagen but these
disappear and are replaced by more stable crosslinks as
collagen matures.  For example, a  3-hydroxypyridine
that joins three triple helices may be formed from the
reaction of two ketoamine groupings (with elimination
of one glycosylated hydroxylysine residue).636 – 639

Similar chemistry can also produce pyrrole crosslinks.639
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The crosslinkages in collagen are not located at
random but are found in certain positions, often toward
the ends of the collagen monomers.  Thus, histidine
residues are found only at positions 89, 929, and 1034
in the α1(I) peptide chains.  Residue 9 in the N-terminal
globular portion of one chain is linked to residue 946
of another while residue 103 is linked to 1047 in the
globular C-terminal peptide.640  The variety and number
of crosslinkages vary among different species. As
collagen ages through a lifetime, glycation (Eq. 4-8)
leads to crosslinkages in which two ketoamines are
formed via glycation cyclize.641

Collagens I, II, and III form fibrils with similar
structures.  However, other collagens are longer or
shorter and aggregate in different ways.  A pepsin-
resistant part of the collagen V molecules resembles
collagens I, II, and III but it may contain an additional
non-collagenous segment at the N terminus.  Collagens
V and XI are quantitatively minor components of the
extracellular matrix but are thought to provide a core
around which the fibrils of collagens I and III may
form.642  Types XII, XIV, IX, and XVI collagens contain
interruptions in the helix which create bends, flexible
sites, and sites of increased proteolytic susceptibility.
They may link the fibrils to other components of the
surrounding matrix.643
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Forming quarter-staggered fibrils

Ia,b Skin, bone, tendon, dentin Most abundant, banded quarter-staggered fibrils 7, 17

IIIa,c Skin, blood vessels Abundant, small banded fibrils 2

Va,d Most interstitial tissues; cartilage, bone Abundant, small fibrils 2

Predominant in cartilage and bone

IIa Hyaline cartilage, vitreous humor Very abundant, small banded fibrils 12

XIa Hyaline cartilage

With interrupted triple helices

XIIa,e Embryonic tendon, periodental ligaments Fibril associated

XIVa,e Fetal skin, tendon Fibril associated

IXa,e Cartilage, vitreous humor Minor, contains attached glycosamino-
glycan, fibril associated

XVIf Cartilage Fibril associated

Forming sheets and networks

IVa,g All basement membranes Nonfibrillar network 13

Xa Mineralizing cartilage, growth plate Short chain

VIIIa,h Endothelial cells; Descemet’s Small helices linked in hexagonal arrays
membrane of the cornea

Forming beaded filaments

VIa Most interstitial tissues, intervertebral discs Beaded microfilaments

Forming anchoring fibrils

VIIa,i Basement membranes Long-chain, antiparallel dimers, anchoring fibrils

a Martin, G. R., Timpl, R., Müller, P. K., and Kühn, K. (1985) Trends
Biochem. Sci. 10, 285-287
van der Rest, M., and Garrone, R. (1991) FASEB J. 5, 2814-2823
Prockop, D. J., and Kivirikko, K. I. (1995) Ann. Rev. Biochem. 64,
403-434

b Prockop, D. J. (1990) J. Biol. Chem. 265, 15349-15352
c Nah, H.-D., Niu, Z., and Adams, S. L. (1994) J. Biol. Chem. 269,

16443-16448
d Myers, J. C., Loidl, H. R., Stolle, C. A., and Seyer, J. M. (1985)

J. Biol. Chem. 260, 5533-5541

TABLE 8-4
Types of Vertebrate Collagen

Type
number Location Characteristics

Gene location:
human

chromosome

e Shaw, L. M., and Olsen, B. R. (1991) Trends Biochem. Sci. 16, 191-194
f Myers, J. C., Yang, H., D’Ippolito, J. A., Presente, A., Miller, M. K.,

and Dion, A. S. (1994) J. Biol. Chem. 269, 18549-18557
g Hudson, B. G., Reeders, S. T., and Tryggvason, K. (1993) J. Biol.

Chem. 268, 26033-26036
h Benya, P. D., and Radilla, S. R. (1986) J. Biol. Chem. 261, 4160-4169
i Lunstrum, G. P., Sakai, L. Y., Keene, D. R., Morris, N. P., and

Burgeson, R. E. (1986) J. Biol. Chem. 261, 9042-9048
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The basement membrane collagen IV forms a non-
fibrillar network.644,645  The 400-nm-long molecules
aggregate via their identical ends.  Four molecules are
held together through their triple-helical N termini,
while the C-terminal globular domains connect pairs
of molecules.  Type IV collagen is also a proteoglycan
with a glycoaminoglycan chain attached to one of its
nonhelical domains.  It may become covalently attached
to type II collagen via a hydroxypyridine linkage.646

Dimers of the microfibrillar collagen VI are formed
from 105-nm-long monomers by antiparallel and
staggered alignment, with the 75-nm overlapping
helical segments twisting around each other to form
coiled dimers.  After a symmetrical association of dimers
to tetramers, fibrillar structures are formed by end-to-
end aggregation.  The connection of monomers to
dimers, tetramers, and polymers occurs by disulfide
bonds between triple-helical segments and globular
domains.  The 450-nm-long collagen VII molecules
associate into antiparallel dimeric structures which show
a 60-nm overlap and which subsequently assemble
laterally with their ends in register.622

At least 32 genes encode the α peptide chains of
vertebrate collagens.647,648  These chains are assembled
into the 19 known types of collagen.  Alternative splicing
of the mRNAs provides additional isoforms.649  The
collagen α2(I) gene from both the chick and human
DNA is ~ 38 kb in length and consists of 52 exons
separated by introns ranging in length from 80  to 2000
base pairs.647,650  At least nine of the exons that encode
the triple-helical regions have exactly 54 bp.  All are
multiples of 9 bp, i.e., the length needed to encode one
Gly-X-Y triplet (Chapter 2, Section D,4).  The signifi-
cance of these observations is unclear but the presence
of so many introns does suggest ways in which col-
lagen sequences could have been transferred into the
genes for such proteins as acetylcholineesterase and the
C1q component of complement.647  The human α1(I)
collagen gene also consists of 51 segments but they lie

within a shorter 18-kb length of
DNA.651  A collagen gene from
Drosophila is much less fragmented.

Collagens are found in all meta-
zoan organisms.652  Invertebrate
collagens play a variety of special-
ized roles.653  For example, minicol-
lagens from Hydra strengthen the
walls of their nematocysts.572

Elastic fibers.  The elastic
properties of lung, skin, and large
blood vessels are provided by elastic
fibers in the extracellular matrix.654

The fibers consist of amorphous
material together with the insoluble
protein elastin, which is rich in
glycine, proline, and hydrophobic

amino acids.  Its special structure (Chapter 2) provides
elasticity to the fibers.  A 72-kDa precursor tropoelastin
is secreted into the extracellular space where it is acted
upon by lysyl oxidase (Eq. 8-7) and crosslinked into
a rubber-like network.654  Remarkable crosslinkages
are formed.  Three aldehyde groups derived by oxi-
dation of lysine side chains combine with one lysine
amino group through aldol condensations, dehydration,
and oxidation to form residues of desmosine and
isodesmosine.

Cartilage and basement membranes.  Tendons
consist largely of collagen, but in most tissues the
collagen fibrils are embedded in a matrix of proteogly-
cans and various other proteins.655– 657  Both the core
proteins of the proteoglycans and the attached

N

OOC COO

COO

OOC

H

H3N

H NH3

NH3

H

H3N H

2

Desmosine

This group 
shifted to C-2 
in isodesmosine

– +

+

–

+
–

–

+

+

N

O

H

OH

GalGlu

NH

O

OH

GalGlu

NH

O

O

GalGlu

Aldimine Ketoamine

(8-10)



437

Figure 8-33  (A) Electron micrograph
of polygonal network formed by associ-
ation of collagen type IV monomers.
(B) Electron micrographs of single
molecules of laminin.  (A) and (B) from
Yurchenko and Schittny.663,663a  Courtesy
of Peter Yurchenko  (C) Structural model
of the three-chain laminin molecule
with domain designations.  From Beck
et al.670  Domains I and II are a triple-
helical coiled coil rod which, in the B1
chain, is interrupted by a small cysteine-
rich domain α.  Sites of cleavage by
cathepsin are marked by arrows.
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polysaccharides interact with collagen fibrils and with
fibronectin and other (previously discussed) cell sur-
face proteins.  The cartilage matrix658,659 consists large-
ly of proteoglycans (Fig. 4-16)660 and of several
difficult to study, insoluble proteins.  One of these is
the 148-kDa cartilage matrix protein, which yields
52-kDa subunits upon reduction.661,662  It interacts with
both proteoglycans and collagen and may help to
integrate the cartilage matrix.

Basement membranes (Fig. 1-6)663 function in part
as an exoskeleton that helps keep cells positioned.
However, the thick basement membranes of the capil-
lary walls of the glomeruli of the kidney provide the
ultrafilters that prevent most proteins from entering
the urine.  Basement membranes contain large
amounts of collagen IV, which forms a polygonal
network (Fig. 8-33A).  A second macromolecular net-
work is formed by the very large 950-kDa cross-
shaped multisubunit protein called laminin (Fig.

8-33B).664– 666  Laminin is one of a series of extracellular
proteins which appear to have arisen by shuffling of
structural modules during evolution.667  It contains
sites for binding to heparin, to integrins,668 to the
heparin sulfate proteoglycan agrin (see also Fig. 4-11),
and to the 150-kDa sulfated glycoprotein nidogen
(entactin).669   At least seven isoforms of laminin, with
varying tissue distributions, are formed, in part as a
result of alternative splicing of the mRNA tran-
scripts.666  Laminin is rich in EGF-like modules.665  An
X-ray structure of three of them shows that they form
a continuous rod of complex structure.321  A smaller
100 kDa basement membrane fibulin also contains
multiple EGF-like repeats.671  As with other extracellu-
lar structures, crosslinking of laminin and other com-
ponents of basement membranes by transglutaminase
provides additional stability.672

E. The Extracellular Matrix and Cell Walls

200 nm

100 nm



438 Chapter 8.  Lipids, Membranes, and Cell Coats

BOX 8-E  GENETIC DEFECTS OF COLLAGEN STRUCTURE

Any major protein of the body is likely to be
associated with a number of genetic problems.  In the
case of collagen, the possibility for harmful mutations
is enhanced by the existence of a large number of
genes that encode the more than 16 types of collagen
which are expressed differently in different tissues.
There are known human disorders resulting from
defects in synthesis, secretion, or structure of types I,
II, III, IV, and VII collagens.  Other defects involve
lysyl hydroxylase and procollagen N-proteinase.a– d

In the severe lethal form of osteogenesis
imperfecta (brittle bone syndrome) the victims’
collagen I may contain an α1 chain lacking as many as
100 residues or a shortened α2 chain.  In other cases a
cysteine, arginine, or other amino acid has been sub-
stituted for glycine in the triple-helical region of an α1
chain.e,f  The cloning of collagen genes has permitted
an exact description and precise location of the defects
in these genes.  Alterations toward the N-terminus of
the α1 chain or in the α2 chain often cause a milder
type of osteogenesis imperfecta.g  Some patients have
deletions in the pro-α2 chains of collagen I causing the
chain to be incorporated into the collagen without
removal of the N-terminal or C-terminal peptide to
give a protein with poor stability.h  In other cases
amino acid substitutions in the α2 chain cause forma-
tion of chains with excessive posttranslational modifi-
cation.  Sometimes the α2 chain is not incorporated
into the triple helix and the collagen I formed contains
three α1 chains.

Another well established abnormality of collagen
is found in cattle suffering from dermatosparaxis, a
disease in which the skin is extremely brittle.  The
collagen chains are disorganized and have poor fiber-
forming properties.  The procollagen peptidase that
cleaves a peptide from the N termini of the chains of
procollagen is apparently defective.  A similar human
collagen disease is the Ehlers–Danlos syndrome,
which in some instances is accompanied with recur-
rent joint dislocations and curvature of the spine.  At
least ten different types of the disorder are known.d

The procollagen peptidase is sometimes lacking.i  In
other cases a person synthesizes an abnormal pro-α2
chain that is resistant to cleavage by the peptidase
because of deletion of the normal cleavage site.  In
others collagen is formed in only small amounts or
is degraded rapidly.  Some individuals lack lysyl
hydroxylase and others have a defect in mRNA
splicing which causes loss of an exon from the mRNA
and synthesis of shortened pro-α2 chains.j

Somewhat similar symptoms are observed in
lathyrism, a disease which arises when animals ingest
seeds of Lathyris odoratus, the common sweetpea.
Since lathyris peas form part of the diet of some peo-
ples, the condition is also known in humans and often
causes curvature of the spine and rupture of the aorta.

The biochemical problem has been traced to the pres-
ence in the seeds of �-cyanoalanine and of its decar-
boxylation product �-aminopropionitrile.

Although the mode of action is not certain, this com-
pound is an inhibitor of lysyl oxidase essential to the
crosslinking of both collagen and elastin.  A hereditary
defect with a similar effect in the mouse involves a
defect in lysyl oxidase.k,l

Collagen defects account for a variety of other
skeletal problemsm including some cases of the com-
mon osteoarthritis.n  Mice lacking the α1 chain of
collagen IX develop a degenerative joint disease
resembling human osteoarthritis.o  An inherited defect
in the basement membrane collagen IV is responsible
for the inherited Alport disease in which kidney
filtration is defective.p,q  Similar symptoms are observed
with the acute autoimmune disease Goodpasture
syndrome and in diabetic nephropathy.p

a Prockop, D. J. (1990) J. Biol. Chem. 265, 15349 – 15352
b Kuivaniemi, H., Tromp, G., and Prockop, D. J. (1991) FASEB J.

5, 2052 – 2060
c Prockop, D. J., and Kivirikko, K. I. (1995) Ann. Rev. Biochem. 64,

403– 434
d Byers, P. H. (1995) in The Metabolic and Molecular Bases of

Inherited Disease, 7th ed., Vol. 3 (Scriver, C. R., Beaudet, A. L.,
Sly, W. S., and Valle, D., eds), pp. 4029 – 4077, McGraw-Hill,
New York

e Cohen-Solal, L., Zylberberg, L., Sangalli, A., Gomez Lira, M.,
and Mottes, M. (1994) J. Biol. Chem. 269, 14751– 14758

f Lightfoot, S. J., Atkinson, M. S., Murphy, G., Byers, P. H., and
Kadler, K. E. (1994) J. Biol. Chem. 269, 30352 – 30357

g Marini, J. C., Lewis, M. B., Wang, Q., Chen, K. J., and Orrison,
B. M. (1993) J. Biol. Chem. 268, 2667– 2673

h Mundlos, S., Chan, D., Weng, Y. M., Sillence, D. O., Cole, W. G.,
and Bateman, J. F. (1996) J. Biol. Chem. 271, 21068 – 21074

i Holmes, D. F., Watson, R. B., Steinmann, B., and Kadler, K. E.
(1993) J. Biol. Chem. 268, 15758 – 15765

j Weil, D., D’Alessio, M., Ramirez, F., Steinmann, B., Wirtz, M. K.,
Glanville, R. W., and Hollister, D. W. (1989) J. Biol. Chem. 264,
16804– 16809

k Pope, F. M., Martin, G. R., Lichtenstein, J. R., Penttinen, R.,
Gerson, B., Rowe, D. W., and McKusick, V. A. (1975) Proc. Natl.
Acad. Sci. U.S.A. 72, 1314 – 1316

l Rowe, D. W., McGoodwin, E. B., Martin, G. R., and Grahn, D.
(1977) J. Biol. Chem. 252, 939 – 942

m Freisinger, P., Ala-Kokko, L., LeGuellec, D., Franc, S., Bouvier,
R., Ritvaniemi, P., Prockop, D. J., and Bonaventure, J. (1994)
J. Biol. Chem. 269, 13663 – 13669

n Ala-Kokko, L., Baldwin, C. T., Moskowitz, R. W., and Prockop,
D. J. (1990) Proc. Natl. Acad. Sci. U.S.A. 87, 6565 – 6568

o Fässler, R., Schnegelsberg, P. N. J., Dausman, J., Shinya, T.,
Muragaki, Y., McCarthy, M. T., Olsen, B. R., and Jaenisch, R.
(1994) Proc. Natl. Acad. Sci. U.S.A. 91, 5070 – 5074

p Zhou, J., Hertz, J. M., Leinonen, A., and Tryggvason, K. (1992)
J. Biol. Chem. 267, 12475 – 12481

q Gunwar, S., Ballester, F., Noelken, M. E., Sado, Y., Ninomiya, Y.,
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BOX 8-F  SKIN

Mammalian skin must be tough, water-resistant,
self-renewing, and rapidly healing.  The outer
layers of cells or epidermis consist principally of
keratinocytes, epithelial cells specialized for for-
mation of keratin (Fig. 7-31).  In the inner layer of
the epidermis the basal stem cells divide, provid-
ing a constant outward flow of cells which become
progressively flattened, dehydrated, and filled with
keratin fibrils.a  The outer layers contain only dead
cells which are finally sloughed or abraded from the
surface.  Human epidermis is completely renewed
in about 28 days!

About 25 different human genes encode the
keratins of skin and other soft tissues.  Others specify
the keratins of hair and nails.b  Both of these hard
tissues as well as claws, hoofs, beaks, horns, scales,
quills, and feathers are largely keratin.  However,
there are additional constituents.  During the final
stages of keratinocyte differentiation a 15-nm-thick
crosslinked sheath of protein, the cornified cell
envelope (CE), forms beneath the plasma membrane.c

Crosslinkages between keratin and other proteins
are formed by the action of transglutaminases.d– f

A specialized protein involucrin, which contains
glutamine-rich repeating sequences, provides many
of the side chain amide groups for the crosslinking
reaction (Eq. 2-23).g Loricin, a protein
containing glycine-rich flexible loops,h is
also a major partner in these cross-
linkages.c,h  The histidine-rich filaggrin
undergoes complex processing before
binding to keratin fibrils to provide
another form of crosslinkage.i,j  Small
proline-rich proteins, desmosonal pro-
teins, and others are also present in the
CE.c

As the final outer stratum corneum
is formed the phospholipid bilayer
deteriorates and intercellular lipid layers
are formed.k,l  These contain principally
ceramides, cholesterol, and free fatty
acids.  Some sphingolipids are covalently
attached to proteins.a

Also present in the epidermis are
embedded macrophage-like Langerhans
cells as well as pigmented melanocytes,
cells with highly branched dendrites,
which lie just above the basal stem cell
layer.  Each melanocyte contains hun-
dreds of pigmented organelles called
melanosomes.  They contain not only
the black or reddish melanin pigments
but also the enzymes needed to form
them (Chapter 25).n,o

The dendrites of a melanocyte contact about 36
keratinocytes and are able to transfer melanosomes
to these adjacent cells.  The numbers and sizes of the
melanosomes as well as melanin structure determine
differences in skin color.m  Similar cells in amphibians,
the melanophores, also contain light receptors.p

Their melanosomes are not transferred to other cells
but may be either clustered near the center of the
cell or dispersed.  The location can be changed
quickly by transport of the melanosomes along a
network of microtubules allowing the animals to
change in response to changes in light color.q

Various stimuli, including ultraviolet irradiation of
melanocytes, cause increased synthesis of melanin
with a resultant tanningo and added protection
against sunburn.

Beneath the basement membrane of the epidermis
is the dermis, a thick, tough, collagen-rich connec-
tive tissue.  Blood vessels and nerve endings are
found in this layer, as are roots of hairs and oil and
sweat glands.r

Skin suffers from a variety of ailments includ-
ing serious hereditary diseases.a  One group of
keratinization disorders, known as ichthyoses,
are characterized by thickened, scaly skin.  Some
hereditary ichthyoses result from defects in type II

Diagram of a dendritic melanocyte surrounded by satellite kerati-
nocytes.  The Golgi area (G), where the melanosomes are synthesized, is
shown around the nucleus.  The other branched cell, higher in the
epidermis, is a Langerhans cell with its tennis racquet-shaped granules.
Courtesy of Dr. W. Quevedo, Jr.  From Montagna et al.m
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Fibrillin and Marfan’s syndrome.  Most connec-
tive tissues contain insoluble, beaded microfibrils 10 –
12 nm in diameter.  A component of some of these
microfibrils, which are often found in elastic tissue,
was purified from media used to culture human fibro-
blasts in 1986.  This protein, called fibrillin, is a single-
chain 350-kDa glycoprotein which contains ~14%
cysteine.673–674  Using a DNA probe based on the par-
tially cloned fibrillin gene, the location of the gene was
established on the long arm of chromosome 15 at a site
previously identified as that of a gene defective in
Marfan’s syndrome.  This disorder often causes dislo-
cation of lenses of the eyes and aortic aneurysm as
well as elongated limbs and fingers.  Point mutations
in the fibrillin gene have been identified in both
Marfan’s patients and family members that carry the
defective gene.675,676

The cuticles of invertebrates.  The tough elastic
cuticle of the nematode Caenorhabditis is largely col-
lagen.  However, the molecules are smaller than in

vertebrates and there are ~ 100 different genes whose
transcription gives rise to a large variety of similar
proteins.652  Cuticles of some annelids have unusually
long collagens.653,677  In contrast, the epithelial cells of
insects and other arthropods secrete chitin which
serves as the framework for development of a thick
and often hard cuticle or exoskeleton.  The cuticle also
contains a variety of proteins.678,679  In some instances
mineralization by calcium carbonate occurs.  During
the later phases of the cuticle development extensive
crosslinking of the proteins takes place.  This is largely
by reactions between modified aromatic side chains
and resembles the chemistry of formation of melanin
and lignin (Chapter 25).680

Bones, teeth, and shells.  Living organisms are
able to induce the formation of over 60 inorganic com-
pounds.681  Most of these are formed by animals.  Two
forms of calcium carbonate, calcite and aragonite,
predominate.682  These minerals form shells, exoskeleton
bones, bones, teeth, and other specialized structures.

BOX 8-F  SKIN (continued)

a Roop, D. (1995) Science 267, 474 – 475
b Takahashi, K., Paladini, R. D., and Coulombe, P. A. (1995)

J. Biol. Chem. 270, 18581– 18592
c Robinson, N. A., Lapic, S., Welter, J. F., and Eckert, R. L. (1997)

J. Biol. Chem. 272, 12035 – 12046
d Kim, S.-Y., Chung, S.-I., and Steinert, P. M. (1995) J. Biol. Chem.

270, 18026 – 18035
e Huber, M., Rettler, I., Bernasconi, K., Frenk, E., Lavrijsen, S. P.

M., Ponec, M., Bon, A., Lautenschlager, S., Schorderet, D. F.,
and Hohl, D. (1995) Science 267, 525 – 528

f Candi, E., Melino, G., Lahm, A., Ceci, R., Rossi, A., Kim, I. G.,
Ciani, B., and Steinert, P. M. (1998) J. Biol. Chem. 273, 13693 –
13702

keratin.b Lamellar ichthyosis reflects defects in
the crosslinking enzyme transglutaminase.e,f

Epidermolysis bullosa is a heterogeneous group
of disorders characterized by easy formation of
blisters.  One form has been traced to a defect in the
anchoring fibrils of type VII collagen, which tie cells
of the basal layer to the basement membrane.s,t

Others are defects in keratins of the basal or inter-
mediate layers.a  Yet others involve the lipid metab-
olism of skin, e.g. a steroid sulfatase deficiency.a

The most frequent skin disorder, which affects
about 2% of the world’s population is psoriasis.
The thickened, scaly patches can cover much of the
skin and become disabling.  The inflammation and
excessive epidermal growth are usually a T-cell
mediated immunologic response to antigenic
stimuli.p,u,v  However, there is a hereditary form.u

Other common skin disorders include actinic kera-
tosis induced by light and cancer.

g Yaffe, M. B., Beegen, H., and Eckert, R. L. (1992) J. Biol. Chem.
267, 12233 – 12238

h Hohl, D., Mehrel, T., Lichti, U., Turner, M. L., Roop, D. R., and
Steinert, P. M. (1991) J. Biol. Chem. 266, 6626 – 6636
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232, 50 – 66
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While some organisms promote mineral deposition
completely outside of their cell coats, the mineraliza-
tion is usually controlled by the proteins and polysac-
charides lying around and between cells.683– 687

Bone deposition begins in the proteoglycan and
collagen II matrix of cartilage.  Later these polymers
are largely replaced by collagen I which accounts for
90% of the organic material in mature bone.  Bone
collagen has a distinctive pattern of crosslink-
ing.639,688,689  Some borohydride-reducible crosslinks
remain throughout adult life.639  However, complex
hydroxypyridine and pyrrole linkages are more char-
acteristic of bone collagen.  Embedded in the bone
matrix are spidery cells, the osteocytes.  Among
these are osteoblasts,689a which secrete the collagen
and other proteins that promote the laying down of
calcium phosphate. Also present are large multinucleate
osteoclasts689b which dissolve bone and reabsorb
calcium and phosphate.  Cells of both types remain
active in mature bone, which is both a structural
material and a store of calcium and phosphorus.

How do osteoblasts induce calcium phosphate
deposition?  The first crystals laid down within the
cartilage matrix are of carbonate apatite only 2 – 3 nm
thick and tens of nanometers in length.  They are
intimately associated with the collagen and other
components of the matrix690 and may be formed with-
in matrix vesicles.691  From observations with large
biologically formed calcium carbonate crystals it is
known that proteins or other organic initiators of
crystallization can be found embedded in mature
crystals.  If the same is true in bone what are the initia-
tors?  The answer is uncertain but it is known that
without osteoblasts the partially mineralized cartilage
will not become bone.692

A key to the development of osteoblasts appears
to be an osteoblast-specific transcription factor
OS/2 or Cbfa1.693– 695  Mutations in human Cbfa1 are
linked to a series of skeletal defects.696  A unique
change accompanying conversion of a precursor cell
into an osteoblast is the formation of a 49-residue
γ-carboxyglutamate (Gla)-containing protein called
osteocalcin.697  (See also Box 15-F).  It is the most
abundant noncollagenous protein of bone.  Its three
Gla residues doubtless help to bind calcium ions and
osteocalcin may be an initiator of crystallization.
Osteocalcin has also been found in fish scales.698  Also
present in bone is a 74-residue matrix Gla protein
which has 5 Gla residues.699

Other phosphoproteins, glycoproteins, and
proteoglycans may also be required for mineral-
ization.  For example, the 286-residue glycoprotein
osteonectin323,700,701 accounts for 3% of total bone
protein.  It contains two Ca2+-binding motifs and
inhibits growth of hydroxylapatite crystals, but its role
in bone development is not clear.  One of the phos-
phoproteins of developing bone has been identified as

E. The Extracellular Matrix and Cell Walls

the 24 kDa propeptide cut from the N-terminal end of
the α1 chain of type I procollagen.702  Another bone
protein, the sialic acid-containing osteopontin has
the cell-binding sequence GRGDS identical to that in
fibronectin.703,704  Since it also binds to hydroxylapatite
this protein may form a bridge between cell surfaces
and the mineral matrix.

The mineral phase of bone is largely hydroxylapatite,
Ca10(PO4)6(OH)2 (Fig. 8-34), which is essentially in
chemical equilibrium with the calcium and phosphate
ions present in the blood serum.  Thus, bone cells can
easily promote either the deposition or dissolution of
the mineral phase by localized change in pH, concen-
trations of Ca2+ or HPO4

2–, or of chelating compounds
such as ATP or inorganic pyrophosphate.  Small 100
nm vesicles rich in acidic phospholipids and contain-
ing both Ca2+ and the enzymes alkaline phosphatase
and pyrophosphatase, may play an essential role in
calcification.  Perhaps they release the calcium and
enzymes that generate inorganic phosphate.691

Bone is noted for its continual “remodeling”
caused by the action of both osteoblasts and osteo-
clasts.704a,b  The latter are large multinuclear cells
derived from the same precursors as give rise to macro-
phages.689b,704  Osteoclasts generate a sealed, acidic
compartment on a bone surface, using a vacuolar
ATPase to pump protons from the cytosol of the osteo-
clast, using H2CO3 as a source of protons.706  The HCO3

-

then leaves cells in exchange for Cl- which then also enters
the acidified compartment.  Not only is the calcium
phosphate dissolved but lysomal enzymes digest the
organic materials.  Each osteoclast creates a long tun-

Figure 8-34  An end-on view of a crystallite of hydroxy-
lapatite.  The shaded atoms of Ca, P, and O represent an
underlying layer.  The OH– groups form a longitudinal
H-bonded array in the center.  From J. A. Weatherell and
C. Robinson,705 p. 55.  A small amount of Mg2+ is present in
place of Ca2+ and a very small fraction of the OH– is replaced
by fluoride ion which has a bone strengthening effect.

Ca Ca

Ca

CaCa

Ca
Ca

Ca

Ca
OH

P

P P

a

b



442 Chapter 8.  Lipids, Membranes, and Cell Coats

BOX 8-G  THE BIOCHEMISTRY OF TEETH

Like other bones, mammalian teeth are com-
posed largely of collagen and hydroxylapatite.  The
much studied rat incisor is 65% mineral; about 85%
of the organic material is type I collagen.  A tooth
consists of three mineralized tissues together with
the internal blood vessels and nerves of the pulp.a

The outer layer of enamel is formed by secretion
from a thin layer of epithelial cells, the ameloblasts.
The enamel matrix is devoid of collagen but con-
tains two characteristic groups of proteins, the
amelogenins and the enamelins.

The amelogenins are hydrophobic but are also rich
in proline, histidine, and glutamic acid.a,b  They
account for 90% of the matrix proteins but are
replaced by the initially less abundant enamelinsc

in fully mineralized teeth.a,d  Another protein
present in developing enamel is ameloblastin,
which appears to be unique to amyloblasts.a  As
mineralization of the enamel progresses the matrix
is lost and 98% of the enamel is hydroxylapatite.a

Dentin is of epithelial-mesenchymal origin.
The odontoblasts secrete an extracellular matrix
that is rich in collagen I and which also contains all
of the other major bone proteins as well as a dentin
sialoproteine and poorly characterized phosphate
carriers, the phosphophoryns.

The third hard tissue of teeth is cementum,
which binds teeth to the periodental ligaments.  The
ligaments contain fibrillar collagen which inserts
into the cementum.f,g

Except for the common cold, tooth decay (caries)
is the most prevalent disease in the United States.h,i

Caries is initiated by attack of acids produced by
bacterial fermentations on the enamel.  The saliva
contains calcium and phosphate and is supersatu-

rated with respect to these ions.  As a result the
enamel surface is continuously recalcified.  The 43-
residue salivary protein statherin retards precipita-
tion of calcium phosphates from the saliva,
preventing excessive build-up of calcified deposits
on the teeth.j  Other proline-rich proteins may play a
role in recalcification repair.k

A freshly cleaned tooth surface quickly becomes
coated with a thin pellicle of salivary proteins.  This
provides a surface for growth of dental plaque,
which contains many bacteria and adhesive
polysaccharides such as dextrans.l  The latter are
generated from dietary sucrose by such bacteria as
Streptococcus mutans. (Chapter 20) and others.m

Many factors affect the probability of tooth decay.
A high sucrose diet promotes decay.n  While most
people have some trouble with tooth decay, 1 or 2
per thousand remain totally free of caries and seem
to be immune.  Many factors must affect resistance
to caries.  For example, individuals vary in the kinds
and numbers of bacteria present on teeth and in the
structure of tooth enamel.o  Addition of fluoride ion
to water supplies at a level of 1ppm (0.05 mM) is
generally believed to reduce the incidence of tooth
decay.  However, caries has been declining in many
developed countries at rates that are the same for
water with or without fluoride.p,q  If teeth escape
caries periodental disease, caused by bacteria, is
often a major problem for older people.r

a Krebsbach, P. H., Lee, S. K., Matsuki, Y., Kozak, C. A., Yamada,
K. M., and Yamada, Y. (1996) J. Biol. Chem. 271, 4431– 4435
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Glimcher, M. J. (1986) Biochemistry 25, 4879 – 4887
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J. D., and Young, M. F. (1991) J. Biol. Chem. 266, 16021– 16028

d Robinson, C., Weatherell, J. A., and Höhling, H. J. (1983) Trends
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e Ritchie, H. H., Hou, H., Veis, A., and Butler, W. T. (1994) J. Biol.
Chem. 269, 3698 – 3702
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j Schlesinger, D. H., and Hoy, D. I. (1977) J. Biol. Chem. 252, 1689 –
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234–248
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nel into the interior of the bone.  However, the tunnel
is soon lined with new osteoblasts and new bone is
laid down.707  In osteoporosis, a very common disease
of older persons, the rate of resorption of bone by
osteoclasts exceeds that of bone formation by osteo-
blasts.  Women typically lose 50% and men ~30% of
their calcium phosphate from vertebrae and ends of
long bones as they age.708  In osteopetrosis (marble
bone disease) excessive calcification of bone and other
tissues occurs as a result of a deficiency of carbonic
anhydrase.709  See also Chapter 13.  A disease of pro-
gressive calcification of soft tissues710 results from an
excess of bone morphogenic factor-4, one of a group
of protein factors acting on bone development (Chapter
32).631 Paget’s disease is another disorder of bone
remodeling that leads to overproduction of bone of
poor quality.711 As discussed in Box 22-C, the circulating
level of Ca2+ as well as the cellular uptake of this ion
are controlled by vitamin D and its metabolites and
by calcitonin and the parathyroid hormones.

Lack of a pyrophosphate ion pump in cartilage
cells may cause a deficit in pyrophosphate in the
surroundings of the forming bone.  In mice with a
defect in this pump bony spurs, similar to those in
human osteoarthritis, are formed.711a  Over half of the
world’s population of persons over 65 years of age are
afflicted by arthritis, over 100 types being known.711b

Calcium carbonate in several different crystalline
forms arises biologically.705,712  Sometimes the mineral
is deposited within vesicles inside the cell.  Thus some
species of the protozoan Hymenomonas use Golgi vesicles
as sites for construction of segments of plantlike cell
walls complete with crystalline calcium carbonate
plates attached to the outer surface.713  These wall
segments are then transported to their final locations.
The intricately sculptured spicules of sea urchins and
sponges are single crystals of calcium carbonate which
have grown within intracellular vesicles.687,714  Diatoms
also form their shells of nearly pure, hydrated SiO2 (See
Box 4-B) entirely within membrane-bound vesicles.715

On the other hand, shells of molluscs are usually
deposited outside the cells of the organism but again
under the influence of a protein matrix.716,717  The
animals apparently actively pump bicarbonate outward
where it reacts with Ca2+ (Eq. 8-11).718

Ca2+ + HCO3
– → CaCO3 + H+

The protons released then react with more bicarbonate
to form carbonic acid which is converted to CO2 and
water (Eq. 8-12) by the enzyme carbonic anhydrase.

A problem that arises within organisms is avoiding

crystallization under supersaturating conditions.
For example, normal urine is supersaturated with
calcium oxalate.  To prevent formation of renal calculi
(stones)719 an inhibitory glycoprotein is present and
slows the formation and growth of crystals.720  Under
some disease conditions calcium carbonate stones may
form in pancreatic ducts.  A 17 kDa lectinlike glycopro-
tein called lithostatine has been proposed to inhibit
stone formation by binding to certain planes on CaCO3
microcrystals just as antifreeze proteins (Box 4-D) inhibit
ice formation.721  However, this proposed function for
lithostatine is doubtful.722,723  Pathological deposits of
crystalline calcium pyrophosphate and basic calcium
phosphates are sometimes present in joints,724 even in
Neanderthal skeletons.725

3.  Cell Walls of Fungi and Green Plants

The cell walls of yeasts and other fungi are made
up largely of glucans, chitin, and a mannan-protein
complex.  Yeasts contain predominately glucans but
chitin is the major polysaccharide in many other fungi.
The most abundant glucan is a β1,3 linked polymer
with about 3% β1,6 linkages to the branches and a
molecular mass of ~ 240 kDa.  In addition there is about
15% of a highly branched 1,6 linked glucan containing
1,3 linked branches.  At the outer surface of the wall
are mannoproteins726– 728  which carry small serine- or
threonine-linked oligomannans as well as large highly
branched mannans linked to asparagine through the
usual N-acetylglucosamine-containing core structure.
Some of these highly branched mannan chains serve as
species-specific antigens.727  Like those of the bacterial
and animal cell surfaces, the antigens vary in structure,
a fact with important medical implications.  Curiously,
many fungi have surface fimbriae which are composed
of collagen, which is usually regarded as exclusively
an animal protein.729

Cell walls of higher plants (Fig. 1-7, 4-14) are com-
posed largely of polysaccharides.  They are discussed
briefly in Chapter 20.

E. The Extracellular Matrix and Cell Walls

H2CO3 CO2 + H2O

Carbonic
anhydrase

(8-11)

(8-12)
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Study Questions

1. Compare the chemical makeup of the extracellar
“coat” or “matrix” materials secreted by the follow-
ing cells: bacteria, fibroblasts, osteoblasts, plant
cells, fungi.

2. The iodine number of a compound is defined as the
number of grams of I2 absorbed (through addition
to C = C bonds to give a diiodo derivative) per 100 g
of fat.  NOTE:  Iodine monochloride or iodine
monobromide are the usual halogenating reagents
but the iodine number is expressed in terms of
grams of I2.  The saponification number is the
number of milligrams of KOH needed to complete-
ly saponify (hydrolyze and neutralize the resulting
fatty acids) 1 g of fat.  A pure triglyceride has a
saponification number of 198 and an iodine num-
ber of 59.7.

a) What is the relative molecular mass?
b) What is the average chain length of the fatty

acids?
c) What is the number of double bonds in the

molecule?

3. Spermaceti (a wax from the head of the sperm
whale) resembles high molecular mass hydrocar-
bons in physical properties and inertness toward
Br2/ CHCl3 and KMNO4; on qualitative analysis, it
gives positive tests only for carbon and hydrogen.
However, its IR spectrum shows the presence of an
ester linkage, and quantitative analysis gives the
empirical formula C16H32O.  A solution of the wax
in alcoholic KOH is refluxed for a long time.  Titra-
tion of an aliquot shows that one equivalent of base
is consumed for every 475 g of wax.  Water and
ether are added to the cooled reflux mixture, and
the aqueous and etheral layers are separated.  Acid-
ification of the aqueous layer yields a solid A with a
neutralization equivalent of 260 + 5.  Evaporation
of the ether layer gives solid B, which could not be
titrated.  Reduction of either spermaceti or A by
lithium aluminum hydride gave B as the only
product.

What is the likely structure of spermaceti?

4. Stearic acid (1.16 g) was dissolved in 100 ml of
ethanol.  A 10 µl portion of the resulting solution
was pipetted onto a clean surface of a dilute HCl
solution (in a shallow tray) where it spread to form
a monolayer of stearic acid.  The layer was com-
pressed (by moving a Teflon barrier across the tray)
until the surface pressure π started to rise sharply
and reached ~ 20 dyn / cm.  Note that π = γo - γ
where γ is the measured surface tension with the
film present and γo is the higher surface tension of
water alone.  The compressed film occupied a 20 x
24 cm area.  Calculate the cross-sectional area of an
alkyl chain in stearic acid.  [See J. B. Davenport, in
Biochemistry and Methodology of Lipids (A. R.
Johnson and J. B. Davenport, eds.), pp. 47-83.
Wiley-Intersience, New York, 1971; and M. C.
Phillips, in Progress in Surface and Membrane Science
(J. F. Danielli, D. M. Rosenberg, and D. A. Caden-
head, eds.) Vol. 5, pp. 139-221. Academic Press,
New York, 1972.]

5. In 1925, E. Gorter and F. Grendel (J. Exp. Med. 41,
439) reported measurements in which they extract-
ed lipid from red blood cell membranes with ace-
tone, spread the lipids as a monolayer, and
measured the area of the compressed monolayer.
They then estimated the surface area of an erythro-
cyte and calculated that the ratio of the lipids (as a
monolayer) to the surface area of the red blood cell
was 1.9 – 2.0. More modern experiments gave the
following:  each erythrocyte membrane contains 4.5
x 10–16 mol of phospholipid  and 3.1 x 10–16 mol of
cholesterol.

a) If the cross-sectional areas of phospholipid and
cholesterol molecules in a membrane are taken
as 0.70 and 0.38 nm2, respectively, what surface
area would be occupied in a monolayer?

b) If the measured surface area of an erythrocyte is
167 µm2, what is the ratio of the area calculated
in (a) to the area of the cell surface?

c) How might you explain the difference between
this answer and that of Gorter and Grendel?
See E. D. Korn (1966) Science 153, 1491– 1498.
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Study Questions

6. The following experimental observations are relat-
ed to biological membrane structure and function.
Discuss the implications of each observation with
respect to membrane structure.

a)  Many macrocyclic antibiotics (nonactin, valino-
mycin, and others) form 1: 1 complexes with
alkali metal cations in a highly selective manner.
The complexes are readily soluble in nonpolar
organic solvents.  These antibiotics increase the
electrical conductance and permeability to alkali
metal cations of synthetic phospholipid mem-
branes.  Valinomycin increases the electrical
conductance of thylakoid membranes of chloro-
plasts in the presence of K+ but not in the pres-
ence of Na+; it also uncouples oxidative phosho-
rylation in mitochondria. (See Chapter 18.)

b)  Treatment of intact chloroplasts with a galacto-
lipase releases glactose from galactosyl digly-
cerides.  Treatment of red blood cell ghosts with
phopholipase C releases about 75% of the lipid
P in water-soluble form.  In neither case is the
structural integrity of the membrane destroyed.

c)  Using sphingomyelin as a hapten, antibodies
specific for this lipid can be produced.  When
red blood cell ghosts are exposed to these anti-
bodies, it can be shown that the antibodies react,
but only on one side of the membrane.

7. Describe the structure of biological membranes and
the characteristic functions of lipid-, protein-, and
carbohydrate-containing components.  Describe the
differences between inner and outer membrane
surfaces.

8. Compare the distribution of triglycerides, phos-
phatidylcholine, phosphatidylethanolamine, sphin-
gomyelins, glycolipids, and cholesterol within cells.
Consider differences between the two sides of
membranes.

9. Consider the chemistry underlying the labeling of
cell surfaces with each of the following:
a) Lactoperoxidase,
b) galactose oxidase,
c) formylmethionylsulfone methyl phosphate,
d) the diazonium salt of diiodosulfanilic acid,
e) fluorescent antibodies,
f) antibodies conjugated with ferritin.

Write the equations for the chemical reactions
involved.  State what surface groups will be labeled
by each reagent.  List special advantages of each of
these reagents.

10. Which would be the more effective detergent in the
pH range 2 to 3, sodium lauryl sulfonate or sodium
laurate?  Why?

11. Suppose that a cell contains 10 mM Na+ and 100
mM K+ and that it is bathed in extracellular fluid
containing 100 mM Na+ and 5 mM K+.  How much
energy will be required to transport three equiva-
lents of Na+ out and two equivalents of K+ in?
Compare this with ∆G’ for hydrolysis of ATP at
pH 7.  Assume that the membrane is permeable to
Cl−.

12. An E. coli cell is said to contain about 105 molecules
of  an envelope protein of MW = 36,500.  If the
latter is spherical and the spheres are closely packed
in a hexogonal lattice, how much of the surface area
of the bacterium would be covered?  What would
the diameter of the protein be?  What spacing
would be required if 105 molecules covered the
surface completely?  Suggest a shape for the protein
molecule that is consistent with the requirement.
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Enzymes: The Catalysts of Cells 9

Most of the machinery of living cells is made of
enzymes.  Thousands of them have been extracted from
cells and have been purified and crystallized.  Many
others are recognized only by their catalytic action and
have not yet been isolated in pure form.  Most enzymes
are soluble globular proteins but an increasing number
of RNA molecules are also being recognized as enzymes.
Many structural proteins of the cell also act as catalysts.
For example, the muscle proteins actin and myosin
together catalyze the hydrolysis of ATP and link the
hydrolysis to movement (Chapter 19).  Catalysis is one
of the most fundamental characteristics of life.

How do we recognize that a protein or RNA mole-
cule is an enzyme?  The answer is that enzymes are
recognized primarily by their ability to catalyze a chemical
reaction.  For this reason, an everyday operation for
many biochemists is the measurement of the catalytic
activity of enzymes.  Only by measuring the rates of
the catalyzed reactions carefully and quantitatively
has it been possible to isolate and purify these remark-
able molecules.

Since the beginning of biochemical investigation
enzymes have held a special fascination for chemists
and biologists.  How can these easily destroyed sub-
stances catalyze reactions with such speed and without
formation of significant quantities of side products?
Some enzymes increase the velocity of a single chemical
reaction of a specific compound by a factor of as much
as 1010.  How can a protein do this?  In this chapter
we’ll consider both ways of measuring enzymatic
activity and basic mechanisms of catalysis.

A.  Information from Kinetics

The quantitative study of catalysis by enzymes, i.e.,
the study of enzyme kinetics, is a highly developed
branch of biochemistry.  It is one of our most important
means of learning about the mechanisms of catalysis
at the active sites of enzymes.1– 13a  By determining
rate constants k under a variety of conditions we can
learn just how fast an enzyme can act, how tightly it
binds its substrates to form the enzyme-substrate (ES)
complexes essential to catalysis, how specific it is with
respect to substrate structure, and how it is affected by
compounds that inhibit or activate the catalysis.

1.  Measuring the Speed of an Enzymatic
Reaction

A major goal in kinetic studies is to establish a rate
equation which describes the velocity of a reaction in
terms of kinetic constants and other experimentally
measurable parameters.  To measure the velocity of any
chemical reaction precisely we must start the reaction
at a definite time by rapidly mixing together the two
or more reactants.  Then, while keeping the mixture at
an accurately constant temperature and pH, we must
measure the concentration of a reactant or product after
a fixed time interval, or at various times.  No end of
ingenuity has gone into devising ways of doing this for
particular enzymes.  Whatever the procedure, the infor-
mation we must obtain is the rate at which some con-
centration changes with time.  We can then construct a
progress curve showing the decrease in concentration
[S] of the reactant (substrate) or the increase in the
concentration of product [P] with time (Fig. 9-1).
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BOX 9-A  A HISTORICAL NOTE ON ENZYMES

(9-1)

The velocity v of an enzymatic reaction is defined
as the rate at which a substrate disappears or at which
a product is formed, the two being identical:

v = –d [S] / dt = d [P] / dt

Under the steady-state conditions that usually apply
(see p. 449), the rate of increase of product will be the same
as the rate of decrease of substrate.  The units of velocity
are moles per liter per second (M s–1) or more tradition-
ally in enzymology moles per liter per minute.  We are
interested in the instantaneous velocity, which at

any time is given by the slope of the progress curve
(Fig. 9-1).  We usually want to measure the velocity
immediately after the reaction is started to avoid the
decrease in rate that comes from the depletion of sub-
strate or accumulation of products.  In some cases, as
in the example given in Fig. 9-1, this is difficult to do
with accuracy.

In some chemical reactions, which involve first-
order processes, a logarithmic plot of the progress curve
(log[S] vs t) gives a straight line so that the initial slope
need not be determined.  However, most enzyme assays
give progress curves that remain nearly linear for only

short periods of time.  In these cases we need
very sensitive methods for detecting products.
These may involve colorimetric or fluorimetric
measurements or the use of radioactive sub-
strates.  One of the most sensitive approaches
is to arrange the assay so that a product of the
reaction serves as a catalyst for another enzy-
matic process, thus amplifying the amount of
final product to be measured.14,15  Another
approach is to measure velocities of reactions
in a very small volume, e.g., 200 nanoliters,
and to continuously separate and measure
products using capillary electrophoresis and
fluorescence detection.16

If the progress curve is not a straight line
at the beginning of the reaction (0 time) and if
the amount of compound that reacts in a fixed

t 2t

If half as much enzyme is present,
it will take twice as long to reach
a given point on the progress curve.

The initial rate is given
by the slope of this line.

At any later time, the slope
is less than at time = zero.
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Figure 9-1  The progress curve for an enzymatic reaction in
which the substrate S is converted into products.

While the earliest physiologists postulated a
“vital force” to explain the chemical reactions of
cells, the existence of biochemical substances pro-
moting reactions outside of the body was recognized
at least by the early 1600s.  However, the role of
yeast in fermentation was still unknown and it was
thought that both alcoholic fermentation and animal
digestion were caused by unknown substances
called ferments.  In 1752, Reamur demonstrated the
solvent power of the gastric juice of birds and by 1783
Spallanzani had extended the studies to humans
and other species.a  In 1836 Schwann isolated the
enzyme pepsinb from gastric juice.

In the same year Jacob Berzelius introduced the
concept of catalysis, which he developed as a result
of studies of the effects of acids and bases in pro-
moting the hydrolysis of starch and of the effects of
metals on the decomposition of hydrogen peroxide.
Berzelius proposed the term catalyst from the Greek
“katalysis,” meaning “dissolution.”  Although he
had been concerned primarily with inorganic cata-
lysts, Berzelius recognized that a natural catalyst,

an amylase that causes the hydrolysis of starch, had
already been isolated from germinating barley in
1833 and that “in living plants and animals thou-
sands of catalytic processes take place.”c  Some
chemists and physiologists accepted Berzelius’
concept of biochemical catalysis immediately, but
many did not.  The matter was complicated by
Pasteur’s discovery that yeast cells were the caus-
ative agent of alcoholic fermentation.  Only after
Edward Buchner’s reports in 1897 that a juice
formed by grinding yeast with sand and filtering
could still ferment sugar (see Chapters 15 and 17)
was the reality of enzymes in metabolismd generally
accepted.  The word enzyme (from the Greek “in
yeast”) was introduced earlier by F. W. Kuhne, pro-
fessor of physiology in Heidelberg and a person
who had accepted Berzelius’ concept.c

a Richmond, C. (1986) Trends Biochem. Sci. 11, 528 – 530
b Schwann, T. (1836) Arch. Anat. Physiol., 90 – 138
c Hoffmann-Ostenhof, O. (1978) Trends Biochem. Sci. 3, 186 – 187
d Buchner, E. (1897) Ber. Deut. Chem. Ges. 30, 117 – 124
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1 2

(9-5)

(9-4)

(9-3)

A.  Information from Kinetics

interval of time is taken as the rate, an erroneous
answer will be obtained. Sometimes an integrated
rate expression that describes the time course of
product formation can be used (see Eq. 9-22).  Even
when the progress curve is nonlinear as shown in Fig.
9-1, it is possible to estimate relative rates by noting
that in most cases if one unit of enzyme yields a cer-
tain amount of product in time t1, the same amount of
product will be formed by n units of enzyme in time
t1/n.

First-order reactions. In many chemical reactions
the rate of decrease of the concentration of a given
reactant [A] is found experimentally to be directly
proportional to the concentration of that reactant at
any given time:

v = –d [A] / dt = k [A]

Such a reaction  is described as first order and the pro-
portionality constant k is known as the rate constant.
Such first-order kinetics is observed for unimolecular
processes in which a molecule of A is converted into
product P in a given time interval with a probability
that does not depend on interaction with another
molecule.  An example is radioactive decay.  Enzyme–
substrate complexes often react by unimolecular pro-
cesses.  In other cases, a reaction is pseudo-first order;
compound A actually reacts with a second molecule
such as water, which is present in such excess that its
concentration does not change during the experiment.
Consequently, the velocity is apparently proportional
only to [A].

A first-order rate constant k has units of s–1.  When
[A] = 1, v = k.  Thus, k is a measure of the speed in mol
l–1 s–1 of the reaction of a substance at unit activity.
As a first-order reaction proceeds, [A] decreases and
at time t is given by any one of the following three
equivalent expressions (Eq. 9-3).  These are obtained
by integration of Eq. 9-2 in which t0 is the time at
which the reaction was started.

[A] = A0e
–kt

ln ( [A 0] / [A] ) = kt
log [A 0] – log [A] = kt/ 2.303

Equation 9-3 is the equation of exponential decay.  A
characteristic of exponential decay is that [A] is halved
in a time that is independent of concentration. The
half-life is t :

t  = ln 2 / k = 0.693 / k

The relaxation time τ for A is defined by Eq. 9-5 and
represents the time required for the concentration [A]
to fall to 1/ e (or ~ 0.37) of its initial value.

Turnover numbers and units of activity.  When
an enzyme is catalyzing product formation at the maxi-
mum possible rate, Vmax, we can usually assume that
the active site of every molecule of enzyme contains a
substrate in the form of an intermediate enzyme–
substrate complex ES and that this complex is being
converted to products according to Eq. 9-6:

d [P] / dt = Vmax = k [ES] = k [E]t

or Vmax = kcat[E]t

Here Et is the total enzyme, namely, the free enzyme
E plus enzyme–substrate complex ES.  The equation
holds only at substrate saturation, that is, when the
substrate concentration is high enough that essentially
all of the enzyme has been converted into the inter-
mediate ES.  The process is first order in enzyme but
is zero order in substrate.  The rate constant k is a
measure of the speed at which the enzyme operates.
When the concentration [E]t is given in moles per liter
of active sites (actual molar concentration multiplied by
the number of active sites per mole) the constant k is
known as the turnover number, the molecular activity,
or kcat. The symbol kcat is also used in place of k in Eq.
9-6 for complex rate expressions in which kcat cannot
represent a single rate constant but is an algebraic
expression that contains a number of different constants.

Turnover numbers can be measured only when
the concentration of the enzyme is known.  Partly for
this reason the activity of an enzyme is usually given
as specific activity, the units of activity per milligram
of protein.  One international unit is the amount of
enzyme that produces 1 µmol of product per minute
under standard (usually optimal) conditions.  The
International Union of Biochemistry17 has recommended
a larger unit, the katal (kat), the amount of enzyme
that converts one mol s–1 of substrate to product.

1 kat = 6 x 107 international units
1 international unit = 16.67 nkat (nanokatals)

If the enzyme is pure and is saturated with substrate
under the standard assay conditions, the following
relationships hold.

Turnover No. = katals/mol of active sites
= [nkat/mg] x Mr x 10 – 6/n
= [international units/mg] x Mr x 10 –3/60n

Here Mr is the relative molecular mass of the enzyme
and n is the number of active sites per molecule.  Since
the activity of an enzyme is dependent on both tem-
perature and pH, these variables must be specified.

Turnover numbers of enzymes vary from <1 to
~ 106 s–1.  Trypsin, chymotrypsin, and many intracellular

(9-2)

(9-6)

1 2

1 2τ = 1/k = t /ln 2
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enzymes have turnover numbers of ~ 102 s–1.  The
fastest enzymes, which include catalase (Chapter 16),
carbonic anhydrase (Chapter 13), and �5-3-oxosteroid
isomerase (Chapter 13), have maximum turnover
numbers of 2 x 105 s –1 or more.  Compare these reaction
rates with those of a typical organic synthesis in the
laboratory.  A reaction mixture must often be heated
for hours (k < 10–3 s–1).  Many enzymes accelerate rates
by factors of greater than 106 over those observed in
the absence of an enzyme at a comparable temperature
and pH.  Enzymes often bring two or more substrates
together, binding them at a specific location in their
active sites.  Because of this, rapid reactions can be
catalyzed even when the reactants are present in low
concentrations.

Second-order reactions.  For a chemical reaction
to occur between two molecules, A and B (Eq. 9-7),
they must meet and collide.

The velocity of such a second-order process is charac-
terized by a bimolecular rate constant k2 and is pro-
portional to the product of the concentrations of A
and B:

v = k2[A]  [B]

The units of k2 are M–1 s–1.  If [B] is present at unit
activity, the rate is k2[A], a quantity with units of s–1.
We can see that the bimolecular, or second-order, rate
constant for reaction of A with B may be compared
with first-order constants when the second reactant
B is present at unit activity.  In many real situations,
reactant B is present in large excess and in a virtually
constant concentration.  The reaction is pseudo-first
order and the experimentally observed rate constant
k2[B] is an apparent first-order rate constant.  The bimole-
cular rate constant k2 can be obtained by dividing the
apparent constant by [B].

Reversible chemical reactions.  In any reversible
process, we must consider rate constants for both the
forward and the reverse reactions.  At equilibrium a
reaction proceeds in the forward direction at exactly
the same velocity as in the reverse reaction so that no
change occurs.  For this reason there is always a rela-
tionship between the equilibrium constant and the rate
constants.  For Eq. 9-9, k1 is the bimolecular rate constant

for the forward reaction and k2 the unimolecular rate
constant for the reverse reaction.  The equilibrium
constant K can easily be shown, from Eq. 9-2 and 9-8,
to equal k1/k2 for the reaction of Eq. 9-9.

The student should be aware that in kinetic equa-
tions rate constants are usually numbered consecutively
via subscripts and that the subscripts do not imply any-
thing about the molecularity.  The system which is used
here employs odd-numbered constants for steps in the
forward direction and even-numbered constants for
steps in the reverse direction.  However, many authors
number the steps in the forward direction consecutively and
those in the reverse direction with corresponding negative
subscripts.

What relationships exist between experimentally
observable rates and k1 and k2 for a reversible reaction?
Consider first the simplest case (Eq. 9-10):

If pure A is placed in a solution, its concentration will
decrease until it reaches an equilibrium with the B
which has been formed.  It is easy to show that in this
case [A] does not decay exponentially but [A] – [A]equil
does.  If log([A] – [A]equil) is plotted against time a
first-order rate constant k, characteristic of the rate of
approach to equilibrium, will be obtained.  Its relationship
to k1and k2 is given by Eq. 9-11.

k = k 1 + k 2

The relaxation time τ for approach to equilibrium can
be expressed as follows:

τ –1 = k = τ 1–1 + τ 2–1 = k 1 + k 2

and for the more complex case of Eq. 9-9 as

k = τ –1 = k 1( [A]e + [B]e) + k 2

where [A]e and [B]e are the equilibrium concentrations
of A and B.18

2. Formation and Reaction of Enzyme–
Substrate Complexes

An abundance of evidence indicates that the first
step in enzymatic catalysis is the combining of the
enzyme and substrate reversibly to form a complex,
ES (Eq. 9-14).  Formation of the complex is normally
reversible.  ES can either break up to form enzyme
and substrate again or it can undergo conversion to a
product or products, often by a unimolecular process.
Three rate constants are needed to describe this system
for a reaction that is irreversible overall.  A complete

A + B P
k2

(9-7)

(9-8)

A + B P
k1

k2

(9-9)

A B
k1
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description of the kinetic behavior is fairly involved.

For example, the kinetics may be different within cells,
where molar concentrations of enzymes often exceed
those of substrate, than in the laboratory.  In most
laboratory experiments the enzyme is present at an
extremely low concentration (e.g., 10–8 M) while the
substrate is present in large excess.  Under these cir-
cumstances the steady-state approximation can be
used.  For this approximation the rate of formation of ES
from free enzyme and substrate is assumed to be exactly
balanced by the rate of conversion of ES on to P.  That is,
for a relatively short time during the duration of the
experimental measurement of velocity, the concentra-
tion of ES remains essentially constant.  To be more
precise, the steady-state criterion is met if the absolute
rate of change of a concentration of a transient inter-
mediate is very small compared to that of the reactants
and products.19

The Michaelis–Menten equation (Eq. 9-15)
describes the initial reaction rate of a single substrate
with an enzyme under steady-state conditions.

This can be rearranged as follows:

Equation 9-15 provides a relationship between the
velocity observed at a particular substrate concentration
and the maximum velocity that would be achieved at
infinite substrate concentration.  The quantities Vmax
and Km are often referred to as the kinetic parameters
of an enzyme and their determination is an important
part of the characterization of an enzyme.  Equation
9-15 can be derived by setting the rate of formation of
the ES complex (k1[E][S]) in the steady state equal to
its rate of breakdown, ([k2 + k3][ES]).  Rearranging and
substituting Km, as defined in Eq. 9-15, we obtain Eq.
9-17.

Using this equation, together with a mass balance
relationship ([E] = [E]t – [ES]), we can solve for [ES]/[E]t,
the fraction of enzyme combined as enzyme–substrate
complex (Eq. 9-18).

The maximum velocity, Vmax = k3[E]t, is attained only
when all of the enzyme is converted into ES.  Under
other conditions v = k3[ES] and Eq. 9-19 holds.

[ES] / [E] t = v/Vmax

Substituting from Eq. 9-19 into Eq. 9-18 gives the
Michaelis–Menten equation (Eq. 9-15).

In many cases, the rate at which ES is converted
back to free E and S is much greater than the rate of
conversion of ES to products (k2 » k3).  In such cases Km

equals k2/k1, the dissociation constant for breakdown
of ES to free enzyme and substrate (sometimes called
Ks).  Thus, Km sometimes has a close inverse relationship
to the strength of binding of substrate to enzyme.  In such
cases, 1/Km is a measure of the affinity of the substrate
for its binding site on the enzyme and for a series of
different substrates acted on by the same enzyme.
The more tightly bound substrates have the lower
values of Km.  But beware!  The condition that k3 is
negligible compared to k2 may be met with some
(poorer) substrates but may not always be met by
others.  From Eq. 9-15 we see that Km is always greater
than or equal to KS, but it may be less than KS for more
complex mechanisms.

Figure 9-2 shows a plot of velocity against substrate
concentration as given by Eq. 9-15.  The position of
Vmax on the ordinate is marked, but it should be clear
that the experimental velocity (v) can never attain Vmax
unless [S] is very high relative to Km.  The value of v
approaches Vmax asymptotically.  Since Km is defined
as the value of [S] at which v = Vmax/ 2, its value can
be estimated from Fig. 9-2.  However, Km cannot be
determined reliably because of the difficulty of estab-
lishing the value of Vmax from a plot of this type.  Notice
that the curve of Figure 9-2 is identical in form to the
saturation curve for reversible binding shown in Fig. 7-1.

A.  Information from Kinetics
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Figure 9-2  Plot of observed velocity v vs substrate concen-
tration [S] for an enzyme-catalyzed reaction.
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Linear forms for rate equations.  To obtain Km

and Vmax from experimental rate data, Eq. 9-15 can be
transformed by algebraic rearrangement into one of
several linear forms.  The popular double-reciprocal
or Lineweaver–Burk plot of 1/ v against 1/ [S] (Fig. 9-3)
is described by Eq. 9-20.  The values of K m/Vmax and
1/Vmax can be evaluated from the slope and intercept,
respectively, of this straight line plot.

Another linear plot, the Eadie–Hofstee plot, is that
of v/ [S] vs v (Fig. 9-4).  It is related to the Scatchard
plot (Fig. 7-3) and is fitted by Eq. 9-21.

While the point for [S] = 0 and v = 0 cannot be plotted,
the ratio v/ [S] approaches Vmax/Km as v approaches
zero.  Notice the distribution of the points in Fig. 9-4.
Substrate concentrations were chosen such that the
increase in velocity from point to point is more or less
constant, a desirable experimental situation.  The points
on the Eadie–Hofstee plot are also nearly evenly dis-
tributed, but those of the Lineweaver–Burk plot are
compressed at one end.  (However, if the substrate
concentrations for successive points are selected in
the ratios 1, 1/ 3, 1/ 5, 1/ 7, and 1/ 9, the spacing will
be uniform on the Lineweaver–Burk plot.)  A second
advantage of the Eadie–Hofstee plot is that the entire
range of possible substrate concentration from near
zero to infinity can be fitted onto a single plot.

As pointed out at the beginning of Section A,
depletion of substrate with time lowers [S] from its
initial value to some extent.  This can have an especially
adverse effect on points obtained at low [S], e.g., points
on the right side of Fig. 9-3 or on the left side of Fig.
9-4.  Equations 9-20 and 9-21 will be more precise if the
average substrate concentration over the time period
of the assay, rather than that at zero time,20 is used.

Nonlinear equations and integrated rate
equations.  In discussions of the control of metabolism
through regulation of enzymatic activity, it is often
better to plot v against log [S] as in Fig. 9-5.  This plot
also has the virture that the entire range of attainable
substrate concentrations can be plotted on one piece
of paper if the point for [S] = 0 (at minus infinity) is
omitted.  The same scale can be used for all enzymes.
The plot is S-shaped, both for simple cases that are
represented by Eq. 9-15 and for enzymes that bind
substrate cooperatively (Section B,5).  Thus, the
classification or “hyperbolic” vs “sigmoidal” is lost.
However, the degree of cooperativity can be directly
measured from the midpoint slope of the curve.  A
disadvantage is that it is awkward to measure Vmax
from a plot of this type, and it may be preferable to
obtain it from a linear plot (Figs. 9-3 or 9-4).  Alterna-
tively, computer-assisted methods can be used to
obtain both Km and Vmax and to fit a curve to the exper-
imental points as in Fig. 9-5.

An attractive alternative to the use of initial veloci-
ties and linear plots is to measure the kinetic parame-
ters Vmax and Km using points all along the progress
curve (Fig. 9-1).  Various procedures for doing this
have been devised.21,22  For example, the integrated
form of Eq. 9-15 can be given as Eq. 9-22 or 9-23.

Figure 9-3  Double-reciprocal or Lineweaver–Burk plot of
1/v vs 1/ [S].  The intercept on the vertical axis gives 1/Vmax
and the slope gives Km /Vmax.  The intercept on the horizontal
axis equals –1/Km.
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Vmax t = [S] 0 – [S] + K m ln ( [S] 0/ [S] )

Here [S]0 is the initial substrate concentration at t = 0
and [S] and [P] are the substrate and product concen-
trations at any later time.  In one type of linear plot,21

based on Eq. 9-23, ([S]0 – [S]) / t is plotted against 1/ t
ln ([S]0/ [S]), the slope of the plot being –Km and the
intercepts being Vmax and Vmax  /Km.  Computer pro-
grams are available for analysis of enzymatic progress
curves, even for complex mechanisms.23,24

Kinetics with high enzyme concentrations.
Laboratory studies of the kinetics of purified enzymes
are usually conducted with enzyme concentrations of
10–7 to 10–10 M, but within cells enzyme concentrations
are probably often in the range 10–6 to 10–5 M,25 which
may be higher than the concentrations of the substrates
upon which the enzymes act.  Be cautious in drawing
conclusions about kinetics under such circumstances!
Methods have been devised for handling kinetic data
when the concentration of enzyme is greater than Km,
a condition that can lead to intolerably high errors if
the usual equations are applied.26,27

3.  Diffusion and the Rate of Encounter of an 
Enzyme with Substrate

What determines the value of k1 in Eq. 9-14?  This
rate constant represents the process by which the sub-
strate and enzyme find each other, become mutually
oriented, and bind to form ES.  If orientation and bind-
ing are rapid enough, the rate will be determined by
the speed with which the molecules can come together
by diffusion.  Large molecules in solution are free to
travel for only a tiny fraction of their diameter as a
result of their frequent collision with solvent molecules.

Presence of a competitive
inhibitor will shift entire
curve according to Eq. 9-59
so that higher substrate
concentrations are required
to reach saturation.

log Km–2 log Km–1 log Km log Km+1

log10 [S]

Vmax
v

Vmax
1
2

Figure 9-5  Plot of v against log [S] for an enzyme-catalyzed reaction.
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The result is visible in the Brownian
movement of microscopic particles sus-
pended in a fluid.  If an individual particle
is followed, it is seen to undergo a “random
walk,” moving in first one direction then
another.  Albert Einstein showed that if the
distances transversed by such particles in
a given time ∆ t are measured, the mean
square of these ∆ x values ∆2 can be related
by Eq. 9-24 to the diffusion constant D
(which is usually given in units of cm2s–1).

∆2 = 2 D ∆ t

For molecules, the Brownian move-
ment cannot be observed directly but the

diffusion constant can be measured, for example, by
observing the rate of spreading of a boundary between
two different concentrations of the substance.28 The
diffusion constant for 1H2HO (HDO) in H2O at 25°C is
2.27 x 10–5 cm2 s–1, and the values for the ions K+ and
Cl– are about the same.29  For many small molecules D
is approximately 10–5 cm2 s–1, and the value decreases as
the size of the molecule increases.  Thus, for the 13.7-kDa
ribonuclease, D = 1.1 x 10–6 cm2 s–1, and for the 500-kDa
myosin, D is ~ 1 x 10–7 cm2 s–1.  For the spherical particle
the Stokes–Einstein equation (Eq. 9-25) can be used
to relate the diffusion coefficient to the radius, the
coefficient of viscosity η, the Boltzmann constant kB,
and the temperature (Kelvin) T.

To estimate the rate constant for a reaction that
is controlled strictly by the frequency of collisions of
particles, we must ask how many times per second
one of a number n of particles will be hit by another of
the particles as a result of Brownian movement.  The
problem was analyzed in 1917 by Smoluchowski,30,31

who considered the rate at which a particle B diffuses
toward a second particle A and disappears when the
two collide.  Using Fick’s law of diffusion, he concluded
that the number of encounters per milliliter per second
was given by Eq. 9-26.

Number of encounters/ml s–1 =
4 π (DA + DB) (rA + rB ) nA nB

Here DA and DB are the two diffusion coefficients, rA and
rB are the radii (in Å) of the two particles, and nA and nB

are the numbers of particles per milliliter.  The number
of encounters per liter per second is (4π /1000) (DA + DB)
(rA + rB) N 2 [A][B], where N is Avogadro’s number.
Dividing this frequency by N gives the rate of collision
v in M s–1, a velocity that can be equated (Eq. 9-27)
with kD [A] [B], where kD is a second-order rate constant

A.  Information from Kinetics
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Division of Eq. 9-31 by Eq. 9-32 gives the volume swept
out per second by one particle:

∆ V/∆ t = kBT/ 3 η cm3 s–1

Since the collision radius for two particles of equal size
is two times the particle radius, the effective volume
swept out will be four times that given by Eq. 9-33.
Since both particles are diffusing, the effective diffusion
constant will be twice that used in obtaining Eq. 9-28.
Thus, the effective volume swept out by the particle
in a second will be eight times that given by Eq. 9-33.
The volume swept out by one mole of particles is equal
to kD (recall that the second-order rate constant has
dimensions of liter mol–1 s–1).  Thus, when converted
to a moles per liter basis and multiplied by 8, Eq. 9-33
should (and does) become identical with the Smolu-
chowski equation (Eq. 9-30).

The volume given by Eq. 9-33 is about 1.4 x 10–11

cm3, which could be represented approximately by a
cube 2.4 µm on a side.  If we compare this volume with
that of a cell (Table 1-2) or of an organelle, we see that
in one second an enzyme molecule will sweep out a
large fraction of the volume of a small cell, mitochon-
drion, chloroplast, etc.

The “cage effect” and rotation of molecules.  It
is of interest to compare the bimolecular rate constant
for encounters calculated by the Smoluchowski theory
(Eq. 9-29) with the corresponding bimolecular rate
constant for molecular collisions given by the kinetic
theory of gases (Eq. 9-34).

Here mA and mB are the masses of the two particles.
This rate constant is also relatively independent of
molecular size and for spheres varies from (4 to 11) x
1011 M–1 s–1, over an order of magnitude greater than
the rate constant for encounters.  In a solution, mole-
cules still collide at about the same rate as in a gas so
that 100 to 200 collisions occur between two particles for
each encounter.  However, during the time of the single
encounter, the particles are together in a solvent “cage.”
While in this solvent cage, both substrate and enzyme
molecules undergo random rotational motions.  Suc-
cessive collisions bring them together in different
orientations, one of which is likely to lead to a suffi-
ciently close match of complementary surfaces (of
substrate and binding site) so that formation of a
“productive” ES complex takes place.

Molecular rotation in a solution is described quan-
titatively by diffusion laws (analogous to Fick’s laws)

(9-31)

which determines the diffusion controlled limit,
that is, the maximum possible rate of a reaction.

This equation can be rearranged to Eq. 9-28.

While this equation is thought to overestimate the
diffusion-limited rate constant slightly, it is a good
approximation.  If the diffusing particles are approxi-
mately spherical, diffusion constants DA and DB can
be calculated from Eq. 9-25, and Eq. 9-28 becomes Eq.
9-29.

The value of k D does not vary greatly as the ratio
of radii rA/r B is changed, and in most cases it may be
assumed that rA/r B ≈ 1, in which case the equation
simplifies (Eq. 9-30).

For water at 25°C, the coefficient of viscosity η is ~ 0.01
poise (1 poise = 10–5 newton cm–2) which leads, accord-
ing to Eq. 9-30, to kD ~ 0.7 x 1010 M–1 s–1.  It was shown
by Debye32 that this rate constant must be multiplied
by a correction factor when charged particles rather
than uncharged spheres diffuse together.  This factor
may be of the order of 5–10 for a substrate and enzyme
carrying two or three charges and may act to either
increase or decrease reaction rates.  Since the viscosity
of cytoplasm is 0.02 – 0.03 poise,33 kD will be reduced
correspondingly.

A simple alternative derivation of Eq. 9-30 was
developed by Dexter French,34 who also provided the
author with most of this discussion of encounter theory.
Consider a small element of volume ∆V swept out by a
particle as it moves through the solution for a distance
equal to its own radius.  This element of volume will
equal πr 3:

∆ V = π r 2 x r = π r 3

It will be swept out in a time ∆ t which can be calculated
from Eq. 9-24 as r2 / 2D. Substituting the value of D
given by Eq. 9-25, we obtain for ∆ t:
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for which a rotary diffusion constant θ is defined.35,36

Consider a group of molecules all oriented the same
way initially, then undergoing rotary diffusion until
their orientations become random.  If we measure the
orientation of each molecule by an angle we see that
initially the value of cos α is 1 but that when the angles
become random the mean value of cos α averaged over
all molecules is zero.  The rotary relaxation time τ is
the time required for the mean value of cos α to fall to

1/e (which occurs when α = 68.5°).  For a sphere θ is
given by Eq. 9-35.

Ellipsoidal or rod-shaped molecules have two different
rotary diffusion constants while, if the dimensions of
the molecules are different along all three axes, three
constants must be specified.36

From Eq. 9-35 we can calculate (if η = 0.01 poise)
the following values for a small spherical molecule
(substrate) of ~ 1 nm length and for a spherical enzyme
of 5 nm diameter:

r = 0.5 nm θ ≈ 1.3 x 109 s–1

r = 2.5 nm θ ≈ 1.0 x 107 s–1

We see that smaller molecules rotate much faster than
large ones and that rotational relaxation times for small
proteins are of the same order of magnitude as kD for
diffusion-limited encounter.  However, for very large
molecules, especially long rods, the rotary relaxation
time about a short axis may be a large fraction of a second.

The rate of substrate binding.  At very low sub-
strate concentrations the Michaelis–Menten equation
(Eq. 9-15) simplifies as follows:

v = ( Vmax/Km) [S]

Since Vmax = kcat [E]t (Eq. 9-6) and at low [S] most of
[E]t is free E, we obtain the following equation:2

v = ( k cat /K m) [E] [S]

From this we see that kcat /Km is the apparent second-
order rate constant for the reaction of free enzyme with
substrate.  As such it cannot exceed the diffusion con-
trolled limit kD of Eqs. 9-28 to 9-30 which falls in the
range of 109 – 1011 M–1 s–1.  Experimentally observed

Later
orientation

α

Initial
orientation

θ τ
πη

= =1
2 38

k T

r

B

(9-35)

values of kcat/Km are always less than this limit, indi-
cating that a certain time is required for a substrate
molecule to become oriented and seated in the active
site.37  However, for several real enzymes values of
kcat/Km of 107 to 3 x 108 M–1 s–1 have been observed.
For triose phosphate isomerase Albery and Knowles
obtained a value of 4 x 108 M–1 s–1, so close to the diffu-
sion controlled limit that these authors regard this
enzyme as a nearly perfect catalyst, one that could not
have evolved further because it is already catalyzing
the reaction with substrate at almost the maximum
velocity that is possible.37– 39

The displacement of bound ligands by sub-
strate.  Jenkins pointed out  that in many instances a
substrate must displace another ligand from the active
site to form the ES complex.40  For example, a binding
site for an ionic substrate often already contains an
ion, either of the product P or some other ion X which
Jenkins calls a substrate surrogate.  For this situation
Eq. 9-14 must be replaced by the following set of
equations:

Here k2 and also k4 and k5, are second-order rate con-
stants.  The release of product, as determined by k4
and k5, may be rate-limiting.  At zero time the reverse
reactions may be ignored, and steady-state analysis
shows that the Michaelis–Menten equation (Eq. 9-16b)
will be replaced by Eq. 9-39.  Here, D is a constant and
A is also constant if X is present at a fixed concentration.

When k5, the rate constant for displacement of product
by substrate, is very small, this equation simplifies to
Eq. 9-40.

At high concentrations of X the second term becomes
negligible and the equation becomes identical to the
Michaelis–Menten equation (Eq. 9-16) except that Km’,
the apparent Michaelis constant, now increases as [X]

(9-37)

(9-36)
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increases (Eq. 9-41).  This is exactly what is observed
for competitive inhibitors where

Thus substrate surrogates at high concentrations are
often competitive inhibitors.  However, at low [X] the
second term in Eq. 9-41 may be important and X then
serves as an activator.  Under many circumstances, Eq.
9-39 does not simplify further and a nonlinear relation-
ship between 1/ v and 1/ [S] is observed, with the shape
of the curves being influenced by the values of constants
A and D (see also Section B,4).40

4.  Reversible Enzymatic Reactions

For some enzyme-catalyzed reactions the equilib-
rium lies far to one side.  However, many other reac-
tions are freely reversible.  Since a catalyst promotes
reactions in both directions, we must consider the
action of an enzyme on the reverse reaction.  Let us
designate the maximum velocity in the forward direc-
tion as Vf and that in the reverse direction as Vr.  There
will be a Michaelis constant for reaction of enzyme
with product KmP, while KmS will refer to the reaction
with substrate.

As in any other chemical reaction, there is a rela-
tionship between the rate constants for forward and
reverse enzyme-catalyzed reactions and the equilib-
rium constant.  This relationship, first derived by the
British kineticist J. B. S. Haldane and proposed in his
book Enzymes41 in 1930, is known as the Haldane
relationship.  It is obtained by setting vf = vr for the
condition that product and substrate concentrations
are those at equilibrium.  For a single substrate–single
product system it is given by Eq. 9-42.

K eq = VfKmP
/VrKms

Because the Haldane relationship imposes con-
straints on the values of the velocity constants and
Michaelis constants, it is of some value in understand-
ing regulation of metabolism.  Consider the case that
the maximum forward velocity Vf is high and that KmS

has a moderately low value (fairly strong binding of
substrate).  If the reaction is freely reversible (Keq ~ 1)
and the velocity of the reverse reaction Vr is about the
same as that of the forward reaction, it will necessarily
be true (see Eq. 9-42) that the product P will also be
fairly tightly bound.  If Vr << Vf, the value of KmP will
have to be much lower than that of KmA.  In such a
situation P will remain tightly bound to the enzyme
and since Vr is low, it will tend to clog the enzyme.
Such product inhibition may sometimes slow down
a whole pathway of metabolism.  In such a case, the

only way that an enzymatic sequence can keep going
in the forward direction is for product P to be removed
rapidly by a subsequent reaction with a second enzyme.
The first enzyme may be thought of as possessing a
kind of “one-way valve” that turns off the flow in a
metabolic pathway when the concentration of its
product rises.

Reactions of two or more substrates.  Enzymes
frequently catalyze the reaction of two, three, or even
more different molecules to give one, two, three, or
more products.  Sometimes all of the substrate mole-
cules must be bound to an active site at the same time
and are presumably lined up on the enzyme molecule
in such a way that they can react in proper sequence.
In other cases, the enzyme may transform molecule A
to a product, and then cause the product to react with
molecule B.  The number of variations is enormous.1,10,12

The order in which two molecules A and B bind
to an enzyme to form a complex EAB may be com-
pletely random or it may be obligatorily ordered.  Both
situations occur with real enzymes.  Cleland introduced
a widely used method of depicting the possibilities.42

For example, Eq. 9-43 shows the reaction of A and B in
an ordered sequence to form the complex EAB which is
then isomerized to EPQ, the complex formed by bind-
ing the two products P and Q to the enzyme.  The rate
constant to the left of each vertical arrow or above
each horizontal arrow refers to the reaction in the

forward direction as indicated by the arrow while the
other constants (to the right or below the arrows) refer
to the reverse reactions.  The velocity in the forward
direction for an enzyme with ordered binding is given
by Eq. 9-44a,

which may also be written in the reciprocal form (Eq.
9-44b):

An alternative form of this equation (Eq. 9-45),
proposed by Dalziel,43 is sometimes used.
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The kinetic parameters of Eq. 9-44 are Vf, the maximum
velocity in the forward direction, the two Michaelis
constants, KmB and KmA, and the equilibrium constant
KeqA, for reversible dissociation of the complex EA and
which is equal to k2 / k1.  The relationship between the
parameters of Eq. 9-44 (Km’s, V ‘s, and KeqA’s) and the
rate constants k1– k10 is not obvious.  However, remem-
ber that the parameters are experimental quantities
determined by measurements on the enzyme.  Some-
times, but not always, it is possible to deduce some of
the values of individual rate constants from the experi-
mental parameters.

An equation similar to 9-44a can be written for the
velocity vr of the reaction of P and Q.  Also an equation
can be written in similar form for vf – vr, i.e., the instan-
taneous velocity of the reaction in any mixture of all
four components A, B, P, and Q.

The kinetic parameters of Eq. 9-44b are often
obtained from experimental data through the use of
reciprocal plots (Fig. 9-6).  However, Eq. 9-44b is linear
only if the concentration of one or the other of the sub-
strates A and B is kept constant.  For this reason a
series of experiments is usually performed in which
[A] is varied while [B] is held constant.  Then [A] is
held constant and [B] is varied.  Each of these experi-
ments leads to a family of lines (Fig. 9-6A) whose
slopes and intercepts are measured.  The slopes and
intercepts of this family of curves are then plotted
against the reciprocal of the second concentration, i.e.,

[ ]

[ ] [ ] [ ][ ]
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A B A B
t

fv
= + + +φ

φ φ φ
0

1 2 12
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the one that was held fixed.
From a set of these secondary plots, Vf and one

of the Michaelis constants can be determined (Fig. 9-6B
and C).  Using two sets of secondary plots, all of the
constants of Eq. 9-44 may be established.  Alternatively,
a computer can be used to examine all of the data at
once and to obtain the best values of the parameters.
The latter approach is desirable because estimates of
the standard deviations of the parameters can be
obtained.  However, the user must take care to ensure
that the experimental errors are correctly estimated and
are not simply estimates of how well the computer has
fitted the points on the assumption that they contain
no error.23

The meaning of the kinetic parameters may be
slightly difficult to grasp.  Vf is the velocity that would
be obtained if both [A] and [B] were high enough to
saturate the enzyme.  Each Km corresponds to that for
a simple system in which the concentration of the
second substrate is at a high, saturating value.

For the bimolecular reaction that we have consid-
ered, there are two Haldane relationships:

Of these, only the first is ordinarily used.

“Ping-pong” mechanisms. A common type of
mechanism that is especially prevalent for enzymes
with tightly bound cofactors has been dubbed
ping-pong because the enzyme alternates between

Figure 9-6  Reciprocal plots used to analyze kinetics of two-substrate enzymes.  (A) Plot of 1/ vf against 1/ [A] for a series
of different concentrations of the second substrate B.  (B) A secondary plot in which the intercepts from graph A are plotted
against 1/ [B].  (C) Secondary plot in which the slopes from graph A have been plotted against 1/ [B].  The figures have been
drawn for the case that KmA = 10–3 M, KmB = 2 KmA, and KAB = KeqAKmB (Eq. 9-46) = KmA/ 200 and [A] and [B] are in units of moles
per liter. Eadie–Hofstee plots of vf/ [A] vs vf at constant [B] can also be used as the primary plots.  The student can easily
convert Eq. 9-44 to the proper form analogous to Eq. 9-21.
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two forms E and E’ (Eq. 9-47).  Substrate A reacts via
complex EA to form E’, a modified enzyme that often

contains an altered coenzyme.  At the same time A is
changed to product P still bound to the enzyme.  P
dissociates leaving E’ which is then able to react with
the second substrate B and to go through the second
half of the cycle during which E’ is converted back to
E.  An example is provided by the aminotransferases
(Eq. 14-25) in which the coenzyme pyridoxal phosphate
is interconverted with pyridoxamine phosphate.

The rate equations of the ping-pong mechanism
resemble that for the ordered bimolecular reaction (Eq.
9-44), but each has one less term (Eq. 9-48):

or

A diagnostic feature of the ping-pong mechanism
is that the families of lines (in double reciprocal plots)
obtained when one substrate is held constant while
the other is varied no longer intersect as they do in Fig.
9-6A but are parallel.  They must be truly parallel and
the experimentalist must be aware that nearly parallel
lines may sometimes be observed for sequential reac-
tions.  Thus, if KeqA of Eq. 9-44b is small enough the
last term of that equation will be small compared to
the other terms and the equation will be approximated
by Eq. 9-48b.  The reaction will appear to be ping-pong
even though it is sequential and the reaction proceeds
through the ternary complex EAB.

One less kinetic parameter can be obtained from
an analysis of the data for a ping-pong mechanism than
can be obtained for ordered reactions.  Nevertheless,
in Eq. 9-47, twelve rate constants are indicated.  At
least this many steps must be considered to describe
the behavior of the enzyme.  Not all of these constants
can be determined from a study of steady-state kinetics,
but they may be obtained in other ways.

Isomechanisms. A catalyst functions over and
over again without being altered.  However, during
a single turnover it is likely to undergo a temporary
change.  For example, if an enzyme assists in removing
a proton from a substrate, some functional group of 4 3
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the enzyme will be protonated during part of the
catalytic cycle.  This proton must dissociate before
another catalytic cycle begins, and in some instances
this dissociation may be a rate-limiting step.  Northrup
and coworkers developed the use of product inhibition
to identify such isomechanisms.44

Dead-end complexes. In the steady state of
action of an enzyme with ping-pong kinetics, part of
the enzyme is in form E and part in form E’.  Ideally, E
would have affinity only for A and Q, while E’ would
have affinity only for B and P.  However, in many real
situations E also binds B and P weakly; similarly, E’
binds A and Q.  This is because the products and
reactants usually have structural features in common.
The propensity of enzymes with ping-pong kinetics
to form dead-end complexes (also called abortive
complexes) may sometimes have a regulatory func-
tion.  In Eq. 9-49 the reactions of Eq. 9-47 have been
rearranged to depict a situation in which product P
normally undergoes a sequence of further reactions.
However, if P accumulates to a high enough concen-
tration it can react reversibly to form a dead-end com-
plex EP.  This is an effective form of product inhibition
which can be relieved only by a lowering of the con-
centration of P through its further metabolism.

Handling rate equations for complex mecha-
nisms. While steady-state rate equations can be
derived easily for the simple cases discussed in the
preceding sections, enzymes are often considerably
more complex and the derivation of the correct rate
equations can be extremely tedious.  The topological
theory of graphs, widely used in analysis of electrical
networks, has been applied to both steady-state and
nonsteady-state enzyme kinetics.45–50  The method em-
ploys diagrams of the type shown in Eq. 9-50.  Here

EP
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B
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maintained.  As can be seen from the graph, this ex-
change rate increases monotonically as substrate
concentrations are increased.  This is also true for the
rate of ATP–ADP exchange.  The fact that both ex-
change rates increase continuously indicates random
binding of substrates.55  The inequality of the two
maximal exchange rates suggests that release of glucose
6-phosphate may be slower than that of ADP.

Figure 9-7B shows similar plots for lactate dehydro-
genase.53  In this case, after an initial rise (that is not
regarded as significant), the pyruvate*–lactate exchange
reaches a high constant value as the amount of pyruvate
is increased (with a constant [pyruvate] / [lactate] ratio
of 1/35).  However, the NAD*–NADH exchange in-
creases rapidly at first but then drops abruptly as the
pyruvate and lactate concentrations continue to in-
crease.  This suggests an ordered mechanism (Eq. 9-43)
in which NAD+ and NADH represent A and Q, respec-
tively, and pyruvate and lactate represent B and P.  As
the concentrations of B and P become very high, the

(9-51)

the reaction of an enzyme with two substrates A and
B with a random order of binding is depicted.  (In
contrast, Eq. 9-43 shows the case of ordered binding
of two substrates.)  When complex EAB is formed, it
can decompose to free enzyme and to the single prod-
uct P.  Each one of the nodes, which are numbered 1– 4
in the diagram, corresponds to a single form of the
enzyme.  The appropriate first-order rate constant or
apparent first-order constant is placed by each arrow.
The methods provide easy rules for deriving from
such a scheme the steady-state rate equation.

The importance of the simplified schematic methods
is apparent when one considers that the steady-state
rate equation for Eq. 9-50 would have 6 terms in the
numerator and 12 terms in the denominator.51  In the
more complex case in which EAB breaks down to two
products P and Q with a random order of release, the
rate equation contains 672 terms in the denominator.
In such cases it is worthwhile to enlist the help of a
computer in deriving the equation.24,52– 54

The rapid equilibrium assumption. Rate equa-
tions for enzymes are often simplified if a single step,
e.g., that of reaction of complex EAB to product in Eq.
9-50, is rate limiting.54a  If it is assumed that all reaction
steps preceding or following the rate-limiting step are
at equilibrium, the equation for random binding with
a two-substrate and two-product reaction simplifies to
one whose form is similar to that obtained for ordered
binding (Eq. 9-44).  In the absence of products P and Q
Eq. 9-44 will correctly represent the steady-state rate
equation corresponding to Eq. 9-50.  However, this
simplification may not be valid for a very rapidly
acting enzyme.

Isotope exchange at equilibrium. Consider the
reaction of substrates A and B to form P and Q (Eq.
9-51).  If both reactants and both products are present
with the enzyme and in the ratio found at equilibrium
no net reaction will take place.  However, the reactants
and products will be continually interconverted under
the action of the enzyme.  Now if a small amount of

highly labeled reactant (A* or B*) is added, the rate at
which isotope is transferred from the labeled reactant
into one or the other of the products can be measured.
In general, a label in one of the substrates will appear
in only one of the products.

Figure 9-7A shows the rate of exchange of isotopi-
cally labeled glucose (glucose*) with glucose 6-phosphate
as catalyzed by the enzyme hexokinase (Chapter 12).
The exchange rate is plotted against the concentra-
tion of glucose 6-phosphate with the ratio [glucose] /
[glucose 6-phosphate] constant at 1/19, such that an
equilibrium ratio for reactants and products is always

A + B P + Q

Figure 9-7  (A) Effect of glucose and glucose 6-phosphate
concentrations on reaction rate of yeast hexokinase at equi-
librium.  Reaction mixtures contain 1– 2.2 mM ATP, and 25.6
mM ADP at pH 6.5.  From Fromm et al.51  (B) Effect of lactate
and pyruvate concentrations on equilibrium reaction rates
of rabbit muscle lactate dehydrogenase.  Reaction mixtures
contained 1.7 mM NAD+, and 30 – 46 µM NADH in Tris-
nitrate buffer, pH 7.9, 25°C.  From Silverstein and Boyer.53
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enzyme shuttles back and forth between EA and EQ,
but these two complexes rarely dissociate to give free
enzyme and A or Q.  Hence, the A*–Q exchange rate
drops.

In other cases a label may be transferred from A
into P or from B into Q.  Information on such exchang-
es has provided a valuable criterion of mechanism
which is considered in Chapter 12, Section B,4.

5.  Kinetics of Rapid Reactions

The fastest steps in an enzymatic process cannot be
observed by conventional steady-state kinetic methods
because the latter cannot be applied to reactions with
half-times of less than about 10 s.  Consequently, a
variety of methods have been developed18,56– 59a to
measure rates in the range of 1 to 1013 s–1.

Flowing substrates together. One of the first
rapid kinetic methods to be devised consists of rapidly
mixing two flowing solutions together in a special
mixing device and allowing the resulting reaction
mixture to move at a rate of several meters per second
down a straight tube.  At a flow velocity of 10 m s–1 a
solution will move 1 cm in 10–3 s.  Observations of the
mixture are made at a suitable distance, e.g., 1 cm, and
with various flow rates.  Using spectrophotometry or
other observation techniques, the formation or disap-
pearance of a product or reactant can be followed.  The
special advantage of this technique is that observation
can be made slowly.  However, it may require large
amounts of precious reactant solutions, e.g., those of
purified enzymes.

In the stopped flow technique two solutions are
mixed rapidly by the flow technique during a period
of only 1– 2 (or a few) milliseconds.  A ram drives the
solutions from syringes through a mixing chamber
into an observation chamber.  After the flow stops
light absorption, fluorescence, conductivity, or other
property, is measured.  A means of rapid observation
of changes during the reaction is essential.  For example,
light absorption may be measured by a photomultiplier
with data being collected by a computer.  Relaxation
times as short as a few milliseconds or less can be
observed in this way.59a,b

Observing relaxation. Kinetic measurements
over periods of tens of microseconds or less can be made
by rapidly inducing a small displacement from the
equilibrium position of a reaction (or series of reactions)
and observing the rate of return (relaxation) of the
system to equilibrium.  Best known is the temperature
jump method devised by Eigen and associates.  Over a
period of about 10–6 s a potential difference of ~ 100 kV
is applied across the experimental solution. A rapid
electrical discharge from a bank of condensers passes

through the solution (without any sparking) raising
the temperature 2 – 10 degrees.  All the chemical equi-
libria for which ∆H ≠ 0 are perturbed.  If some property,
such as the absorbance at a particular wavelength or
the conductivity of the solution, is measured, very
small relaxation times can be determined.

While it may not be intuitively obvious, if the
displacement from equilibrium is small, the rate of
return to equilibrium can always be expressed as a
first-order process (e.g., see Eq. 9-13).  In the event that
there is more than one chemical reaction required to
reequilibrate the system, each reaction has its own
characteristic relaxation time.  If these relaxation times
are close together, it is difficult to distinguish them;
however, they often differ by an order of magnitude
or more.  Therefore, two or more relaxation times can
often be evaluated for a given solution.  In favorable
circumstances these relaxation times can be related
directly to rate constants for particular steps.  For
example, Eigen measured the conductivity of water
following a temperature jump18 and observed the rate
of combination of H+ and OH– for which τ at 23ºC
equals 37 x 10–6 s.  From this, the rate constant for
combination of OH– and H+ (Eq. 9-52) was calculated
as follows (Eq. 9-53):

k = 1/ {τ ( [ OH–] + [ H+] )} = 1.3 x 1011 M–1 s–1

Pressure jump and electric field jump methods
have also been used, as have methods depending upon
periodic changes in some property.  For example, absorp-
tion of ultrasonic sound causes a periodic change in
the pressure of the system.

Rapid photometric methods. Another useful
method has been to discharge a condenser through
a flash tube over a period of 10–12 to 10–4 s, causing a
rapid light absorption in a sample in an adjacent parallel
tube.  Following the flash, changes in absorption spec-
trum or fluorescence of the sample can be followed.
The availability of intense lasers as light sources has
made it possible to follow the results of light flashes of
5– 10 picosecond duration and to measure extremely
short relaxation times (Chapter 23).58,59

Some results. Rapid kinetic methods have revealed
that enzymes often combine with substrates extremely
quickly,60 with values of k1 in Eq. 9-14 falling in the
range of 106 to 108 M–1 s–1.  Helix–coil transitions of
polypeptides have relaxation times of about 10–8 s,
but renaturation of a denatured protein may be much
slower.  The first detectable structural change in the
vitamin A-based chromophore of the light-operated
proton pump bacteriorhodopsin occurs in ~ 5 x 10–8 s,
while a proton is pumped through the membrane in

H+ + OH H2O
–

(9-53)

(9-52)
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~10–4 s.61 Interconversion between chair and boat forms
of cyclohexane derivatives may have τ ~ 10–5 s at room
temperature, while rotation about a C – N bond in an
amide linkage may be very slow with τ ~ 0.1 s.  The
nonenzymatic hydration of the aldehyde pyridoxal
phosphate via Eq. 13-1 occurs with τ = 0.01 – 0.1 s,
depending upon the pH.59

6.  Cryoenzymology

An alternative to studying rapid reactions is to cool
enzymes to a subzero temperature (down to – 100ºC)
where reactions proceed more slowly.60,62  The enzyme
must be dissolved in a suitable “cryosolvent,” often
containing 50 – 80% by volume of an organic solvent or
solvents such as methanol, ethanol, dimethyl sulfoxide,
dimethyl formamide, or ethylene glycol.  Those con-
taining methanol are especially desirable because of
their low viscosities.  Kinetics can be studied by various
spectroscopic methods and stopped-flow, temperature-
jump, and other rapid-reaction techniques can be
applied.  One goal of cryoenzymology is to stabilize
otherwise unstable intermediates.  X-ray crystallo-
graphic measurements can also be made at these low
temperatures and it should be possible to observe
structures of intermediate ES complexes.  A problem
is that the forms of the complexes stabilized may be
side-products rather than true intermediates.  How-
ever, as discussed in Chapter 3, a combination of low-
temperature Laue X-ray diffraction and a laser-induced
temperature jump may be feasible.

7.  The Effect of pH on Enzymatic Action

Because proteins contain many acidic and basic
groups it is not surprising that the activity of enzymes
often varies strongly with pH.  However, it is usually
found that the state of protonation of only a few groups
has a strong effect on activity.  This is understandable
because most ionized groups are on the outer surface
of protein molecules and most are not close to an active
site.  Protonation or deprotonation of those groups will
hardly ever have a major influence on events in the
active site.  Often only one or two ionizable groups
have highly significant effects.

For many enzymes a plot of Vmax against pH is
a bell-shaped curve (Fig. 9-8).  The optimum rate is
observed at some intermediate pH, which is often,
but not always, in the range of pH 6 – 9.  This type of
curve can be interpreted most simply by assuming the
presence in the active site of two ionizable groups and
three forms of the enzyme with different degrees of
protonation:  E, EH, and EH2.

A.  Information from Kinetics

Let us designate the acid dissociation constants (Ka) for
the two groups in the enzyme as K1E and K2E and those
of the ES complex K1ES and K2ES.  However, as discussed
in Chapter 6, Section E,2 these consecutive Ka values
cannot necessarily be assigned to single groups.  They
may belong to a system of interacting groups.  Each
may be the sum of more than one microscopic Ka and
there may be extensive tautomerism within the active
site.  The rate constants k1, k2, and k3 define the rates of
formation and breakdown of the ES complex.

If it is assumed that only form EHS reacts to give
products, the bell-shaped curves of Fig. 9-8 are obtained.
The frequent observation of such curves supports the
model of Eq. 9-54.  It also suggests that the two ioniz-
able groups may be intimately involved in catalysis,
one as an acid and the other as a conjugate base (see
Section E,5).

For the simple case illustrated in Eq. 9-54, the pH
dependence of the initial maximum velocity, the appar-
ent Michaelis constant, and Vmax/Km are given by Eqs.
9-55 to 9-57.

EH2

k3
EH + productsEH EHS

EH2S

E ES

K1E

K2E K2ES

K1ES

Both ionizable
groups protonated

No protons on either
ionizable group

k1

k2

S +

(9-54)

Figure 9-8  Expected dependence of Vmax on the pH accord-
ing to Eq. 9-54 with k3[Et] = 1, pK1ES = 6, and pK2ES as given on
the graph.  After Alberty.63  Computer-drawn graph courtesy
of Carol M. Metzler.
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BOX 9-B  GROWTH RATES OF CELLS

How do we correctly describe the rate at which
a cell grows?  Consider bacteria in their rapidly
growing “log phase.”a  Each cell divides after a fixed
length of time, the doubling time.  For E. coli this
may be as short as 17 min in the early stages of
growth but becomes somewhat longer as time goes
on.  A mean value of about 26 min. for E. coli at 37°C
is typical.  In contrast, the doubling time for mam-
malian cells in tissue culture is often about one day.

If a given volume of culture contains N0 cells
initially, the number Nn after n cell divisions will be:

Nn = 2nN0

From this equation we can calculate that a single
bacterium with a generation time of 20 min can
produce 2144 cells in 48 h of exponential growth.
The exponential growth rate constant k is equal
to the number of doublings per unit time.  Thus, k is the
reciprocal of the doubling time.  It is easy to show
that the number of bacteria present at time t will be
given by the following equation.

Nt = 2ktN0

This can be rewritten in a form that can be used to
determine k by counting the number of bacteria at
zero time and at time t.

kt = log2(Nt/N0) = log10(Nt/N0) / 0.301

Another way of expressing the growth is to
equate the rate of increase of the number of bacteria
with a growth rate constant µ multiplied by the
number of bacteria present at that time.

dN/dt = µN

This is a general equation for an autocatalytic reac-
tion and N could be replaced with a concentration,
for example, the total content of cellular matter per

liter in the medium.  From the two preceding equa-
tions the following can be derived.a

µ = k ln 2 = 0.69k

When bacteria are transferred to new medium
there is usually a lag before exponential growth
begins.  Exponential growth eventually stops and the
culture enters stationary phase, which is usually
followed by relatively rapid death of cells in the
culture.  It is often desirable to study cell growth
under conditions of continuous cultivation in
which a constant generation time is maintained but
the density of cells in the medium does not increase.
This can be done with a simple device known as the
chemostat.a,b  A culture vessel containing bacteria
is stirred to ensure homogeneity.  Fresh culture
medium continuously enters the vessel from a
reservoir and part of the content of the vessel, sus-
pended bacteria included, is continuously removed
through another tube.  The bacterial population in
the vessel builds up to a constant level and can be
maintained at the same level for relatively long
periods of time.

Here are some other statistics on cell growth.
Bacteria growing exponentially expand their linear
dimensions by 1.5 nm and synthesize 1.6 x 107 Da of
new cell material in one second.  This is equivalent
to ~1000 small proteins and includes 23 ribosomes
and 3000 base pairs of DNA at each growing point.
The much larger HeLa human tumor cell grows by
0.13 nm / s but makes 4.6 x 108 Da/ s of material.c

a Stanier, R. Y., Douderoff, M., and Adelberg, E. A. (1970) The
Microbial World, 3rd ed., Prentice-Hall, Englewood Cliffs, New
Jersey (pp. 298 – 324)

b Smith, H. L., and Waltman, P., eds. (1995) The Theory of the
Chemostat; Dynamics of Microbial Competition, Cambridge
University Press, London and New York

c Pollard, E. C. (1973) in Cell Biology in Medicine (Bittar, E. E., ed),
pp. 357– 377, Wiley, New York
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The denominators (which are the Michaelis pH
functions given by the first three terms of Eq.
3-6) represent the fraction of enzyme or of ES
complex in the monoprotonated state.  The
pH dependence of enzymatic action is often
more complex than that shown in Fig. 9-8 and
given by the foregoing equations.  However,
it is easy to write Michaelis pH functions (see
Chapter 3) for enzymes with any number of
dissociable groups in both E and ES and to
write appropriate equations of the type of
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Eqs. 9-55 to 9-57.  Bear in mind that if the free sub-
strate contains groups dissociating in the pH range of
interest, a Michaelis pH function for the free substrates
will also appear in the numerator of Eq. 9-56.  If the pH
dependence of the enyzme is regulated by a conforma-
tional change in the protein, there may be a coopera-
tive gain or loss of more than one proton and the
Michaelis pH function must reflect this fact.  This can
sometimes be accomplished by addition of a term
related to Eq. 7-45.  For more information see Dixon
and Webb,64 Cleland,65,66 or Kyte.67

Plots of log Vmax (or log-specific activity) and –log
Km or log (Vmax/Km) versus pH yield graphs of the
type shown in Fig. 9-9.  The curved segments of the
graphs that extend for about 1.5 pH units on either
side of each pKa are asymptotic to straight lines of
slope 1 when a single proton is involved or of a higher
slope for multiple cooperative proton dissociation.
The straight lines can be extrapolated and intersect at
the pKa values.  (However, it is better to fit a complete
curve of theoretically correct shape to the points.)
Note that the curved line always passes below or
above the intersection point at the value of log 2 = 0.30
except in the case of cooperative proton dissociation
when it is closer.

Upward turns in the curve of log Km vs pH corre-
spond to pKa values in the free enzyme or substrate
and downward turns to pKa values in ES.  This approach
to analysis of pH dependence has been adopted widely
but often incorrectly.  For example, many published
curves have very sharp bends in which the curved
portion covers less than 3 pH units and the curve is
much closer than 0.30 to the extrapolated point.  This
suggests cooperative proton binding and an apparent
pKa that is related to K of Eq. 7-21.  Cooperativity is
always a possibility if a conformational change in the
protein is involved.67

The simple treatment given above is based on the
assumption that all proton dissociations are rapid
compared to kcat, that enzyme in only one state of
protonation binds substrate, and that ES in only one
state of protonation yields products.  These assump-
tions are not always valid.  It also assumes that both
binding and dissociation of substrate are rapid, that is,
to use Cleland’s terminology the substrate is not “sticky.”
For a sticky substrate that dissociates more slowly than
it reacts to form products (k3 > k2; Eq. 9-54), the values
of pK1E will be lowered and pK1E of Eq. 9-53 will be
raised by log (1 + k3/k2).65,66  In addition to the articles
by Cleland, other detailed treatments of pH effects
have been prepared by Brocklehurst and Dixon69 and
Tipton and Dixon.70

Fumarate hydratase (fumarase), which is dis-
cussed in Chapter 13, catalyzes the reversible hydra-
tion of fumaric acid to malic acid (Eq. 13-11).  It was
one of the first enzymes whose pH dependence was
studied intensively.  A bell-shaped pH dependence

for both forward and reverse reactions was observed
by Alberty and coworkers63  and, using Eqs. 9-54 and
9-55, the two apparent pKa values were measured.

B.  Inhibition and Activation of Enzymes

The action of most enzymes is inhibited by many
substances.  Inhibition is often specific, and studies of
the relationship between inhibitor structure and activity
have been important to the development of our concepts
of active sites and of complementarity of surfaces of
biomolecules.  Inhibition of enzymes is also the basis
of the action of a very large fraction of important drugs.
Inhibition may be reversible or irreversible, the latter
leading to permanent inactivation of the enzyme.  Often,
but not always, irreversible inhibition is preceded by
reversible binding of the inhibitor at a complementary
site on the enzyme surface.

1.  Competitive Inhibitors

Inhibitors with close structural similarities to a
substrate tend to bind to the substrate site.  In truly
competitive inhibition, substrate and inhibitor not only
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compete for the same site but also their binding is
reversible and mutually exclusive.  The affinity of the
inhibitor for the enzyme is expressed quantitatively
through the inhibition constant Ki which is the disso-
ciation constant of the enzyme inhibitor complex EI :

K i = [E] [I] / [EI]

Using the steady state assumption for the mechanism
shown in Eq. 9-14, and writing a mass balance equation
that includes not only free enzyme and ES but also EI
we obtain an equation relating rate to substrate con-
centration.  It is entirely analogous to Eq. 9-15 but Km

is replaced by an apparent Michaelis constant, K’m:

The relationships between v and [S] and between 1/ v
and 1/ [S] are as follows:

A commonly used test for competitive inhibition
is to plot 1/ v  vs  1/ [S] (Eq. 9-61), both in the absence
of inhibitor and in the presence of one or more fixed
concentrations of I.  The result, in each case, is a family
of lines of varying slope (Fig. 9-10) that converge on
one of the axes at the value 1/Vmax.  We see that the
maximum velocity is unchanged by the presence of
inhibitor.  If sufficient substrate is added, the enzyme
will be saturated with substrate and the inhibitor
cannot bind.  The value of Ki can be calculated using
Eq. 9-61 from the change in slope caused by addition
of inhibitor.

The effect of a fixed concentration of a competitive
inhibitor on a plot of v against log [S] (Fig. 9-11) is to
shift the curve to the right, i.e., toward higher values
of [S], but without any change in shape (or in the value
of Vmax).

Another plot, introduced by Dixon,71 is that of 1/ v
versus [ I ] at two or more fixed substrate concentrations.
The student should be able to demonstrate that this
plot contains a family of straight lines that intersect
at a point to the left of the origin with coordinates
[I] = –Ki and 1/v = 1/Vmax.  This plot may fail to distin-
guish certain types of inhibition discussed in the next
section.72

Competitive inhibition is extremely common and
has great significance for metabolic control and for the
effects of drugs and of poisons.  Simple ions are often
competitive inhibitors.  Since many biochemical sub-

stances carry negative charges, anions such as Cl–, HCO3
–,

HPO4
2–, and acetate– frequently act as competitive

inhibitors.
Two special classes of competitive inhibitors are

characterized by slow binding and slow, tight binding
to active sites.73– 77  Among the very tight-binding
inhibitors, which may also be slow to dissociate from
active sites, are transition state inhibitors discussed in
Section D,1.
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2. Noncompetitive Inhibition and Activation;
Allosteric Sites

If an inhibitor binds not only to free enzyme but
also to the enzyme substrate complex ES, inhibition is
noncompetitive.  In this case, S and I do not mutually
exclude each other and both can be bound to the en-
zyme at the same time.  Why does such an inhibitor
slow an enzymatic reaction?  In most instances, the
structure of the inhibitor does not show a close simi-
larity to that of substrate, which suggests that the
binding of inhibitors is at an allosteric site, that is,
at a site other than that of the substrate. The inhibition
of the enzyme may result from a distortion of the three-
dimensional structure of the enzyme which is caused
by the binding of the inhibitor.  This distortion may be

transmitted to the active site even though the inhibitor
binds far from that site.  In some cases two distinctly
different conformers of the protein may exist, one
binding substrate well and the other binding inhibitor
well (Fig. 9-12).  In other instances the bound inhibitor
may interfere with the catalytic action by partially
overlapping the active site.  In either case the ES com-
plex reacts to give product in a normal way, but the
ESI complex reacts more slowly or not at all.

Binding of a substance to an allosteric site some-
times has the effect of increasing the activity of an
enzyme rather than inhibiting it.  This may occur
because the activator stabilizes the conformation
that binds substrate best (Fig. 9-12).  The quantitative
treatment of such activation is similar to that of inhibi-
tion; allosteric inhibitors and activators are often con-
sidered together and are referred to as modifiers or

BOX 9-C  THE SULFONAMIDES AS ANTIMETABOLITES

The development of the “sulfa drugs,”a– c deriv-
atives of sulfanilamide, originated with studies of
the staining of protozoal parasites by Paul Erhlich.
In 1932 it was shown that the red dye 2,4-diamino-
azobenzene-4'-sulfonamide (Prontosil) dramatically
cured systemic infections by gram-positive bacteria.
Subsequent studies revealed that bacteria converted

the azo dye to sulfanilamide, a compound with
strong bacteriostatic activity; that is, it inhibited
bacterial growth without killing the bacteria.  Al-
though sulfanilamide had been used in large quan-
tities since 1908 as an intermediate in synthesis of
dyes, its potential as an antibacterial agent had not
been recognized.

In 1935, D. D. Woods found that the growth
inhibition of sulfanilamide was reversed by yeast
extract.d  From this source, in 1940 he isolated 
p-aminobenzoic acid and demonstrated that the
inhibitory effect of 3 x 10–4 M sulfanilamide was
overcome by 6 x 10–8 M p-aminobenzoate.  The
relationship between the two compounds was
shown to be strictly competitive.  If the sulfanil-
amide concentration was doubled, twice as much
p-aminobenzoate was required to reverse the
inhibition as before.  These facts led to the formula-
tion by Woods and by P. Fildes (in 1940) of the

antimetabolite theory.d,e  It was proposed that
p-aminobenzoate was needed by bacteria and that
sulfanilamide competed for a site on an enzyme
designed to act on p-aminobenzoate.  We now know
that the idea was correct and that the enzyme on
which the competition occurs catalyzes the synthesis
of dihydropteroic acid (Fig. 25-19), a precursor to
folic acid.

While sulfanilamide itself is somewhat toxic, a
variety of related drugs of outstanding value have
been developed.  Over 10,000 sulfonamides and
related compounds have been tested for antibacterial
action.

a Bardos, T. J. (1974) Top. Curr. Chem. 52, 63 – 98
b Gale, E. F., Cundliffe, E., Reynolds, P. E., Richmond, M. H., and

Waring, M. J. (1972) The Molecular Basis of Antibiotic Action,
Wiley, New York

c Shepherd, R. G. (1970) in Medicinal Chemistry, 3rd ed.
(Burger, A., ed), pp. 255 –304, Wiley (Interscience), New York

d Woods, D. D. (1940) Brit. J. Exp. Pathol. 21, 74 – 90
e Fildes, P. (1940) Lancet 1, 955 – 957
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inhibition cannot be reversed completely.
Figure 9-12 shows a plot of 1/ v against 1/ [S] at a

series of fixed values of [ I ].  For the case that K1 = K2
(classical noncompetitive inhibition), a family of
reciprocal plots that intersect on the horizontal axis at
a value of – 1/Km is obtained.  On the other hand, if K1
and K2 differ (the general case of noncompetitive
inhibition), the family of curves intersect at some other
point to the left of the vertical axis and, depending
upon the relative values of K1 and K2, either above or
below the horizontal axis.  The example illustrated is
for K2 = 0.5K1; that is, for the binding of M to ES being
twice as strong as that to E.

Figure 9-11 shows inhibition data for both the
noncompetitive and the competitive cases plotted vs
log [S].  The shift of the midpoint to the right in each
case reflects the tendency of the inhibitor to exclude
the substrate from binding, while the lowered value of
the maximum velocity in the case of noncompetitive
inhibition results from the failure of the substrate to
completely displace the inhibitor from the enzyme

effectors.  A general scheme78,79 is given by Eq. 9-62.

Here K1 and K2 are equilibrium constants for dissocia-
tion of M from EM and ESM, respectively, while KdS

and K ‘dS are the dissociation constant of ES and of ESM
(to S and EM), respectively.  Notice that, K ‘dS is not
independent of the others (Eq. 9-63):

K ‘dS = K dSK 2/K 1

We have already considered competitive inhibition
which is obtained when K2 = 0 (and therefore K ‘dS = 0).
For this case, M is always an inhibitor and no activation
is possible.  Notice that the inhibition will appear
competitive even if M binds at an allosteric site as in
Fig. 9-13 or if the inhibited form does not react at all
with substrate.  Noncompetitive inhibition will be
observed if ESM is formed but does not react, i.e., if
k4 = 0.  Then the rate equation in reciprocal form will
be given by Eq. 9-64.

We see that 1/ Vmax is multiplied by a term containing
[ I ] and K2.  It is a characteristic of noncompetitive
inhibition that the maximum velocity is decreased
from that observed in the absence of the inhibitor.
Also, no matter how high the substrate concentration,
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Figure 9-12  Double reciprocal plots for two cases of non-
competitive inhibition.

Figure 9-13  (A)  An enzyme with binding sites for allosteric
inhibitor I and activator J.  Conformer A binds inhibitor I
strongly but has little affinity for activator J or for substrate
S.  Conformer B binds S and catalyzes its reaction.  It also
binds activator J whose presence tends to lock the enzyme
in the “on” conformation B.  Conformers A and B are desig-
nated T and R in the MWC model of Monod, Wyman, and
Changeux.80  (B)  Inhibited and activated dimeric enzymes.
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J
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even as [S] becomes very high.  If an inhibitor binds
only to ES and not to E, i.e., K1 = 0, a family of parallel
double-reciprocal plots of 1/v vs 1/[S] will be obtained.
This case is referred to as uncompetitive inhibition.
Multisubstrate enzymes with either ordered sequential
or ping-pong mechanisms also often give parallel line
plots with inhibitors.

Uncompetitive inhibitors of liver alcohol dehydro-
genase (Chapter 15) could be used to treat cases of
poisoning by methanol or ethylene glycol.81– 83  The
aim is to prevent rapid oxidation to the toxic acids
HCOOH and HOCH2COOH, which lower blood pH,
while the alcohols are excreted.  Uncompetitive inhibi-
tors have an advantage over competitive inhibitors as
therapeutic agents in that the inhibition is not over-
come when the substrate concentration is saturating.84

If rate constant k4 of Eq. 9-62 is not zero we may
observe either inhibition or activation.  If k3 = k4 the
effect of a modifier will be to alter the apparent Km by
either increasing it (inhibition) or decreasing it (activa-
tion).  The maximum velocity will be unchanged.
Monod et al.80 referred to enzymes showing such
behavior as K systems.  On the other hand, if K1 = K2
and k3 differs from k4 we have a purely V system.  In
the general case a modifier affects both the apparent
Km and Vmax.  Although in the foregoing discussion it
has been assumed that activators bind at allosteric sites,
as was pointed out in Section A,11, ions and other
small molecules (substrate surrogates) that act as
competitive inhibitors at high concentrations may be
activators at low concentrations.40

Activation of enzymes by specific metallic ions is
often observed.  In many instances the metallic ion is
properly regarded as a second substrate which must
bind along with the first substrate before reaction can
occur.  Alternatively, the complex of the organic sub-
strate with the metal ion can be considered the “true
substrate.”  Thus, many enzymes act upon the magne-
sium complex of ATP (Chapter 12).  The enzymes can
either be regarded as three-substrate enzymes requiring
Mg2+ + ATP4– and another substrate or as two-substrate
enzymes acting upon ATPMg2– and a second substrate.

3.  Inhibitors in the Study of Mechanisms

A substrate analog will frequently inhibit only one
of the two forms of a multisubstrate enzyme with a
ping-pong mechanism.1,72  Reciprocal plots made for
various inhibitor concentrations consist of a family of
parallel lines reminiscent of uncompetitive inhibition.
Observation of such parallel line plots can support a
ping-pong mechanism for an enzyme but cannot prove
it because in some cases parallel lines are observed for
inhibition of enzymes acting by an ordered sequential
mechanism.  The following question arises naturally
for any ordered bimolecular reaction (Eq. 9-43):  Of the

two substrates required by the enzymes, which one
binds to the enzyme first?  If the concentration of one
substrate is kept constant while varying concentrations
of an inhibitory analog of that substrate are added and
1/ v is plotted against the reciprocal of the concentration
of the other substrate, parallel lines are obtained if,
and only if, the substrate of fixed concentration is B,
the substrate is adding second in the binding sequence,
and if I is its analog.  The substrate binding first (A) is
the one whose concentration was varied in the experi-
ment.

Product inhibition (Section A,12) can also provide
information about mechanisms.  For example, if 1/ v is
plotted against 1/ [A] in the presence and absence of
the product Q, the product will be found to compete
with A and to give a typical family of lines for compet-
itive inhibition.  On the other hand, a plot of 1/ v vs
1/ [B] in the presence and absence of Q will indicate
noncompetitive inhibition if the binding of substrates
is ordered (Eq. 9-43).  In other words, only the A–Q
pair of substrates are competitive.  Product inhibition
is also observed with enzymes having ping-pong
kinetics (Eq. 9-47) as a result of formation of nonpro-
ductive complexes.

4.  Allosteric Effectors in the Regulation of
Enzyme Activity

The binding of a substance at an allosteric site
with the induction of a conformational change forms
the basis for many aspects of regulation.  The term
allostery (allosterism) usually refers to the effects of
allosteric modifiers, which may be either inhibitors or
activators, on oligomeric enzymes.  However, as we
have already seen (Eq. 9-62), monomeric enzymes may
also be subject to allosteric regulation by modifiers.
Consider a monomer that contains binding sites for
substrate, inhibitor, and activator and which exists in
conformations A and B as in Fig. 9-13.  Let us assume
(see Eq. 7-31) that conformer B binds both substrate
and activator well but that it binds inhibitor poorly or
not at all.  On the other hand, A binds inhibitor well
but binds substrate and activator poorly.  This simple
combination of two conformers with different binding
properties provides a means by which enzymes can be
turned “on” or “off” in response to changing conditions.

If an inhibitory substance builds up to a high
concentration within a cell, it binds to conformer A; if
the inhibitor concentration is high enough, virtually
all of the enzyme will be locked in the inactive confor-
mation A.  The enzyme will be turned off or at least
reduced to a low activity.  On the other hand, in the
presence of a high concentration of activator the en-
zyme will be turned on because it is locked in the B
conformation.  The relative concentrations of inhibitor,
activator, and substrate within a cell at any given time

B.  Inhibition and Activation of Enzymes
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According to the MWC model, in the presence of
inhibitor and activator at normalized concentrations
β and γ an enzyme will still follow Eq. 9-65, but the
allosteric constant L will be replaced by an apparent
allosteric constant L’ (Eq. 9-70).86  Figure 9-14 shows
plots of Y vs. log α for two different values of L’ for a
tetramer with a specific value assumed for c.  In both

cases, Y approaches 1 as log α increases, but since we
are dealing with noncompetitive inhibition at high
values of L’, much of the enzyme will be in the T(A)
conformation at saturation.

Noncompetitive inhibition cannot be completely
reversed by very high substrate concentrations.  Monod
et al. defined for an allosteric enzyme a function of
state R (Eq. 9-71) which is the fraction of total enzyme
in the (B) conformation:

In a K system (Section B,2) it is the value of     that
determines the velocity with which an enzyme reacts.
Figure 9-14 also shows     as a function of log [α].  Note
that when L’ is low     does not approach zero even
when [S] → 0.  In other words, the enzyme is never
completely turned off, just as when L’ is high the
enzyme is never completely turned on.

Figure 9-14 may be compared with Fig. 9-11 which
shows similar curves for noncompetitive inhibition
of a monomeric enzyme.  The significant difference
between the two figures is that saturation of the oligo-
meric enzyme occurs over a narrower concentration
range than does that of the monomer, i.e., saturation
of the oligomeric enzyme, especially in the presence of
inhibitor, is cooperative.  Note that cooperative binding
of substrate requires that the free enzyme be largely
in conformation T (A), as it is in the presence of an
inhibitor.  Allosteric interactions between two iden-
tical molecules, whether of substrate or of effector, are
described by Monod et al.80 as homotropic interactions.
Such interactions lead to cooperativity or anticooperat-
ivity in binding.  Allosteric interactions between two
different molecules, e.g., a substrate and an activator
are designated heterotropic.

For many enzymes the MWC model is unrealisti-
cally simple.  The more general treatment of binding
equilibria given in Chapter 7 may be applicable.  How-
ever, in addition to K systems there are V systems in
which a conformational change alters the maximum
velocity (see Eq. 9-62)87 and sometimes both substrate

will determine what fraction of the enzyme is in active
conformation B.  It is this interplay of inhibitory and
activating effects that provides the basis for much of
the regulation of cell chemistry.80,85

The effects of inhibitors or activators on the kinetics
of the monomeric enzyme of Fig. 9-13 can be described
by Eq. 9-62 to 9-64.  Separate terms for both inhibition
and activation can be included.  The equilibrium between
the two conformers can also be indicated explicitly
according to Eq. 7-30.  However, for monomeric en-
zymes it is usually not profitable to try to separate the
two constants Kt and KBX which describe the conforma-
tional change and binding of substrate or activator,
respectively, in Eq. 7-30.

Most intracellular enzymes are oligomeric, and
the binding of allosteric effectors leads to additional
interesting effects.  Binding constants or dissociation
constants must be defined for both inhibitor and acti-
vator to both conformers A and B.  Since all species
must be taken into account in the mass balance, the
equations are complex.  However, the Monod–Wyman–
Changeux (MWC) model (Chapter 7) gives a relatively
simple picture.  The saturation curve for an oligomeric
enzyme following this model may be derived from Eq.
7-39 and is given by the following expression:

Here, L is the allosteric constant which is given (for
a dimer) by Eq. 7-36.  The constant c is the ratio of
dissociation constants KBS and KAS for the two conformers:

c = K BS /K AS

Notice that in this chapter dissociation constants (Kd) of
ES complexes are being used, whereas the equations of
Chapter 7 are all written in terms of association constant
(Kf).  The parameter α is defined as follows, where KBS

equals 1/ KBX of Chapter 7.

α = [S] / K BS)

To take account of effects of inhibitor and activator the
ratios of dissociation constants of I from BI and AI and
of activator J from BJ and AJ are defined as in Eq. 9-68.
Likewise, “normalized concentrations” of I and J are
defined (Eq. 9-69) as β and γ, respectively.
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Figure 9-14  Fractional saturation Y and “function of state”
for hypothetical tetrameric enzymes following the MWC

model.  Curves are calculated for two different values of the
apparent allosteric constant L’ (Eq. 9-70) and for c = 0.1 (Eq.
9-66).  After Rubin and Changeux.86

affinity and maximum velocity.
The fact that data can be fitted to an equation is not

proof that a mathematical model is correct; other models
may predict the results just as well.  For example, Jenkins
has shown that the presence of ions that act as substrate
surrogates (Section A,11) can produce cooperative or
anticooperative binding curves for substrates.40,88

Rabin89 suggested the following explanation of coop-
erativity for a monomomeric enzyme with a single
substrate-binding site.  In its active conformation E the
enzyme reacts with substrate rapidly and the ES com-
plex yields product rapidly as in the upper loop of Eq.
9-72.  However, a slow conformational change inter-
converts E and E’, a less active form with much lower
affinity for substrate.

At the same time, the complex ES’, if formed, can
equilibriate with ES and thereby alter the conforma-
tional state of the protein.  At low substrate concentra-
tions E’ will predominate and the enzymatic activity
will be low.  At high substrate concentrations most E
will exist as ES and after release of product will tend
to remain in the active conformation long enough to
bind and act on another substrate molecule.  This and
other kinetic models of cooperativity are discussed by
Newsholme and Start.90
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The physiological significance of cooperative
binding of substrates to enzymes is analogous to that
of cooperative binding of oxygen by hemoglobin which
provides for more efficient release of oxygen to tissues.
However, in the presence of excess activator an enzyme
is locked in the R (B) conformation and no cooperativity
is seen in the binding of substrate.  In this case, each
binding site behaves independently.  On the other
hand, there will be strong cooperativity in the binding of
the activator.  The result is that control of the enzyme is
sensitive to a higher power than the first of the activator
concentration.  Likewise, the turning off of the enzyme
is more sensitive to inhibitor concentration as a result
of cooperative binding of the latter.  It seems likely
that the evolution of oligomeric enzymes is at least
partly a result of the greater efficiency of control mech-
anisms based on cooperative binding of effectors.

5.  Irreversible Inhibition of Enzymes

Some of our most effective drugs, such as penicillin
(Box 20-G) are irreversible inhibitors of specific enzymes.
Such inhibitors are also of practical importance to bio-
chemists who wish to inhibit specific enzymes such as
proteases that might otherwise destroy proteins they
are studying.  Transition state analogs (Section E,1)
and slow-binding inhibitors (Section B,1) may appear
to inactivate an enzyme irreversibly because they
bind tightly and dissociate slowly.  However, true
irreversible inhibitors, such as oxidizing agents or
alkylating agents, cause a more permanent chemical
modification, usually at or near the active site.  Two
groups of irreversible inhibitors are of special interest:
affinity labeling agents and enzyme-activated inhibitors.

Affinity labeling agents (active-site directed
inactivating reagents) have two essential properties:
a high affinity for the active site of the specific enzyme to
be inhibited and the presence of a chemically highly reactive
group which can attack a functional group in a protein.
A good example is provided by derivatives of chloro-
methylketones, which are reactive alkylating agents.
One of these, N-tosylphenylalanine chloromethyl
ketone (TPCK), is a potent inhibitor of chymotrypsin.
In addition to the chloromethyl ketone group it contains(9-72)

B.  Inhibition and Activation of Enzymes
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the phenylalanine side chain, which helps direct it
into the substrate binding site of chymotrypsin, and
a sulfonamide linkage that mimics the normal amide
linkages of the substrate.  The group Y, which becomes
alkylated in an SN2-like displacement of a chloride ion
(see Eq. 9-76) is thought to be His 57 of the active site
(see Fig. 12-10).  For additional discussion see Walsh,91

Kyte,67 and Plapp.91a

Enzyme-activated inhibitors (also called suicide
substrates, kcat inhibitors, or mechanism-based inhibi-
tors) are chemically inert until they enter the active
site of their target enzymes.  Then, by passing through
at least some of the normal stages of the catalytic action
of the enzyme, they are converted to reactive inter-
mediates that can become irreversibly bound to an
enzyme.92,93  For example, a halogen atom (F, Cl, Br)
together with a proton may be eliminated from an
intermediate to give an unsaturated compound to
which a nucleophilic side chain of the protein adds.
Several of these inhibitors are discussed in later chap-
ters.  Because of their high specificity many enzyme-
activated inhibitors are potential drugs.  One of them,
α-difluoromethylornithine (Box 14-C), is said to bind
covalently to only one protein in the body of a rat, namely,
ornithine decarboxylase, the target enzyme for the drug.

C.  The Specificity of Enzymatic Action

Enzymes are usually impressively specific in their
action.  The specificity toward substrate is sometimes
almost absolute.  For many years urea was believed to
be the only substrate for the enzyme urease and succi-
nate the only substrate for succinate dehydrogenase.
Even after much searching for other substrates, only

one or two closely related compounds could be found
that were acted on at all.  In other cases enzymes can
use a class of compounds as substrates.  For example,
the D-amino acid oxidase of kidney oxidizes a variety
of D-amino acids but does not touch L-amino acids.

Almost as impressive as the substrate specificity of
enzymes is the specificity for a given type of reaction.
Many substrates are capable of undergoing a variety
of different chemical reactions, either unimolecular or
with water or some other compound present in the
cell.  The enzyme catalyzes only one of these reactions.

Although side reactions may occur to a small extent,
the most impressive thing in comparing an enzyme-
catalyzed reaction with an uncatalyzed organic reaction
is that the latter often produces large amounts of side
reaction products, but the enzymatic reaction does not.

1.  Complementarity of Substrate and Enzyme
Surfaces

Impressed by the specificity of enzymatic action,
biochemists early adopted a “lock-and-key” theory
which stated that for a reaction to occur the substrate
must fit into an active site precisely.  Modern experi-
ments have amply verified the idea.  A vast amount
of kinetic data on families of substrates and related
competitive inhibitors support the idea and numerous
X-ray structures of enzymes with bound inhibitors or
with very slow substrates have given visual evidence
of the reality of the lock-and-key concept.  Directed
mutation of genes of many enzymes of known three-
dimensional structure has provided additional proof.

As anticipated, hydrophobic groups of substrates
or inhibitors usually contact hydrophobic regions of
the protein and the fit is tight.  For example, the active
site of chymotrypsin contains a “hydrophobic pocket”
designed to hold a large hydrophobic side chain, thus
providing the specificity observed with this enzyme
(Table 3-2).  Likewise, polar groups of substrates con-
tact polar groups of the enzyme.  The interactions are
complementary, positive charges fitting against nega-
tive and with correctly formed hydrogen bonds.  Trypsin,
whose structure is similar to that of chymotrypsin,
exerts its specificity for a positively charged side chain
next to the bond cleaved (Table 3-2) by virtue of the
presence of a negatively charged carboxylate at the
bottom of the hydrophobic pocket.  Several C = O and
N– H groups of the peptide linkages in the substrate
form hydrogen bonds to the edge of a β sheet in the
protein, in effect making the substrate an added β strand
in the sheet (Fig. 12-10).  Aspartate aminotransferase
acts on the dicarboxylic amino acids glutamate and
aspartate.  A pair of arginine side chains bind the two
carboxylates of the substrate while the – NH3

+ of the
substrate is attracted to a negatively charged group
in the coenzyme pyridoxal phosphate, which is also
present in the active site (Eq. 14-39, Fig. 14-10).

2.  Stereospecificity and Prochiral Centers

Most enzymes possess an infallible ability to
recognize the difference between the right side and the
left side of an organic substrate even when the latter
has perfect bilateral symmetry.  In fact, this ability is
limited to prochiral centers of molecules and is a
natural consequence of their reaction with the chiral
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enzyme.94 – 98  Consider carbon atom number 1 of ethanol.
The two attached hydrogen atoms are chemically
identical and would react identically with a nonchiral
reagent.  Nevertheless, these atoms are no more equi-
valent stereochemically than are your right and your
left arms.  We say that the molecule has a prochiral
center at C-1.  A prochiral center on a tetrahedrally
bonded carbon atom always contains two identical
atoms or groups but a total of three different kinds of
atoms or groups.  If the priority of this H is elevated,
e.g., by substitution of 2H for 1H the configuration
would be R (the priority of this 2H would become c).

The two hydrogen atoms on C-1 of ethanol are
called enantiotopic because replacement of one or
the other by a fourth different kind of atom or group
would produce a pair of enantiomers (page 41).  This
fact suggests a way of naming the positions occupied
by two enantiotopic atoms or groups.  We first assign
priorities to all of the atoms or groups attached to the
central carbon atom according to the RS system.  Now,
we ask whether the configuration will be R or S when
the priority of one of the two identical groups is raised,
e.g., by substitution of one of the hydrogen atoms by
deuterium.  If the configuration becomes R, that group
occupies a pro-R position; if the configuration becomes
S, it occupies a pro-S position.  Referring to the preced-
ing diagram, it is easy to see (by viewing down the
bond to the group of lowest priority and applying the
usual rule for determining configuration) that if the
pro-R hydrogen (H

R
) is replaced by deuterium (2H), the

configuration will be R.  Conversely, replacement of
H

S
 by deuterium will lead to the S configuration.

When ethanol is oxidized by the action of alcohol
dehydrogenase (Eq. 9-73), only the pro-R hydrogen
atom is removed.  If the reaction is reversed in such a
way that deuterium is introduced into ethanol from the
reduced coenzyme the optically active R-2-deuterio-
ethanol is formed.  The ability of an enzyme to

recognize a single hydrogen of a pair of hydrogens
on a CH2 group was at first a surprise to many bio-
chemists.99  However, it is a natural result of the com-
plementarity of enzyme and substrate surfaces, just as
the fit of a shoe is determined by the complementarity
of surfaces of foot and shoe.  Only a chiral catalyst can
have this ability.

Another example is provided by malic acid, a
chiral molecule which also contains a prochiral center
(see Eq. 9-74).  In this case replacement of the pro-R or
pro-S hydrogen atom by another atom or group would
yield a pair of diastereoisomers rather than enantiomers.
Therefore, these hydrogen atoms are diastereotopic.
When L-malic acid is dehydrated by fumarate hydratase
(Chapter 13) the hydrogen in the pro-R position is
removed but that in the pro-S position is not touched.
This can be demonstrated by allowing the dehydration
product, fumarate, to be hydrated to malate in 2H2O
(Eq. 9-74).  The malate formed contains deuterium in
the pro-R position.  If this malate is now isolated and
placed with another portion of enzyme in H2O, the
deuterium is removed cleanly.  The fumarate pro-
duced contains no deuterium.

Inhibition of enzymes provides the basis for
many of the effects of antibiotics and other chemo-
therapeutic substances (e.g., see Box 9-B).  How-
ever, some drugs act on cell surface receptors
which have ordinarily not been regarded as
enzymes.  According to receptor theory, developed
around 1937, structurally similar drugs often elicit
similar responses because they bind to the same
receptor.  A receptor may normally bind a hormone,
neurotransmitter, or other metabolite whose
geometry is partially shared by a drug.  Binding
of drugs of one class, termed agonists in the
pharmacological literature, to an appropriate
receptor triggers a response in a cell, similar to
that of a hormone.  On the other hand, compounds
of related structure often act as antagonists,
binding to receptor but failing to elicit a response.
Agonist and antagonist often act in a strictly
competitive fashion as in competitive inhibition
of enzyme action.

We know now that many receptors are en-
zymes, some of which may act quite slowly.
The active site may sometimes be far from the
receptor binding site and sometimes in a separate
subunit.  The receptor can be viewed as an allos-
teric effector which binds at a distant site or as
a ligand for a regulatory subunit of the enzyme
complex.  Alternatively, the active site may be
viewed as the site for relaying a signal received
from the hormone or other agonist.

BOX 9-D RECEPTORS, AGONISTS, AND
ANTAGONISTS

C.  The Specificity of Enzymatic Action
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(9-75)

Trigonal prochiral centers.  Planar trigonal atoms,
such as those of aldehydes, ketones, and alkenes, are
also prochiral if they are attached to three different
kinds of atoms or groups.  The two faces are enantio-
topic or diastereotopic, if another chiral center is present.
Hanson94,94a proposed that the faces be named as indi-
cated in Eq. 9-75.  The trigonal atom is viewed from one
side and the three groups surrounding the carbon atom
are given priorities, a, b, and c, as in the RS system
(Chapter 2).  If the sequence a, b, and c of priorites is
clockwise, the face toward the reader is re (rectus); if
counterclockwise, it is si (sinister).  Priorities can often be
assigned on the basis of the atomic numbers of the first
atoms in the three groups (as in the example shown)

but, if necessary, replica atoms must be added as
described in Chapter 2.  Replica atoms attached to
an originally trigonal carbon are ignored completely,
but those attached to O or N of C = O or C = N may be
required to establish the priorities of the groups around
the carbon atom.  For C = O and C = N the faces of the
O and N atoms are taken to be the same as that of the
attached trigonal carbon atom.  In C = C the two carbons
may have their re faces either on the same side or on
opposite sides of the group.

Notice that addition of an atom of 2H to the re face
of acetaldehyde would give R-deuteroethanol (Eq. 9-75;
reverse of Eq. 9-73).  This is the reaction catalyzed by
alcohol dehydrogenase.  Addition of 1H to the re face
places the entering hydrogen in the pro-R position.
Addition to the si face would place it in the pro-S

HO C

CH3

HR

HO C

H

CH3

a

b

c

+ 2[H]

re (or Re) face is toward the reader
si (or Si) face is behind the page

Stereochemical numbering.  In some prochiral
molecules, such as glycerol, the two ends of the main
carbon chain form identical groups.  Since the two
ends are distinguishable to an enzyme, it is important
to decide which should be labeled C-1 and which C-3.
Hirschmann proposed a stereochemical numbering
system100 in which the carbons are numbered beginning
with the end of the chain that occupies the pro-S position.

In this numbering system derivatives of the parent
prochiral compound are given the prefix sn-.  Thus,
glycerol phosphate, used by cells to construct phos-
pholipids, usually bears a phosphate group on the
– CH2OH in the pro-R position of glycerol and is
therefore sn-3-glycerol phosphate.

The citrate ion, a very important prochiral meta-
bolic intermediate, has three prochiral centers at C-2,
C-3, and C-4, respectively. That at C-3 distinguishes
the pro-R and pro-S arms and determines the stereo-
chemical numbering.  Citrate containing 14C in the sn-1
position is called sn-citrate[1-14C] and is the form of
labeled citrate that is synthesized in living cells from
oxaloacetate and [1-14C]acetyl coenzyme A (see Fig.
10-6).  The first step in the further metabolism of citrate
is the elimination of the – OH group from C-3 together
with the HR proton from C-4 through the action of the
enzyme aconitate hydratase (aconitase).  In this case
the proton at C-4 (in the pro-R arm) is selected rather
than that at C-2.

C C

COO–

–OOC

HO

HS
HR

H

C C

COO–

–OOC

H

H

from HS of
L-Malate

Fumarate

H2O

L-Malate

+

(9-74)

HO C

C

CHO

H

H

OH

H

H

Hpro-S

pro-R

1
2

3

Stereochemical numbering for a
symmetric prochiral molecule.
Carbons are numbered begin-
ning with the end of the chain
that occupies the pro-S position.

C

HRHS

COO–

C

C COO–

–OOC

HO

HS HR

COO–

C

1

C

HS HR

HO COO–

CHR HS

COO–

2

4 5

pro–S arm

pro–R arm

1

2

3

4

5

Citrate

Citrate ion numbered
according to the 
stereochemical system

Drawn using the 
Fisher convention



481

position.  Fumarate has two trigonal carbon atoms.
The si faces of both are toward the viewer in the fol-
lowing structure (also shown in Eq. 9-74).  Referring
to Eq. 9-74, we see that an HO– ion from water adds
to the si face of one carbon atom of fumarate to give
s-malate (L-malate).  At the same time, a proton com-
bines with the re face of the adjacent unsaturated
carbon atom to enter the pro-R position.

3.  Induced Fit and Conformational Changes

Results of many X-ray studies indicate that the
lock-and-key picture of enzyme action must be modi-
fied.  If an enzyme is a “lock” and the substrate the
“key,” the entrance of the key into the lock often induces a
conformational change in the protein.  Binding of substrates
may be imperfect in the initially formed ES complex
but may be more nearly perfect a few nanoseconds or
microseconds later as the protein readjusts its structure
to accommodate the substrate.  The substrate has in-
duced a fit.  For example, when an amino acid substrate
binds to aspartate aminotransferase one whole domain
of the enzyme moves inward, packing hydrophobic
side chains of the protein against the substrate (Chap-
ter 14).  This strengthens the electrostatic interactions
between the ion pairs that orient the substrate and
align it for reaction.  Similar conformational changes
have been observed for citrate synthase, glycogen
phosphorylase, various kinases (Chapter 12), alcohol
dehydrogenase (Chapter 15), and a growing list of
other enzymes. Accompanying changes in circular
dichroism, ultraviolet spectra, and sedimentation
constants are often observed.

For many other enzymes the observed conforma-
tional changes are subtle. A single loop of polypeptide
chain or even of a side chain moves to cover the bound
substrate.  With trypsin and other serine proteases a
flexible segment of the peptide chain becomes immo-
bilized and forms more hydrogen bonds after substrate
binds than before.  It is probably quite unusual for a
major unfolding and refolding of parts of a protein to
take place.  The term induced fit usually refers to
substrate binding, but as substrates are interconverted
within active sites successive changes in geometry and
in charge distribution occur.  Small conformational
changes may be required at several stages of an enzy-
matic reaction to ensure that complementarity of
substrate and enzyme is preserved.101  In line with this
idea are the facts that proteins are less tightly packed

C C

COO–

H

H

–OOC a

b
c

b
c

a

Fumarate

The si faces of both trigonal
carbon atoms are toward
the viewer.

at active sites than in other parts of the molecules, and
that active sites often lie between domains and usually
are formed by several loops of the peptide chain
(Chapter 2).102

Although conformational changes allow proteins
to maintain good complementarity with substrates, it
does not follow that substrates are therefore bound very
tightly.  This is easiest to understand for reversible
reactions in which a substrate is the product of the
reverse reaction.  Not only binding but also the rate
of release of product must be rapid.  Very tight binding
would retard release and cause product inhibition.
Furthermore, as we can see from Eq. 9-37, the velocity
of catalysis is the product of [S][E] x kcat/Km, where [E]
is, free enzyme.  Catalysis can be made more efficient in
two ways: by increasing kcat or by decreasing Km, that
is, by tighter binding.  However, tighter binding will be
advantageous only if Km is not so low that the enzyme
is approaching saturation with substrate.  Otherwise,
[E] will fall as Km is lowered and little increase in rate
will be observed.2

In fact, it appears that enzymes have evolved to
have high values of kcat and high values of Km, that is,
weak binding of substrates.2  Frequently, in one confor-
mational state of a protein the active site is open, with
solvent molecules or substrate surrogates present,
while in a second state of nearly equal energy it is
closed around the substrate.  The functional groups
of the enzyme’s active site can be bound either to
external ions or to ionic groups of substrates and either
to water or to hydrogen-bonding groups of substrates.
In some cases two ionic groups in the protein may pair
with each other in the open conformation and with
ionic groups of the substrate in the closed conformation.
Thus, the energy changes accompanying the confor-
mational changes can be small but very good comple-
mentarity can exist in the ES complex, an important
factor in establishing specificity.

4.  Specificity and k
cat

Enzyme specificity is often observed not only in
binding but also in the rate at which ES is converted to
products.  Thus, it is the values of kcat / Km that determine
specificity.  Good examples are provided by chymo-
trypsin and related serine proteases (Chapter 12),2 for
which substrates with the shortest chains are often
bound as well as those with longer chains but react
more slowly.  For example, N-acetylphenylalanine amide
binds to chymotrypsin about as well as does the longer
N-acetylphenylalanylalanine amide but reacts only 1/47
as fast.2  One might anticipate that increasing the length
of the substrate would make it bind more tightly
because of the greater number of contacts between
substrate and enzyme.  It has often been suggested
that the reason that this does not happen is that the

C.  The Specificity of Enzymatic Action
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binding of the longer, more specific substrates distorts
the enzyme and that the binding energy is now stored in
the enzyme. It is as if the enzyme contained an internal
spring which would be compressed when the substrate binds.
This would keep the binding weak but the energy in
the spring might then be used to increase the velocity.

5.  Proofreading

Although enzymes may be very specific they do
make mistakes.  This is of particular concern for pro-
cesses such as protein synthesis in which the correct
amino acid is placed at each position in the sequence
with an error rate that has been estimated for E. coli as
only 1 in 104.  It would be impossible for an enzyme
designed to attach valine to its specific transfer RNA
to avoid attaching the smaller alanine if discrimination
between the two were based solely on the Gibbs energy
differences of binding.103  However, it would be easier
for an enzyme to exclude larger amino acids.  This prob-
lem may be resolved by use of multistep screening.104,105

For example, isoleucyl-tRNA synthetase (Chapter 29)
does occasionally attach the smaller valine to the
specific tRNA,Ile but when it does the enzyme in a
“proofreading and editing” step hydrolyzes off the
incorrect amino acid.  The active site for this hydro-
lyzing activity, whether at a different place on the
enzyme surface or created by a conformational
change, may be able to exclude sterically the larger
isoleucyl residue while acting on the valyl-tRNA.
This editing mechanism for isoleucyl-tRNA synthetase
was demonstrated directly in 1998 by X-ray crystallo-
graphy on complexes of the enzyme with L-isoleucine
and L-valine.  Both substrates fit into the ATP-requir-
ing synthetic site but neither isoleucine nor isoleucyl-
tRNA will fit into the editing site which is located in
an adjacent β-barrel domain.104,105  Proofreading steps
based on differing chemical properties as well as size
can also be visualized.103,106

D.  Mechanisms of Catalysis

Kinetic studies tell how fast enzymes act but by
themselves say nothing about how enzymes catalyze
reactions.  They do not give the chemical mechanism
of catalysis, the step-by-step process by which a
reaction takes place.  Most of the individual steps
involve the simultaneous breaking of a chemical bond
and formation of a new bond.  Consider a simple
displacement reaction, that of a hydroxyl ion reacting
with methyl iodide to give the products methanol and
iodide ions.

The reaction can be thought of as an “attack” by the
OH– ion on the “back side” of the carbon atom of the
methyl groups with a simultaneous displacement of
the I–.

1.  The “Transition State”

A reaction such as that of Eq. 9-76 is not instantan-
eous, and at some time between that at which the reac-
tants exist and that at which products have been formed
the C – I bond will be stretched and partially broken
and the new C – O bond will be partially formed.  The
structure at this point is not that of an ordinary com-
pound and is energetically unstable with respect to both
the reactant and the products.  The intermediate struc-
ture of the least stability is known as the transition
state.  Although no one has actually seen a transition
state structure, we might represent that for Eq. 9-76 as
follows:

The negative charge is distributed between the attack-
ing HO– group and the departing iodide.  The bonds
to the central carbon atom are no longer tetrahedrally
arranged but the C – H bonds lie in a single plane and
the partial bonds to the OH and iodine atom lie at
right angles to that plane.

It is useful in discussing a reaction mechanism to
construct a transition state diagram in which Gibbs
energy G is plotted against reaction coordinate (Fig.
9-15A).  Energy E or enthalpy H may be plotted in the
same way and authors frequently do not state whether
G, E, or H is meant.  The reaction coordinate is usually
not assigned an exact physical meaning but represents
the progress from reactants toward products.  It is
directly related to the extent to which an existing bond
has been stretched and broken or a new one formed.
The high energy point is the transition state.  A some-
what more detailed idea of a transition state is obtained
from a contour diagram such as that of Fig. 9-15B.  Here,
energy is plotted as a function of two distances, e.g.,
the lengthening C – I bond distance and the shortening
C– O distance for Eq. 9-76.  The path of minimum
energy across the “saddle point” representing the
transition state is indicated by the dashed line.

In a reaction coordinate diagram the difference
in value of G between reactants and products is the

H
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H H
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HO–
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overall Gibbs energy change ∆G for the reaction, while
the difference in G between the transition state and
reactants is ∆G‡, the Gibbs energy of activation.  The
magnitude of ∆G‡ represents the “energy barrier” to a
reaction and largely determines the rate constant.

The diagrams in Fig. 9-15 are too simple because
enzymatic reactions usually occur in several interme-
diate steps.  There will be transition states for each
step with valleys in between.  The valleys correspond
to intermediate species, which are sometimes very
unstable.  The passing from reactants to products in
an enzymatic reaction can be likened to wandering
through a series of mountain ranges of various heights
and finally reaching the other side.

Quantitative transition state theory.107– 113 In
the 1880s Arrhenius observed that the rate of chemical
reactions varies with temperature according to Eq. 9-77
in a manner similar to the variation of an equilibrium
constant with temperature (integrate Eq. 6-37 and
compare).  Here, k is a first-order rate constant, the
quantity Ea is known as the Arrhenius activation
energy, and the constant A is referred to as the “pre-
exponential factor” or the “frequency factor”.

k = Ae–Ea/ RT

The Arrhenius equation,  together with studies of
the effects of salts on reaction rates and observation of
quantitative correlations between rates and equilibrium
constants, suggested that a rate constant for a reaction
might be a product of a constant term which is nearly
independent of temperature and a constant K‡ which
has the properties of an equilibrium constant for for-
mation of the transition state.  Eyring made this quan-
titative in 1935 with his “absolute rate theory”112

according to which all transition states break down
with a rate constant κkBT/h.  Eyring reached this
conclusion by assuming that the rate of a chemical
reaction is determined by  the frequency of stretching of
the bond that is being broken in the transition state.  To be
more precise, it is the “normal-mode” oscillation of the
transition state complex along the reaction coordi-
nate.109  This frequency ν was deduced by describing
the vibrational energy as hν (from quantum mechanics)
and as kB/T (from classical mechanics) and setting
them equal.

hν = kB T and
ν = kBT/h

kB is the Boltzmann constant
h is Planck’s constant.

The right side of Eq. 9-78 is usually multiplied by a
transmission coefficient �, which may vary from
1 to 0.1 or even much less.  However, for lack of any
better value, κ is usually assumed to be 1.  From Eq.
9-78, at 25°C ν = 6.2 x 1012 s–1.  This is the maximum
rate for a chemical reaction of molecules in the transi-
tion state.  This is the rate for a single molecule and
must be multiplied by the concentration of the reacting
substance X in the transition state.  This concentration
[X]‡ is determined by the equilibrium constant
K‡ = [X]‡/ [X].  The velocity of the reaction becomes 
The first-order rate constant is

Since ∆G‡ = –RT lnK‡, Eq. 9-80 can be rewritten as Eq.
9-81, in which ∆G‡  is the Gibbs energy of activation.
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Figure 9-15 (A)  Transition state diagram illustrating Gibbs
energy vs reaction coordinate for conversion of reactants to
products in a chemical reaction.  (B) Contour map of Gibbs
energy vs interatomic bond distances for reaction B + X – A →
B – X + A.
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At 25°C, ∆G‡ in kJ/ mol, the following “practical” form
of Eq. 9-81 can be written.

k1 = 6.2 x 1012 e–∆G‡/2.48 s–1

log k1 = 12.79 – ∆G‡/5.71
and ∆G‡ = 73.0 – 5.71 log k1

Equation 9-81 is approximate and a more correct
statistical mechanical treatment is available.113,114  See
also comment on p. 288 about log k (and log k1) being
unitless. Employing Eq. 6-14, we may expand Eq. 9-81
as follows:

From this it appears that ∆ H‡ Ea, the Arrhenius
activation energy.  A more correct treatment gives
∆ H‡ = Ea – RT for reactions in solution.  However,
since RT at 25°C is only 2.5 kJ mol–1, the approximation
that ∆ H‡ = Ea is often used.  The preexponential term,
in parentheses in Eq. 9-82, depends principally on ∆ S‡,
the entropy change accompanying formation of the
transition state.  The quantities ∆G‡, ∆ H‡, and ∆ S‡ are
sometimes measured for enzymatic reactions but useful
interpretations are difficult.

Equations 9-81 and 9-82 also show that a small
decrease in transition state energy will give a large
increase in rate; stabilization of the transition state by
5.7 kJ / mol (1.4 kcal / mol) will increase the rate 10-fold.
If ∆G‡ = 400 kJ/mol, as for a strong covalent single
bond, k1 = 5 x 10–58 s–1 and the half-life t  = .693 / k1 =
1.3 x 1057 s (4 x 1049 years, greater than the ~ 1010 years
estimated age of the universe).  If ∆G‡ = 100 kJ / mol,
log k1 ≈ – 4.7 s–1, k1 = 1.9 x 10–5, and t ≈ 10 h.  This is
about the rate of a typical nonenzymatic “model”
reaction at 25°C.  If ∆G‡ = 50 kJ / mol, log k1 ≈ 4, as for
a fast enzyme.

We can conclude that enzymes make use of relatively
small energy differences in catalyzing reactions.  The ener-
gies of numerous van der Waals interactions of hydro-
gen bonds and electrostatic attraction or repulsion of
charges are sufficient.  Nevertheless, we can see that
anything that stabilizes the transition state (decreases
∆G‡) will increase the rate of reaction.  The role of a
catalyst is to permit the formation of a transition state
of lower energy (higher stability) than that for the
uncatalyzed reaction.  Stabilization of the transition
state of a reaction by an enzyme suggests that the
enzyme has a higher affinity for the transition state
than it does for substrate or products, an idea that
appears to have been expressed first by Haldane41

and popularized by Pauling.115

I think that enzymes are molecules that are comple-
mentary in structure to the activated complexes of the
reactions that they catalyze.  The attraction of the enzyme

(9-82)

molecule for the activated complex would thus lead to a
decrease in its energy, and hence to a decrease in energy
of activation of the reaction and to an increase in the
rate of the reaction.

Transition state inhibitors. Suppose that a
chemical reaction of a compound S takes place with
rate constant kN through transition state T.  Let the
equilibrium constant for formation of T be KN

‡.  Assume
that an enzyme E can combine either with S with disso-
ciation constant KdS or with the compound in its transi-
tion state structure T with dissociation constant KdT

(Eq. 9-83).

If equilibrium is assumed for all four sets of double
arrows it is easy to show that Eq. 9-84 holds.

KE
‡/KN

‡ = KdS /KdT

According to transition state theory, if the transmission
coefficient κ = 1, T and ET will be transformed to prod-
ucts at the same rate.  Thus, if the mechanisms of the
nonenzymatic and enzymatic reactions are assumed
the same, the ratio of maximum velocities for first-
order transformation of ES and S will be given by Eq.
9-85.  For some enzymes the ratio

k E /k N = KE
‡/KN

‡ = KdS /KdT

kE/ kN may be 108 or more.  Thus, if KdS ≈ 10–3 the constant
KdT would be ≈ 10–11.  The enzyme would be expected
to bind the transition state structure (T) 108 times more
tightly than it binds S.

The foregoing reasoning suggests that if structural
analogs of T could be found for a particular reaction,
they too might be very tightly bound — more so than
ordinary substrate analogs.116  Wolfenden117 listed a
series of compounds which may be transition state
inhibitors of this type and many others have been
described.117a  Nevertheless, very tight, reversible
binding is no proof that an inhibitor is actually binding
to the transition state structure of the enzyme.  For
example, an inhibitor may bind to a conformational
form of the enzyme that lies off to a side rather than
directly on the reaction pathway for catalysis.

Describing the transition state.  How can we
describe the structure of the transition state when we
have no direct knowledge of its structure?  We can try

(9-83)
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BOX 9-E  CHORISMATE MUTASE

Bacteria, fungi, and plants convert products of
glucose metabolism into the aromatic amino acids
phenylalanine, tyrosine, and tryptophan by a com-
plex sequence of reactions that is described in Chap-
ter 25.  One of these reactions, the conversion of
chorismate into prephenate, is unique among
enzyme-catalyzed reactions.  It is a Claisen rear-
rangement that occurs readily without catalysis in an
aqueous solution.  However, the rate is increased
over one million-fold by the enzyme chorismate
mutase.  The enzyme from Bacillus subtilis is a trimer
of identical, small 127-residue subunits.  Many
studies, both of the nonenzymatic and enzymatic
reactions, have suggested a “pericyclic” mechanism
involving a polar chairlike transition state whose
presumed structure is shown in the accompanying
equation.a– f  The transition state analog, whose

a Gray, J. V., Eren, D., and Knowles, J. R. (1990)
Biochemistry 29, 8872 – 8878

b Turnbull, J., Cleland, W. W., and Morrison, J. F.
(1991) Biochemistry 30, 7777– 7782

c Rajagopalan, J. S., Taylor, K. M., and Jaffe, E. K.
(1993) Biochemistry 32, 3965 – 3972

d Chook, Y. M., Gray, J. V., Ke, H., and Lipscomb,
W. N. (1994) J. Mol. Biol. 240, 476 – 500

e Gray, J. V., and Knowles, J. R. (1994) Biochemistry
33, 9953 – 9959

f Lyne, P. D., Mulholland, A. J., and Richards, W.
G. (1995) J. Am. Chem. Soc. 117, 11345 – 11350

g Lee, A. Y., Karplus, P. A., Ganem, B., and Clardy,
J. (1995) J. Am. Chem. Soc. 117, 3627– 3628

h Xue, Y., Lipscomb, W. N., Graf, R., Schnappauf,
G., and Braus, G. (1994) Proc. Natl. Acad. Sci.
U.S.A. 91, 10814 – 10818

i Wiest, O., and Houk, K. N. (1995) J. Am. Chem.
Soc. 117, 11628 – 11639

j Kast, P., Hartgerink, J. D., Asif-Ullah, M., and
Hilvert, D. (1996) J. Am. Chem. Soc. 118, 3069 –
3070

k Lin, S. L., Xu, D., Li, A., Rosen, M., Wolfson, H.
J., and Nussinov, R. (1997) J. Mol. Biol. 271, 838 –
845

l Ma, J., Zheng, X., Schnappauf, G., Braus, G.,
Karplus, M., and Lipscomb, W. N. (1998) Proc.
Natl. Acad. Sci. U.S.A. 95, 14640 – 14645
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structure is also depicted, is a powerful inhibitor.
X-ray structural studies show that this inhibitor
binds in the conformation shown with a number of
interactions with polar side chain groups.d,g  Some
of these interactions are shown for the E. coli enzyme
in the figure;g they are different in enzymes from
B. subtilisd and yeast.h  However, in no case are there
groups in obvious positions to serve as acid–base
catalysts and the maximum velocity Vmax is inde-
pendent of pH.b  NMR studies show that the bound
product prephenate displays large shifts in some
13C resonances, indicating strong interaction with
the polar side chains of the protein.c  Theoretical
calculations also suggested that these interactions,
especially those with Arg 90 and Glu 78 of the B.
subtilis enzymes,f– l help to stabilize the partial charge
separation in the polar transition state.  Studies of

mutant enzymes have confirmed that
the charged Arg 90 (Lys 39 for E. coli)
side chain is essential.k

D.  Mechanisms of Catalysis
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to predict the atomic coordinates of all of the atoms of
the reacting substrates and of the protein.  The transi-
tion state structure of the substrate must be between
that of the last ES complex and the first EP complex
formed.  It should be similar to that of a transition
state inhibitor.  We can hope to obtain suitable X-ray
or NMR structures and deduce an appropriate enzyme
structure by molecular modeling.  Theoretical calcula-
tions using quantum chemical methods are of value in
this effort.118,119

Lengths of the breaking and forming bonds in
a transition state are often estimated using kinetic
isotope effects (KIEs) on the velocity of the reac-
tion.118 – 122  This is somewhat indirect.  Nevertheless,
by measuring these effects for a large number of sub-
strates and several isotopes a picture of the transition
state structure that is good enough to use as a model for
design of an enzyme inhibitor may be obtained.117a,121 –124

Other physical measurements such as Raman difference
spectroscopy of isotopically labeled inhibitors can also
be of value.125

Getting to the transition state.  Since some
bonds must lengthen and some shorten and bond
angles must also change, it may not be simple for an
enzyme to catalyze necessary steps prior to the rate-
limiting breakdown of the transition state.  Hydrogen
bonds within the protein may need to be broken and
reformed with new bonding partners.  Nonpolar side
chains may need to shift to give a packing arrange-
ment that will allow the movement of nuclei that must
occur in forming the transition state structure.  The
enzyme must not only stabilize the transition state but
also hold the substrate and escort it into the transition
state configuration.

The attacking hydroxyl ion in Eq. 9-76 carries a
negative charge which becomes distributed more or
less equally between the hydroxyl and the iodine atom
in the transition state.  In this state the CH3 group
carries a partial positive charge as well.  To provide
good complementarity between an enzyme and this
transition state, a change in the initial charge distribu-
tion within the enzyme will also be required.  If a
positively charged group initially binds the OH– ion
it may have to lose part of its charge and a group next
to the iodide atom may have to gain positive charge.
In the nonenzymatic reaction of Eq. 9-76 the ionic
atmosphere provided by positive counterions in solution
can continuously readjust to keep the negative charge
effectively balanced at every step along the reaction
coordinate and through the transition state.  Within
enzymes this adjustment may occur via redistribution
of electrical charges within the polarizable network of
internal hydrogen bonds.  The enzyme structure must
allow this.  Because of the complexity of an enzymatic
transition state it may be hard to compare it with the
transition state of the corresponding nonenzymatic

reaction.  Effects of pressure125a and of temperature125b

also raise doubts about the simple picture of Eq. 9-83.
It also follows that tight binding of substrates in the
ground state does not necessarily interfere with transi-
tion state stabilization.126– 129a

2.  Microscopic Reversibility

The important statistical mechanical principle of
microscopic reversibility asserts that the mechanism of
any chemical reaction considered in the reverse direction
must be exactly the inverse of the mechanism of the forward
reaction.  A consequence of this principle is that if the
mechanism of a reaction is known, that of the reverse
reaction is also known.  Furthermore, it follows that
the forward and reverse reactions catalyzed by an enzyme
must occur at the same active site on the enzyme and the
transition state must be the same in both directions.
The principle of microscopic reversibility is often useful
when the likelihood of a given mechanism is being
considered.  If a mechanism is proposed for a reversible
reaction in one direction the principle of microscopic
reversibility will give an unambiguous mechanism for
the reverse reaction.  Sometimes this reverse mechanism
will be chemically untenable and, recognizing this, the
enzymologist can search for a better one.

3.  Acid and Base Catalysis

Many reactions that are promoted by enzymes
can also be catalyzed by acids or bases or by both.  An
example is mutarotation, the reversible interconversion
of the α- and β-anomeric forms of sugars (Eqs. 4-1
and 9-86).  This reaction is catalyzed by a specific
mutarotase and also by inorganic acids and bases.
The frequently observed bell-shaped curve for the
dependence of rate of catalysis on pH (e.g., Eqs. 9-55
to 9-57 and Fig. 9-8) also suggests participation of both
protonated and unprotonated acid–base groups
present in enzymes.

Acidic and basic groups in enzymes. In this
discussion the symbols HB or H+B will be used for acids
and B– or B for their conjugate bases.  Remember that
strong acids have low pKa values and that the conjugate
bases formed from them are weak bases.  Likewise, very weak
acids have high pKa values and their conjugate bases are strong.
The following are among the pKa values that may be
important in considering an enzyme mechanism.  How-
ever, depending upon the environment of the side chain
in a protein, these pKa values may fall substantially out-
side of the indicated ranges.
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–1.74 H3O+ in 55.5 M water
~3.6 –COOH, terminal in peptide

4.3–4.7 –COOH in a glutamic or aspartic acid side chain
6.4–7.0 Imidazole (histidine) and phosphate (–OPO3H–)
7.5–8.0 –NH3

+, terminal in peptide
8.5–10 –SH of cysteine side chains
9.5–11 Phenolic –OH of tyrosine
~10.5 –NH3

+ of lysine side chain
~13.6 –CH2OH of serine side chain

15.7 free HO– in 55.5 M H2O, 25°C

Acid–base catalysis of mutarotation. The
mutarotation of glucose proceeds through the free
aldehyde form as an intermediate (Eq. 9-86).  A hydro-
gen atom is removed as H+ from the oxygen at carbon
1 in step a and a proton (probably a different one) is
transferred to the oxygen of the ring with cleavage of
the O – C bond to the anomeric carbon atom.  A similar
process in reverse is required for step b.  Transfers of
hydrogen ions between atoms of oxygen, nitrogen, and
sulfur atoms are a common feature of biochemical
reactions.  The bonds between hydrogen and O, N, and
S atoms tend to be polarized strongly, leaving a partial
positive charge on the hydrogen atoms.  Consequently,
the groups are weakly acidic and protons can be trans-
ferred from them relatively easily.  It is reasonable to
suppose that acid and base catalysis is related to these
proton transfers.
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step a).  The anion is isomerized to a second anion
with the ring opened (step b).  Addition of a proton
(transfer of a proton from H3O+) produces the free
aldehyde form of the sugar (step c).

The catalytic base B:  might be HO– or a weaker
base such as ammonia or even water.  For reactions the
rate is proportional only to the concentration of OH–

and the presence of other weaker bases has no effect.129b

Such catalysis is referred to as specific hydroxyl ion
catalysis.19  More commonly, the rate is found to depend
both on [OH–] and on the concentration of other weaker
bases.  In such cases the apparent first-order rate constant
(kobs) for the process is represented by a sum of terms
(Eq. 9-88).  The term kH2O is the rate in

k obs = k H2O + K OH– [OH–] + k B [B]

pure water and represents catalysis occurring by the
action of water alone as either an acid or a base.  The
last two terms represent the contributions to the catal-
ysis by OH– and by the other base, respectively.  The
term kB[B] represents general base catalysis.

Catalysis of mutarotation by acids occurs if an acid
donates a proton to the oxygen in the sugar ring as

(9-86)
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General base and general acid catalysis. Base-
catalyzed mutarotation might be formulated as follows:
A hydroxyl ion or some other base attacks the proton
on the anomeric –OH group of the sugar, removing it
to form an anion and the conjugate acid BH+ (Eq. 9-87,
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BOX 9-F  IMMUNOPHILINS AS ROTAMASES

Since its introduction into clinical use in about
1979 the immunosuppresant cyclosporin has been
responsible for a revolution in human organ trans-
plantation.a– c  The exact mechanism of action in
suppressing T-lymphocyte-mediated autoimmune
responses is still not completely clear, but cyclosporin,
a cyclic lipophilic peptide from a fungus, was
found to bind to specific proteins that were named
cyclophilins.d  Human cyclophilin A is a 165-residue
protein which associates, in the crystal form, as a
decamer with five-fold rotational and dihedral
symmetry.e  This protein is also found in almost all
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other organisms and has a highly conserved sequence.f

Another immunosuppresant, a synthetic molecule
known only as FK506, has an action similar to that
of cyclosporin but binds to distinctly different pro-
teins, the FK506-binding proteins (FKBPs), of which
the 107-residue FKBP-12 is the best known.g– j  These
proteins also bind another immunosuppresant,
rapamycin, which, however, has different biological
properties than does FK506.  Both FK506 and rapa-
mycin are macrocyclic compounds but with structures
very different from that of cyclosporin.

It was a surprise to discover that all of the cyclo-
philins and FK506-binding proteins are peptidyl
prolyl cis–trans isomerases or rotamases.  They
all catalyze the following simple and reversible
reaction of a prolyl peptide linkage:

Cyclosporin (black) bound
to human cyclophilin.  From
Pflügl et al.e  Courtesy of J. N.
Jansonius.

The transition state energy for the reaction is
lowered by 33 kJ mol–1 by cyclophilin Ak and by
27 kJ mol–1 by FKBP-12g with corresponding rate
increases of ~ – 6 x 105- and 5 x 104-fold, respectively.
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BOX 9-F  (continued)
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For both enzymes the maximum velocity is indepen-
dent of pH over a wide region.  For cyclophilin the
rate is nearly independent of the nature of residue X
in the foregoing structure but FKBP prefers a hydro-
phobic residue.

How do these enzymes work?  One possibility
would be for the protein to transfer a proton to the
nitrogen atom of the proline ring.  This would destroy
the partial double-bond character of the amide linkage
and allow free rotation about a single bond.  The
same thing could be accomplished if a nucleophilic
group from the enzyme formed a covalent adduct
with the C=O of the substrate.  However, this seems
unlikely because there is no suitably placed nucleo-
phile.  A third possibility is that the enzyme distorts
the substrate and stabilizes the transition state using
only noncovalent interactions.g,h,l  This would account
for the lack of pH dependence and observable sol-
vent isotope effects.  However, in human cyclophilin
the guanidinium group of arginine 55 hydrogen
bonds to the peptide C = O of the substrate’s proline
residue and could easily shift to place a guanidinium
proton against the proline ring nitrogen effectively
protonating it and permitting rotation about the
peptide linkage.m

Do cyclosporin and FK506 act as transition state
inhibitors?  If so, we might learn something about
the mechanism from the three-dimensional structures
of the inhibited rotamases.i,l,n,o  From these structures
as well as those with simpler substrate analogs, it is
seen that the substrate is desolvated and that many
nonbonded (van der Waals) interactions stabilize
the binding.  Hydrogen bonding is also important.p,q

The presence of distinct hydrogen bonds to the pep-
tide NH and C=O groups on the N-terminal side
of the  substrate X-Pro linkage and less well-defined
bonding on the terminal side suggests that the
C-terminal part may be rotated while the enzyme
holds the N-terminal part.p  It can also be concluded
that mechanisms are probably not identical for all
rotamases.

Cyclophilins and FKBPs are large families of
proteins.  In E. coli there are two cyclophilin genes,r,s

three encoding FK506-binding proteins, and one of

D.  Mechanisms of Catalysis

a third family of bacterial rotamases (parvulins) that
lack sequence similarity to the other two families.t,u

Yeast contains at least five cyclophilinsv and even
more eukaryotic FKBPs are known.j  There is abun-
dant evidence that these proteins play an important
role in protein folding in vivo (Chapter 29).

shown in Eq. 9-89.  Again, either specific acid catalysis
(by H3O+) or general acid catalysis is possible.

Enzymes are not able to concentrate protons or
hydroxyl ions to the point that specific base or acid
catalysis would be effective.  However, either general
acid or general base catalysis can be accomplished by
groups present in an enzyme in their normal states of

protonation at the pH of the cell.  Thus, if one of the
enzymes must be dissociated to its conjugate base
and a second must be protonated for reaction to take
place (as in Eq. 9-54), it is reasonable to suppose that
these two groups participate in acid–base catalysis.
Of the acidic and basic groups present in proteins, the
imidazole group of histidine would appear to be the
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most ideal both for general base catalysis and, because
both forms may exist in nearly equal amounts at pH 7,
for general acid catalysis.  However, carboxyl, thiol,
lysyl, tyrosyl, and N-terminal amino groups are all
thought to function in various enzymes.

The mutarotase of E. coli has a turnover number
of 104 s–1.  The plot of – log Km vs pH indicates two pKa
values in the free enzyme at 5.5 and 7.6, while the plot
of log Vmax yields a single pKa of 4.75 for the ES com-
plex.130  The latter might represent a carboxyl group
on an imidazole group in its conjugate base form.
Why doesn’t the group having pKa 7.6 in the free
enzyme also show a pKa in the ES complex?  Either
the group has no catalytic function so that EH2S of Eq.
9-54 reacts to form products just as fast as does HES
or the pKa is so strongly shifted by substrate binding
that it is not detected in the log Vmax plot.

The Brönsted relationships.  The effectiveness of
a specific base as a general base catalyst can usually be
related to its basicity (pKa) via the Brönsted equation
(Eq. 9-90).  Here, kB is defined by Eq. 9-88 and GB is a

log kB = log GB + β  (pKa)

constant for a particular reaction.  A similar equation
(9-91) relates the constant kA for general acid catalysis

log kHB = log GA – α (pKa)

to pKa.  These equations are linear Gibbs energy relation-
ships similar to the ones discussed in Box 6-C.  For the
Brönsted equations to hold, the Gibbs energy of activa-
tion for the reaction must be directly related to the
basicity or acidity of the catalyst.

The exponents β and α of Eqs. 9-90 and 9-91 mea-
sure the sensitivity of a reaction toward the basicity or
acidity of the catalyst.  It is easy to show that as β and
α approach 1.0 general base or general acid catalysis is
lost and that the rate becomes exactly that of specific
hydroxyl ion or specific hydrogen ion catalysis.131

As β or α approach zero basic or acidic catalysis is
indetectable.  Thus, general base or general acid catal-
ysis is most significant when β or α is in the neighbor-
hood of 0.5.  Under these circumstances it is easy to
see how a moderately weak basic group, such as the
imidazole group of histidine, can be an unusually
effective catalyst at pH 7.

To determine α or β experimentally a plot of log kB

or log kHB vs pKa (a Brönsted plot) is made and the
slope is measured.  Statistical corrections (Chapter 7)
should be applied for dicarboxylic acids and for am-
monium ions from which one of three protons may be
lost from the nitrogen atom.  General base or general
acid catalysis implies an important feature of any mech-
anism for which it is observed, namely, that removal
of a proton or addition of a proton is involved in the

(9-90)

(9-91)

rate-determining step of a reaction.
Concerted acid–base or tautomeric catalysis.

A third possible type of catalysis requires that a base
and an acid act synchronously to effect the breaking and
formation of bonds in a single step.  Thus, tetramethyl-
glucose mutarotates very slowly in benzene containing
either pyridine (a base) or phenol (an acid).  However,
when both pyridine and phenol are present, mutarota-
tion is rapid.  This suggested to Swain and Brown132

a concerted mechanism (Eq. 9-92) in which both an
acid and a base participate.

During the reaction shown, the acid BH+ is con-
verted to its conjugate base B and the base B’ to its
conjugate acid H+B’.  It might seem that these agents,
having been altered by the reaction, are not serving as
true catalysts.  However, a simple proton exchange will
restore the original forms and complete the catalytic
cycle.  In aqueous solutions, water itself might act as
the acid or the base or even both in concerted catalysis.

The original experimental evidence for concerted
acid–base catalysis of the mutarotation in benzene is
now considered unsound133,134 and concerted acid–
base catalysis has been difficult to prove for nonenzy-
matic reactions in aqueous solution.  However, mea-
surements of kinetic isotope effects seem to support
Swain and Brown’s interpretation.135  Concerted acid–
base catalysis by acetic acid and acetate ions may have
been observed for the enolization of acetone136 and it
may be employed by enzymes.136a

Swain and Brown showed that a more effective
catalyst for the mutarotation of sugars than a mixture
of an acid and a base can be designed by incorporating
the acidic and basic groups into the same molecule.132,135

Thus, with 0.1 M tetramethylglucose in benzene solution,
0.001 M α-hydroxypyridine is 7000 times as effective
a catalyst as a mixture of 0.001 M pyridine + 0.001 M
phenol.  Swain and Brown suggested the following
completely concerted reaction mechanism for the
polyfunctional catalyst �-hydroxypyridine in which
the hydrogen-bonded complex formed (Eq. 9-93) is
analogous to an enzyme–substrate complex.  The
product of the catalyst is 2-pyridone, a tautomer of
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2-hydroxypyridine, with which it is in a rapid revers-
ible equilibrium.

Rony called catalysis of the type illustrated in Eq.
9-93 tautomeric catalysis and suggested that its effi-
ciency lies not simply in the close proximity of acidic
and basic groups in the same molecule but also in the
ability of the catalyst to repeatedly cycle between the
two tautomeric states.133  For an enzyme the tautomer-
ization of the free catalyst could sometimes be rate
determining (see Section A,4 on isomechanisms).

4.  Hydrogen Bonding and the Transfer of
Protons within Active Sites

An extensive network of hydrogen bonds runs
throughout most proteins and may be especially
complex within active sites.  The network often runs
through bound substrate molecules and immobilized
water molecules in the active site cavity.  This network
arises in part because of the frequent occurrence of
acidic and basic catalytic groups in active sites and
by the fact that many substrates contain polar groups.
The structure of an enzyme often seems to be more
rigid in a complex with substrates or inhibitors than in
the free state.  Does this network of linked hydrogen
bonds play a role in catalysis?  If so, what?  Wang
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suggested that rapid transfer of protons along rigidly
and accurately held hydrogen bonds in the ES complex
may be an essential feature of enzymatic catalysis.137

This conclusion is supported by many more recent
observations.  A remaining question is whether this
proton transfer can take place in such a way that the
transition state barrier is lowered.

Ultrafast proton transfer. The diffusion-
controlled limit for second-order rate constants
(Section A3) is ~ 1010 M–1 s–1.  In 1956, Eigen, who had
developed new methods for studying very fast reactions,
discovered that protons and hydroxide ions react much
more rapidly when present in a lattice of ice than when
in solution.138  He observed second-order rate constants
of 1013 to 1014 M–1 s–1.  These represent rates almost as
great as those of molecular vibration.  For example,
the frequency of vibration of the OH bond in water is
about 1014 s–1.  The latter can be deduced directly from
the frequency of infrared light absorbed in exciting
this vibration:  Frequency ν equals wave number (3710
cm–1 for – OH stretching) times c, the velocity of light
(3 x 1010 cm s–1).

This ultrafast transfer of protons can be explained
as follows:  The OH– ion and the proton, which is
combined with a water molecule to form H3O+, are
both hydrogen-bonded to adjacent water molecules.
In ice a chain of hydrogen-bonded water molecules
links the hydroxide and the hydrogen ions (Eq. 9-94).
By synchronous movement of electron pairs from the
OH– ion and from each of the water molecules in the

(9-93)
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chain (as indicated by the little arrows) the neutraliza-
tion can take place during the time of one molecular
vibration (step a, Eq. 9-94).  The positions of the oxygen
atoms remain unchanged at the end of the reaction but
the protons that were engaged in hydrogen bond for-
mation have moved toward the left and are now at-
tached to different oxygen atoms.  The central chain of
water molecules can be restored to its original state if
each molecule rotates around one of its single bonds,
swinging a hydrogen from right back to left (Eq. 9-94,
step b).  This must be a slower process which may
occur one molecule at a time.  The rotation of the
leftmost water molecule would leave an empty space
between two O-atoms, a “fault” in the H-bonded chain
of the ice structure.  This fault can be corrected by

rotation of the second molecule (Eq. 9-95); however,
this would create a fault at the right of the second water
molecule.  This would induce rotation of the third
molecule, etc., causing the fault to migrate from left
to right across the entire chain of water molecules (Eq.
9-94, step b) and leaving the chain ready to function
again in transferring another proton.

Because of the disorder present in ice, an array
of water molecules such as that in Eq. 9-94 wouldn’t
revert to its exact original form in step b.  However,
active sites of enzymes are highly structured and proton
transfers may occur with precision.  For example, a
synchronous shift of protons in an array of carboxylic
acid, imidazolium, and phosphate groups can be
envisioned readily (Eq. 9-96).  The net effect of the
process is to transfer a proton from one end of the
chain to the other (as in Eq. 9-94) with facile tauto-

merization reactions providing the pathway.  Such a
pathway might be constructed by protein side chains
to join the two sides of an active center promoting a
concerted acid–base catalyzed reaction such as that of
Eq. 9-92.  Other tautomerization processes are possible
within proteins if the existence of less stable minor
tautomers of selected amide groups in the peptide back-
bone is allowed.139  Nagle and Morowitz suggested a

process similar to that of Eq. 9-94 but involving side
chains of serine residues.140

Proton transfer rates. Consider the reversible
reaction of a proton acceptor B with acid H-A (Eq. 9-97).
Eigen pointed out that the reaction will be fastest if the
two reactants form a hydrogen-bonded complex (Eq.
9-97, step a).138  The hydrogen bonding shortens the
distance from the proton to B and allows for very
rapid transfer of the proton from A to B within the

hydrogen-bonded complex (step b).  The activation
energy is close to zero.  The complex dissociates in step
c to form the products.  The reactions are reversible, even
though they have been indicated by unidirectional
arrows.

The hydrogen-bonded complexes A– H —- B and A
—- H– B can be formed readily if A and B are oxygen or
nitrogen bases such as – COO –, – OH, – NH2, or imida-
zole.  In such cases, as in  ice, the interconversion of
the two complexes (step b in Eq. 9-97) is very fast.  The
overall rate of the proton transfer will then be limited
by diffusion of B and H – A together or by diffusion of
A and H – B apart.  It might seem that these two pro-
cesses should also both be very fast.  However, the
rates will be determined by the concentration ratio
[A–H—- B]/[A—- H–B].  If  [A–H—- B] equals
[A—- H – B] the rate of dissociation of A – H – B will be
half what it is if nearly all of the complex is A—- H – B.
If A – H—- B predominates by 1000 to 1, the rate will be
slowed much more.

The equilibrium constant for the reaction of Eq.
9-97 will be:

Keq
AB  = Ka

HA/Ka
HB = kf/kr

or log Keq = pKa
HA –  pKa

HB = log kf – log kr

Here kf and kr refer to the rates in the forward and
reverse directions.  If the pKa’s of HA and HB are equal
kf and kr will be the same, but if they are very far from
equal the reaction will be slowed in one direction.  If
proton transfer is a step in an enzymatic reaction it
may be slowed enough to become rate limiting.

The difference in pKa values between the proton
donor and the proton acceptor in Eq. 9-97 can be
expressed as the Gibbs energy change which at 25°C
is equal to ± 5.71 x ∆pKa.  This is often referred to as
the thermodynamic barrier ∆G ° to a reaction and ∆G‡

can be expressed as the sum of the thermodynamic
barrier ∆G° plus an intrinsic barrier ∆G‡

int.  For the
proton transfer of Eq. 9-97 the intrinsic barrier (for step
b) is thought to be near zero so that ∆G‡ ≈ 5.71 ∆pKa.
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From this we can conclude that two pKa values can be
as much as eight units apart and ∆G‡  will still be less
than 50 kJ / mol, low enough to permit rapid enzymatic
reactions.  However, for transfer of a proton from a
C– H bond to a catalytic group, for example, to form
an enolate ion for an aldol condensation (Chapter 13),
the intrinsic barrier is known to be about 50 kJ / mol.141

In this case, to allow rapid enzymatic reaction either
the thermodynamic barrier must be very low, as a
result of closely matching pKa values, or the enzyme
must lower the intrinsic barrier.  It may do both.

Marcus theory. Discussion of intrinsic barriers is
often approached using a quantitative theory proposed
by Marcus.142 – 145  It was first applied to electron transfer
(Chapter 16) but has been used for a great variety of
nonenzymatic and enzymatic reactions.  As used by
Gerlt and Gassman,141 the Marcus formalism describes
the reaction coordinate (Fig. 9-15A) as an inverted
parabola whose shape is determined  by the overall
Gibbs energy change ∆G° and the intrinsic barrier
∆G‡

int.  The value of the Gibbs energy at any point on
the curve is designated G and the reaction coordinate
x is taken as 0 for the reactants and 1 for the products.

G = – 4 ∆G ‡
int (x – 0.5)2  + ∆G° (x – 0.5)

Limits: ∆G°/ 4  ≤ ∆G ‡
int ≤  4 ∆G°

Differentiation of Eq. 9-99 yields the position of the
transition state coordinate x‡ as follows:

x‡ = 0.5 + ∆G°/ 8 ∆G‡
int

and it follows that

∆G‡ = ∆G‡
int (1 + ∆G°/ 4 ∆G‡

int)
2

Diffusion-controlled dissociation of protons.
The direct proton transfer between C-1 and C-2 during
the action of sugar isomerases may seem puzzling.
How can a highly mobile proton remain attached to a
group in the enzyme for a millisecond or more instead
of being transferred out to a solvent molecule?  This
can mean that the enzyme promotes the transfer of a
hydride ion or of a hydrogen atom rather than a proton
(see Chapter 13).  If so, the observed proton exchange
with solvent would be an unimportant side reaction.
On the other hand, could the group in the enzyme that
removes the proton be out of contact with the aqueous
medium and thus able to hold onto the proton more
tightly?  In recent years, it has been recognized that
neither of these explanations may be necessary.  An
imidazole group is a likely proton-carrying group at
many active sites and it is thought that a proton can-
not be expected to transfer out from an imidazolium
group with a rate constant greater than ~ 103 s–1.

(9-99)

(9-100)

(9-101)

The argument is as follows.146  The rate of donation
of a proton from H3O+ to imidazole (reverse of Eq. 9-102)
is known to be diffusion controlled with a rate constant
of 1.5 x 1010 M–1 s–1.

The equilibrium constant for Eq. 9-102, calculated
from the pKa of 7.0 for imidazole, is 10–7 M.  Since Keq
is also the ratio of the overall rate constants for the forward
and reverse reactions, we see that for the forward reac-
tion kf = 10–7 x 1.5 x 1010 = 1.5 x 103 s–1.  This slow rate
results from the fact that in the intermediate complex
(in brackets in Eq. 9-102) the proton is on the imidazole
group most of the time.  For a small fraction of the
time it is on the coordinated molecule H2O but reverts
to being on the imidazole many times before the imida-
zole and OH3

+ separate (see also Eqs. 9-97 and 9-98).
Because of this unfavorable equilibrium within the
complex, the diffusion-controlled rate of proton trans-
fer from a protonated imidazole to water is far less
than for proton transfer in the reverse direction.

Coupled proton transfers.  Enzymatic reactions
often require the transfer of two or more protons.
They may move individually, one proton at a time,
or as in Eq. 9-93 they may move synchronously in a
coupled or concerted process.  Such coupled move-
ment is generally not possible for heavier nuclei.147

However, studies of solvent isotope effects using a
proton inventory technique111,148,149 have provided
evidence favoring coupled proton transfers for a variety
of enzymes.  Movement of protons along hydrogen-
bonded paths, as well as electron transfer, may take
place with some participation of quantum mechanical
tunneling.150–152  Coupling to vibrational modes of the
hydrogen-bonded protons may provide vibration-
assisted tunneling.153–154d  These reactions are associ-
ated with unusually large kinetic isotope effects.

Unusually strong hydrogen bonds. The strength
of a hydrogen bond is thought to be directly related
to the length, which is ordinarily taken to be the distance
between the two surrounding heavier atoms (see Chap-
ter 2, Section B,3).  Hydrogen bonds are sometimes
classified on the basis of N–H---O distances155,156 as:

<0.25 nm very strong
0.25 – 0.265 nm strong

>0.28 nm weak
>0.37 nm no van der Waals contact but

electrostatic interaction still occurs

N–H---O distances may be a little longer than these.

ImH+ +  H2O [ImH+      OH2] Im +  OH3
+

Very fast diffusion controlled
k ~ 1.5 × 1010 M–1 s–1 (9-102)

D.  Mechanisms of Catalysis
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The 0.276-nm hydrogen bonds in ice are regarded
as moderately strong.  However, if one of the oxygen
atoms in an O–H---O hydrogen bond carries a nega-
tive charge, as in the maleate monoanion, it will be

shorter.156 – 158  Although the proton will be closer to one
oxygen atom than to the other,  it will be able to move
between them by passing a very low transition state
barrier.  For this to occur the microscopic pKa values
for the two groups (when they are protonated) must
be similar; for the maleate anion they are identical.

The strength of a hydrogen bond can be measured
for hydrogen-bonded complexes in the gas phase and
range from 10 – 100 kJ/ mol and even higher155 for such
complexes as (FHF)–.  It is more difficult to establish
the strength in the liquid state or within the active site
of an enzyme, but shorter hydrogen bonds are usually
stronger than longer ones.  Hydrogen bond distances
in crystals of small molecules can be measured precise-
ly by X-ray or neutron diffraction but greater uncer-
tainty is present in distances within proteins.  Lengths
and probably strengths of hydrogen bonds in proteins
can be measured by NMR methods.158a,b  For example,
solid-state NMR measurements on crystals of amino
acids and other carboxylic acids have provided a plot
of 1H chemical shift vs hydrogen bond length.159  For
very short (0.24- to 0.25-nm) hydrogen bonds the 1H
chemical shift may be as great as 21 ppm.  See also
Fig. 3-30 and associated discussion.  When dissolved
in an 1H2O– 2H2O mixture strongly hydrogen-bonded
protons within a protein become enriched in 1H.  The
1H / 2H ratio of the hydrogen-bonded protons provides
another measure of the hydrogen bond strength.158c

A short hydrogen bond is also present in such
cations as the following:

The pKa for dissociation of its proton is 12.3 and the
hydrogen-bonded proton is probably located in the
center of the bond with both amino groups sharing
the charge.160  Enols can also form unusually strong
“resonance-assisted” hydrogen bonds:

The structure can be thought of as a resonance-stabi-
lized enolate anion with a proton bound between the
two oxygen atoms and equidistant from them.156,157

Do these short “low-barrier hydrogen bonds”
have a special significance in enzymology?  Proposals
that they contribute to stabilization of transition
states161 – 166 have received some support154,167 and
aroused controversy.158b,168 – 173  In later chapters we
will examine specific enzymes in which low-barrier
hydrogen bonds have been observed.

5.  Covalent Catalysis

In addition to participating in acid–base catalysis,
some amino acid side chains may enter into covalent
bond formation with substrate molecules, a phenome-
non that is often referred to as covalent catalysis.174

When basic groups participate this may be called
nucleophilic catalysis.  Covalent catalysis occurs
frequently with enzymes catalyzing nucleophilic
displacement reactions and examples will be consid-
ered in Chapter 12.  They include the formation of an
acyl-enzyme intermediate by chymotrypsin (Fig. 12-11).
Several of the coenzymes discussed in Chapters 14 and
15 also participate in covalent catalysis.  These coen-
zymes combine with substrates to form reactive inter-
mediate compounds whose structures allow them to
be converted rapidly to the final products.

6.  Proximity and Orientation

One of the earliest ideas about enzymes was that
they simply brought reactants together and bound
them side by side for a long enough time that the
reactive groups might bump together and finally react.
How important is this proximity factor?  Page and
Jencks estimated that rate enhancements by factors of
103 or more may be expected solely from the loss in the
entropy of two reactants when they are bound in close
proximity on an enzyme surface.107,175,176  In view of
the large entropy decrease involved, the enthalpy of
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binding must be high, and if this explanation is correct
the binding of the substrates to the enzyme provides
much of the driving force for catalysis.  Westheimer
described this by stating that enzymes use the substrate-
binding force as an entropy trap.108  The losses of
translational and rotational entropy, which Page and
Jencks estimated as up to – 160 to – 210 J /deg /mol,
overcome the unfavorable entropy of activation that
is usual in bimolecular reactions.

How precise must the orientation of substrates be
for rapid reaction?107,177,177a  Compounds such as the
acid shown in Eq. 9-103 form an internal ester (lac-
tone) spontaneously  with elimination of water.

However, the following compound reacts at a rate
over 1011 times that of the acid shown in Eq. 9-102.
This is presumably because its conformation is highly
restricted and the – COOH is constrained to frequently
collide with the – OH group.178,179  The three methyl

groups interdigitate and form a trialkyl lock.  Orientation
must also play a large role in enzymatic catalysis.  As
previously emphasized, enzymes often orient substrates
precisely by formation of multiple hydrogen bonds.
Small distortions by mutation or substitution of an
essential metal by a different one can have very great
effects.  For example, because of an altered coordination
pattern isocitrate dehydrogenases with Ca2+ in the active
site has a maximum velocity of catalysis only 2.5 x 10–3

that with the normal Mg2+-containing enzyme.180

Bruice and associates concluded that enzymes must
bring reacting groups into close proximity with orbitals
of the reactants properly aligned in the ground state
prior to moving to the transition state.  They suggested
that enzymes preorganize the enzyme-substrate com-
plex into a near attack conformation in which the
positions of reacting groups, the arrangements of
hydrogen bonds, and the local dielectric constant in
the active site, resemble those in the transition state.
In this conformation the energy barrier to the transition

state may be very low.128-128b  Preorganization of the
complex also acts to eliminate the slow components of
solvent reorganization required for reaction in aqueous
solutions.128c,128d

The necessity for reacting groups of substrates
to collide with an orientation that allows productive
interaction of electronic orbitals is often called a 
stereoelectronic effect.  An example is the addition
reaction of Eq. 9-74.  The orbital of an unshared pair
of electrons on the HO– ion must be perpendicular
to the plane of the double bond.  Furthermore, if the
proton becomes attached to the adjacent carbon in a
synchronous or concerted manner it must enter from
the opposite side, as it does in Eq. 9-74.

In many biochemical reactions an alcohol or amine
is eliminated from a tetrahedrally bonded intermediate
as in Eq. 9-104.  Deslongchamps proposed a stereoelec-
tronic theory181,182 according to which elimination of
either NH — R2 or – O — R1 from this intermediate will
depend upon the values of the torsion angles θ1 and θ2
(Eq. 9-104).  The theory asserts that for rapid elimination
of OR1 (Eq. 9-104a), unshared electron pairs on both the
– O– and N atoms must be antiperiplanar to the bond
being broken (see Figure 2-2).  If rotation around the
C– O bond (θ1) occurs an orientation can be found in
which an electron pair on each of the two oxygens
will be antiperiplanar to the bond to NHR2.  From this
orientation the latter will be eliminated (Eq. 9-104b).
The theory has been supported by much experimental
evidence involving reaction rates and product distri-
bution among competing reactions of small conforma-
tionally restricted organic molecules.181– 184  Although
more recent experiments185 suggest that stereoelec-
tronic factors may be of less significance than had
been assumed, even a small decrease in transition
state energy can be significant in an enzyme-catalyzed
reaction.  Enzymes may not only orient substrates in
accord with stereoelectronic principles but also be able
to promote conformational alterations in intermediates
that allow them to take advantage of stereoelectronic
factors.  Examples are considered in Chapter 12.

7.  The Microenvironment

A substrate bound at an active site may be in an
environment quite different than that in an ordinary
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aqueous solution.  In fact, the protein often surrounds
the substrate to the extent that the protein is the solvent.
What kind of microenvironment does the protein
provide and can it assist in the catalytic process?
Charged and dipolar groups of the protein provide
an electrostatic field that provides part of the binding
energy and which may also assist in catalysis, a con-
cept expressed by Quastel as early as 1926.183a  The
ends of protein helices often seem to point at active
centers.186,187  In many cases more than one N terminus
with its positive electrical potential (see Chapter 2) or
more than one C terminus (negative potential) of a
helix point to an active site.  These helix dipoles may
be important in stabilizing transition state structures188

or in altering pKa values of functional groups.186  Fluctua-
tions in charge distribution within a protein and in the
hydrogen-bonding pattern of the protein with solvent
and substrate may also be important.189

For some enzymatic reactions a transition state
will be favored by a medium of very low dielectric
constant and a correctly constructed active site can
provide just such a surrounding.189a  Hydrophobic
groups may be packed around a site where an ion pair
or other ionic interaction between enzyme and substrate
occurs increasing the strength of that interaction.
Conformational changes may enhance such effects.
The dehydration of polar groups that must often occur
upon binding of substrate may make these groups
more reactive.187,190,191  It has been suggested that the
substantial volume changes (∆V‡) that sometimes occur
during formation of transition states for enzyme-
catalyzed reactions may result largely from changes
in hydration of groups on the enzyme surface and that
these changes may play an important role in catalysis.

In the past most enzymologists tacitly assumed
that the external medium in which enzymes act must
be aqueous.  However, many enzymes function well
in media containing largely hydrocarbons.  Enzymes
in a dry, powdered form have been suspended directly
in organic solvents.192,193  Under these conditions,
enzymes may contain only tightly bound “structural”
water, together with less than one equivalent of a mono-
layer of water outside the protein.  The enzymes often
remain active and are able to catalyze reactions with
an altered substrate specificity as well as different
reactions overall.

8.  Strain and Distortion

The fact that enzymes appear to bind their sub-
strates in such a way as to surround and immobilize
them means that something other than the kinetic
energy of the substrate is needed to provide energy for
the ES complex to pass over the transition state barrier.
What is the source of this activation energy?  As with
nonenzymatic reactions, it must come ultimately from

the translational energy of solvent or solute molecules
bombarding the complex.  Can enzymes act as “energy
funnels” that effectively channel kinetic energy from
spots on the enzyme surface to the active site?194  This
could either be through strictly mechanical movement
or through induction by fluctuations of the electrical
field.195

It is often suggested that enzymes assist in catalysis
by distorting bond lengths or angles away from their
normal values. If the distorted structure were closer
to the transition state geometry than the undistorted
structure, catalysis would be assisted (see lysozyme,
Chapter 12).  However, Levitt196 concluded (see also
Fersht2) that forces provided this way by a protein are
small and that the protein would become distorted
rather than a substrate.  On the other hand, if binding
of a substrate distorts the protein, could the resultant
“stored energy” be used in some way to assist in
catalysis?  If binding of a substrate bends a “spring”
(Section C,4), can the tension in the spring then be used
to distort the enzyme to be more exactly complemen-
tary to the transition state?  This concept has become
popular.2,113,197

The amino acid side chains of proteins are usually
well packed.  However, neither the side chains nor the
main chain are rigid and immobile.  Some regions of
the protein will contain empty spaces – packing defects.
Lumry called these mobile defects because, as a result
of fluctuations in side chain packing, they can move
within a protein from one site to another for a consid-
erable distance.198  Much evidence, including X-ray
studies at low temperatures,199 supports the existence
of many conformational substates in proteins.  Some
substates may bind substrates better than others and
some may allow conversion to the transition state more
readily than do others.  Rotation of histidine rings,
peptide linkages, – OH groups, or amide side chains199a

may be required and has, in fact, been observed for
some enzymes.  Perhaps in one of the substates of an
enzyme–substrate complex an especially favorable
vibrational mode200 leads the complex to the transition
state.  In the transition state the packing of side chains
may be especially tight.  A mobile defect present in the
active site may have moved elsewhere.  The binding of
substrates to the protein in the transition state will also
be tighter because of the conformational alterations
that have occurred.  The binding energy of the sub-
strates is now being utilized to lower the transition
state barrier.  The substrate is literally squeezed into
the transition state configuration.

Is it possible that the protein domains forming an
active site act like ferroelectric crystals, which change
their dipole moment in response to a change in electric
field?  The highly polarizable hydrogen-bonded net-
work, the amide linkages, imidazole rings, guanidinium
group, etc. of active sites may permit a flip-flop of the
dipole moment as in domains of ferroelectric crystals.
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In such crystals, e.g., those of the hydrogen-bonded
KH2PO4, a 180° change of dipole-moment direction
results from very small movements of heavy atoms
together with larger movements of the hydrogen-
bonded protons.200a,b,c  Could a similar flip-flop in a
protein domain be coupled to the passage of a substrate
over the transition state barrier?  I have not seen any
discussion of this possibility, but the structure of pro-
tein domains would seem to allow it.  One could also
imagine that with a small change in the hydrogen-
binding arrangement of protein groups an active site
could become preorganized to favor a flip-flop along
a hydrogen-bonded chain in a different direction for a
subsequent step in a reaction sequence.

9.  Why Oligomeric Enzymes?

As we have seen (Chapter 7), a large fraction of all
proteins exist as dimers, trimers, and higher oligomers.
Oligomeric proteins raise the osmotic pressure much
less than would the same number of monomeric sub-
units and this may be crucial to a cell.  Another advan-
tage of oligomers may be reflected in the fact that active
sites of enzymes are often at interfaces between two or
more subunits.  This may enhance the ability of enzymes
to undergo conformational rearrangements that are
required during their action, just as hemoglobin changes
its oxygen affinity in concert with a change in inter-
subunit contacts (Fig. 7-25).

A curious observation is that crystals of the dimeric
pig heart malate dehydrogenase bind only one mole-
cule of the substrate NAD+ per dimer tightly; the
second NAD+ is bound weakly.201,202  Similar anti-
cooperativity has been reported for other crystalline
dehydrogenases203 and various other enzymes.  An
intriguing idea is that anticooperativity in binding
might reflect a cooperative action between subunits
during catalysis.  Suppose that only conformation A
of a dehydrogenase bound reduced substrate and
NAD+, while conformation B bound NADH and
oxidized substrate.  If reduced substrate and NAD+

were present in excess and if oxidized substrate were
efficiently removed from the scene by further oxidation,
the following cooperative events could occur in the
mixed AB dimer.  The subunit of conformation A
would bind substrates, react, and be converted to
conformation B.  At the same time, because of the
strong AB interaction, the subunit that was originally
in conformation B would be converted back to A and
would be ready to initiate a new round of catalysis.
Since conformation A has a low affinity for NADH,
dissociation of the reduced coenzyme, which is often
the slow step in dehydrogenase action, would be
facilitated.204–207  Such a reciprocating or flip-flop
mechanism, suggested first by Harada and Wolfe,204

is attractive because it provides a natural basis for the

existence of the many known dimeric enzymes that do
not exhibit evident allosteric properties.  Attempts
to verify this idea have largely failed.  However,
recent crystallographic studies of both glyceraldehyde
phosphate dehydrogenase206,207 and thymidylate
synthase208 are consistent with the proposal.  There is
still a possibility that coordinated reciprocal changes
in distribution of electrical charges in the two subunits
may also be important.

10.  Summary

It appears that enzymes exert their catalytic
powers by first bringing together substrates and
binding them in proper orientations at the active site.
Second, they often provide acidic and basic groups
in the proper orientations to promote proton transfers
within the substrate. Third, groups within the enzyme
(especially nucleophilic groups) may enter into covalent
interaction with the substrates to form structures that
are more reactive than those originally present in the
substrate. Fourth, the protein often closes around the
substrate to immobilize it and to hold it in an environ-
ment, often lacking water, which could impede cataly-
sis.  The enzyme is also probably able to make small
readjustments of its structure to provide good comple-
mentarity to the substrate at every stage and especially
to the transition state structure.  Fifth, the enzyme may
be able to induce strain or distortion in the substrate
perhaps accompanying a conformational change within
the protein.  The following question is often asked:
“Why are enzymes such large molecules?”209  At least
part of the answer is that an enzyme usually interacts,
sometimes via special domains, with other proteins.206

Another part of the answer is evident when we con-
sider that the formation of a surface complementary to
that of the substrate and possessing reasonable rigidity
requires a complex geometry in the peptide backbone.
In addition, the enzyme must provide functional groups
at the proper places to enter into catalysis.  It may require
a certain bulk to provide a low dielectric medium.
Finally, if essential conformational changes occur
during the course of the catalysis, we can only be
surprised that nature has succeeded in packing so
much machinery into such a small volume.

E.  Classification of Enzymes

An official commission of the International Union
of Biochemistry (IUB) has classified enzymes in the
following six categories:210

1. Oxidoreductases.  Enzymes catalyzing dehydro-
genation or other oxidation and reduction
reactions.

E.  Classification of Enzymes


