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place in a cell, exhibiting an almost endless diversity

of functions. To explore the molecular mechanism
of a biological process, a biochemist almost inevitably
studies one or more proteins. Proteins are the most
abundant biological macromolecules, occurring in all
cells and all parts of cells. Proteins also occur in great
variety; thousands of different kinds may be found in a
single cell. As the arbiters of molecular function, pro-
teins are the most important final products of the infor-
mation pathways discussed in Part III of this book.
Proteins are the molecular instruments through which
genetic information is expressed.

Relatively simple monomeric subunits provide the
key to the structure of the thousands of different pro-
teins. The proteins of every organism, from the simplest
of bacteria to human beings, are constructed from the
same ubiquitous set of 20 amino acids. Because each of

Proteins mediate virtually every process that takes
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FIGURE 3-1 Some functions of proteins. (a) The light produced by fire-
flies is the result of a reaction involving the protein luciferin and ATP, cata-
lyzed by the enzyme luciferase (see Box 13-1). (b) Erythrocytes contain
large amounts of the oxygen-transporting protein hemoglobin. (¢) The
protein keratin, formed by all vertebrates, is the chief structural component

these amino acids has a side chain with distinctive
chemical properties, this group of 20 precursor mole-
cules may be regarded as the alphabet in which the
language of protein structure is written.

To generate a particular protein, amino acids are
covalently linked in a characteristic linear sequence. What
is most remarkable is that cells can produce proteins with
strikingly different properties and activities by joining the
same 20 amino acids in many different combinations and
sequences. From these building blocks different organ-
isms can make such widely diverse products as enzymes,
hormones, antibodies, transporters, muscle fibers, the
lens protein of the eye, feathers, spider webs, rhinoceros
horn, milk proteins, antibiotics, mushroom poisons, and
myriad other substances having distinct biological activi-
ties (Fig. 3-1). Among these protein products, the
enzymes are the most varied and specialized. As the cata-
lysts of virtually all cellular reactions, enzymes are one of
the keys to understanding the chemistry of life and thus
provide a focal point for any course in biochemistry.

Protein structure and function are the topics of this
and the next three chapters. Here, we begin with a
description of the fundamental chemical properties of
amino acids, peptides, and proteins. We also consider
how a biochemist works with proteins.

()

of hair, scales, horn, wool, nails, and feathers. The black rhinoceros is near-
ing extinction in the wild because of the belief prevalent in some parts of
the world that a powder derived from its horn has aphrodisiac properties.
In reality, the chemical properties of powdered rhinoceros horn are no dif-
ferent from those of powdered bovine hooves or human fingernails.
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3.1 Amino Acids

% Protein Architecture—Amino Acids Proteins are polymers of
amino acids, with each amino acid residue joined to its
neighbor by a specific type of covalent bond. (The term
“residue” reflects the loss of the elements of water when
one amino acid is joined to another.) Proteins can be bro-
ken down (hydrolyzed) to their constituent amino acids by
a variety of methods, and the earliest studies of proteins
naturally focused on the free amino acids derived from
them. Twenty different amino acids are commonly found
in proteins. The first to be discovered was asparagine, in
1806. The last of the 20 to be found, threonine, was not
identified until 1938. All the amino acids have trivial or
common names, in some cases derived from the source
from which they were first isolated. Asparagine was first
found in asparagus, and glutamate in wheat gluten; tyro-
sine was first isolated from cheese (its name is derived
from the Greek tyros, “cheese”); and glycine (Greek
glykos, “sweet”) was so named because of its sweet taste.

Amino Acids Share Common Structural Features

All 20 of the common amino acids are a-amino acids. They
have a carboxyl group and an amino group bonded to the
same carbon atom (the a carbon) (Fig. 3-2). They differ
from each other in their side chains, or R groups, which
vary in structure, size, and electric charge, and which
influence the solubility of the amino acids in water. In
addition to these 20 amino acids there are many less com-
mon ones. Some are residues modified after a protein has
been synthesized; others are amino acids present in living
organisms but not as constituents of proteins. The com-
mon amino acids of proteins have been assigned three-
letter abbreviations and one-letter symbols (Table 3-1),
which are used as shorthand to indicate the composition
and sequence of amino acids polymerized in proteins.

KEY CONVENTION: The three-letter code is transparent, the
abbreviations generally consisting of the first three letters
of the amino acid name. The one-letter code was devised
by Margaret Oakley Dayhoff, considered by many to be
the founder of the field of bioinformatics. The one-letter
code reflects an attempt to reduce the size of the data
files (in an era of punch-card computing) used to describe
amino acid sequences. It was designed to be easily memo-
rized, and understanding its origin can help students do
just that. For six amino acids (CHIMSV), the first letter
of the amino acid name is unique and thus is used as the
symbol. For five others (AGLPT), the first letter is not
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FIGURE 3-2 General structure of an
amino acid. This structure is common to
all but one of the a-amino acids. (Proline,
a cyclic amino acid, is the exception.) The
R group, or side chain (purple), attached
to the a carbon (gray) is different in each
amino acid.

unique but is assigned to the
amino acid that is most com-
mon in proteins (for example,
leucine is more common than
lysine). For another four, the
letter used is phonetically
suggestive (RFYW: aRginine,
Fenyl-alanine, tYrosine, tWip-
tophan). The rest were harder
to assign. Four (DNEQ) were
assigned letters found within
or suggested by their names
(asparDic, asparagiNe, gluta-
mEke, Q-tamine). That left
lysine. Only a few letters were left in the alphabet, and K
was chosen because it was the closest to L. B

Margaret Oakley Dayhoff,
1925-1983

For all the common amino acids except glycine,
the a carbon is bonded to four different groups: a car-
boxyl group, an amino group, an R group, and a hydro-
gen atom (Fig. 3-2; in glycine, the R group is another
hydrogen atom). The a-carbon atom is thus a chiral
center (p. 17). Because of the tetrahedral arrange-
ment of the bonding orbitals around the a-carbon
atom, the four different groups can occupy two unique
spatial arrangements, and thus amino acids have two
possible stereoisomers. Since they are nonsuperposable
mirror images of each other (Fig. 3-3), the two forms

&
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(a) L-Alanine D-Alanine
COO~ COO™
HyNe—C —H He C—NH
6H3 éHa
(b) L-Alanine p-Alanine
C‘OO’ ‘COO’
H31<I—(‘)—H H—‘C—ﬂn{3
CHg CH;
(c) L-Alanine p-Alanine

FIGURE 3-3 Stereoisomerism in a-amino acids. (a) The two stereoiso-
mers of alanine, L- and D-alanine, are nonsuperposable mirror images of
each other (enantiomers). (b, ¢) Two different conventions for showing
the configurations in space of stereoisomers. In perspective formulas
(b), the solid wedge-shaped bonds project out of the plane of the paper,
the dashed bonds behind it. In projection formulas (c), the horizontal
bonds are assumed to project out of the plane of the paper, the vertical
bonds behind. However, projection formulas are often used casually and
are not always intended to portray a specific stereochemical configuration.



3.1 Amino Acids 77

1.V RIS Properties and Conventions Associated with the Common Amino Acids Found in Proteins

pk; values

Abbreviation/ pk; pk; pKz Hydropathy Occurrence in
Amino acid symbol M * (—CO0H) (—NH3)  (Rgroup) pl index' proteins (%)*
Nonpolar, aliphatic
R groups
Glycine Gly G 75 2.34 9.60 5.97 —-0.4 7.2
Alanine Ala A 89 2.34 9.69 6.01 1.8 7.8
Proline Pro P 115 1.99 10.96 6.48 —1.6 5%
Valine Val Vv 117 2.32 9.62 5.97 4.2 6.6
Leucine LeuL 131 2.36 9.60 5.98 3.8 9.1
Isoleucine Ile I 131 2.36 9.68 6.02 4.5 5.3
Methionine Met M 149 2.28 9.21 5.74 1.9 2.3
Aromatic
R groups
Phenylalanine Phe F 165 1.83 9.13 5.48 2.8 3.9
Tyrosine Tyr Y 181 2.20 9.11 10.07 5.66 —-1.3 3.2
Tryptophan Trp W 204 2.38 9.39 5.89 -0.9 1.4
Polar, uncharged
R groups
Serine Ser S 105 2.21 9.15 5.68 -0.8 6.8
Threonine Thr T 119 2.11 9.62 5.87 -0.7 5.9
Cysteine! Cys C 121 1.96 10.28 8.18 5.07 285 1.9
Asparagine Asn N 132 2.02 8.80 5.41 —3.5 4.3
Glutamine Gln Q 146 2.17 9.13 5.65 —3.5 4.2
Positively charged
R groups
Lysine Lys K 146 2.18 8.95 10.53 9.74 -3.9 5.9
Histidine His H 155 1.82 9.17 6.00 7.59 =82 2.3
Arginine Arg R 174 2.17 9.04 12.48 10.76 —45 5.1
Negatively charged
R groups
Aspartate Asp D 133 1.88 9.60 3.65 2.77 =85 5.3
Glutamate Glu E 147 2.19 9.67 4.25 3.22 =35 6.3

*M, values reflect the structures as shown in Figure 3-5. The elements of water (M, 18) are deleted when the amino acid is incorporated into a polypeptide.

tA scale combining hydrophobicity and hydrophilicity of R groups. The values reflect the free energy (AG) of transfer of the amino acid side chain from a hydrophobic solvent to water. This
transfer is favorable (AG < 0; negative value in the index) for charged or polar amino acid side chains, and unfavorable (AG > 0; positive value in the index) for amino acids with nonpolar or
more hydrophobic side chains. See Chapter 11. From Kyte, J. & Doolittle, R.F. (1982) A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157, 105-132.

*Average occurrence in more than 1,150 proteins. From Doolittle, R.F. (1989) Redundancies in protein sequences. In Prediction of Protein Structure and the Principles of Protein Conformation

(Fasman, G.D., ed.), pp. 599-623, Plenum Press, New York.

ﬂCgsteine is generally classified as polar despite having a positive hydropathy index. This reflects the ability of the sulfhydryl group to act as a weak acid and to form a weak hydrogen bond with

oxygen or nitrogen.

represent a class of stereoisomers called enantiomers
(see Fig. 1-20). All molecules with a chiral center are
also optically active—that is, they rotate plane-
polarized light (see Box 1-2).

KEY CONVENTION: Two conventions are used to identify
the carbons in an amino acid—a practice that can be

confusing. The additional carbons in an R group are
commonly designated B, vy, 8§, &, and so forth, proceed-
ing out from the a carbon. For most other organic mol-
ecules, carbon atoms are simply numbered from one
end, giving highest priority (C-1) to the carbon with
the substituent containing the atom of highest atomic
number. Within this latter convention, the carboxyl
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carbon of an amino acid would be C-1 and the « carbon
would be C-2.

« B Y 3 €
5

1 2 3 4 5 6
7OOC - (‘)H - CH27 CH270H27(‘}H2
*NH; +*NHj

Lysine

In some cases, such as amino acids with heterocyclic
R groups (such as histidine), the Greek lettering system
is ambiguous and the numbering convention is there-
fore used. For branched amino acid side chains, equiva-
lent carbons are given numbers after the Greek letters.
Leucine thus has 61 and 62 carbons (see the structure
in Fig. 3-5). &

Special nomenclature has been developed to spec-
ify the absolute configuration of the four substitu-
ents of asymmetric carbon atoms. The absolute con-
figurations of simple sugars and amino acids are
specified by the b, L system (Fig. 3-4), based on the
absolute configuration of the three-carbon sugar glyc-
eraldehyde, a convention proposed by Emil Fischer in
1891. (Fischer knew what groups surrounded the
asymmetric carbon of glyceraldehyde but had to guess
at their absolute configuration; he guessed right, as
was later confirmed by x-ray diffraction analysis.) For
all chiral compounds, stereoisomers having a configu-
ration related to that of L-glyceraldehyde are desig-
nated L, and stereoisomers related to D-glyceraldehyde
are designated D. The functional groups of L-alanine
are matched with those of L-glyceraldehyde by aligning
those that can be interconverted by simple, one-step
chemical reactions. Thus the carboxyl group of L-ala-
nine occupies the same position about the chiral carbon
as does the aldehyde group of L-glyceraldehyde, because
an aldehyde is readily converted to a carboxyl group
via a one-step oxidation. Historically, the similar . and

1(=3HO CHO
HO=2C —H H—C —OH
3CH,0H CH,O0H
L-Glyceraldehyde p-Glyceraldehyde
CO0~ COO~
H,Ne— C—H H~ C —NH,
CH, CH,
L-Alanine p-Alanine

FIGURE 3-4 Steric relationship of the stereoisomers of alanine to the
absolute configuration of L- and p-glyceraldehyde. In these perspective
formulas, the carbons are lined up vertically, with the chiral atom in
the center. The carbons in these molecules are numbered beginning
with the terminal aldehyde or carboxyl carbon (red), 1to 3 from top to
bottom as shown. When presented in this way, the R group of the
amino acid (in this case the methyl group of alanine) is always below
the @ carbon. L-Amino acids are those with the a-amino group on the
left, and pD-amino acids have the a-amino group on the right.

D designations were used for levorotatory (rotating
plane-polarized light to the left) and dextrorotatory
(rotating light to the right). However, not all L-amino
acids are levorotatory, and the convention shown in
Figure 3-4 was needed to avoid potential ambiguities
about absolute configuration. By Fischer’s convention,
L and D refer only to the absolute configuration of the
four substituents around the chiral carbon, not to opti-
cal properties of the molecule.

Another system of specifying configuration around
a chiral center is the RS system, which is used in the
systematic nomenclature of organic chemistry and
describes more precisely the configuration of molecules
with more than one chiral center (p. 18).

The Amino Acid Residues in Proteins Are L Stereoisomers

Nearly all biological compounds with a chiral center
occur naturally in only one stereoisomeric form, either
D or L. The amino acid residues in protein molecules are
exclusively L stereoisomers. D-Amino acid residues have
been found in only a few, generally small peptides,
including some peptides of bacterial cell walls and cer-
tain peptide antibiotics.

It is remarkable that virtually all amino acid resi-
dues in proteins are L stereoisomers. When chiral com-
pounds are formed by ordinary chemical reactions, the
result is a racemic mixture of D and L isomers, which are
difficult for a chemist to distinguish and separate. But to
a living system, D and L isomers are as different as the
right hand and the left. The formation of stable, repeat-
ing substructures in proteins (Chapter 4) generally
requires that their constituent amino acids be of one
stereochemical series. Cells are able to specifically syn-
thesize the L isomers of amino acids because the active
sites of enzymes are asymmetric, causing the reactions
they catalyze to be stereospecific.

Amino Acids Can Be Classified by R Group

Knowledge of the chemical properties of the common
amino acids is central to an understanding of biochemistry.
The topic can be simplified by grouping the amino acids
into five main classes based on the properties of their R
groups (Table 3-1), particularly their polarity, or ten-
dency to interact with water at biological pH (near pH 7.0).
The polarity of the R groups varies widely, from nonpolar
and hydrophobic (water-insoluble) to highly polar and
hydrophilic (water-soluble). A few amino acids are some-
what difficult to characterize or do not fit perfectly in any
one group, particularly glycine, histidine, and cysteine.
Their assignments to particular groupings are the results
of considered judgments rather than absolutes.

The structures of the 20 common amino acids are
shown in Figure 3-5, and some of their properties are
listed in Table 3—1. Within each class there are grada-
tions of polarity, size, and shape of the R groups.

Nonpolar, Aliphatic R Groups The R groups in this class of
amino acids are nonpolar and hydrophobic. The side



3.1 Amino Acids

79

Nonpolar, aliphatic R groups Aromatic R groups
COO~ COO~ COO™ COO~ COO~ COO~ COO~
+ v | _H + 4 + 4
H3N—(E—H H3N—?—H L L H;N—C—H H:;,N*(f*H HSN—(E—H H3N—(E—H
H,N CH
H CH, ? * CH CH, CH, CH,
H,C CH, 4N I
CH; CHjg C=CH
Glycine Alanine Proline Valine \NH
COO" CO0~ CO0" —
] o ] OH
HSN—(E—H H3N—?—H H;N—C—H
CH, H—C—CHj; éH2 Phenylalanine Tyrosine Tryptophan
I I I
i B
: : CH, ? Positively charged R groups
CHs COO~ COO~ COO™
Leucine Isoleucine Methionine + | + | L
H3N—(E—H H;,»N—(E—H H:;N*?*H
?HQ Cle ?Hz
Polar, uncharged R groups (|3H2 CH, C —N{-I
00~ 000~ 000~ bz . “ CH
+ I + I + I | 2 | 2 o /
HSN—(E—H H;N—C—H H3N—(‘]—H (|}H2 ITIH H
CH, H—C—oH CHy “NH, C=NH,
OH CH; SH NH,
Serine Threonine Cysteine Lysine Arginine Histidine
(‘JOO - (‘3007 Negatively charged R groups
Hgﬁ—?—H Hgﬁ—?—H coo- 600"
CH, CH, Hgﬂr—(f—H H,N—C—H
C CH. CH. CH.
N Y \O I 2 | 2 | 2
2 C COO™ CH,
/N I
Asparagine Glutamine Aspartate Glutamate

FIGURE 3-5 The 20 common amino acids of proteins. The structural
formulas show the state of ionization that would predominate at pH 7.0.
The unshaded portions are those common to all the amino acids; the
shaded portions are the R groups. Although the R group of histidine is

chains of alanine, valine, leucine, and isoleucine
tend to cluster together within proteins, stabilizing pro-
tein structure by means of hydrophobic interactions.
Glycine has the simplest structure. Although it is most
easily grouped with the nonpolar amino acids, its very
small side chain makes no real contribution to hydropho-
bic interactions. Methionine, one of the two sulfur-
containing amino acids, has a slightly nonpolar thioether
group in its side chain. Proline has an aliphatic side
chain with a distinctive cyclic structure. The secondary
amino (imino) group of proline residues is held in a rigid
conformation that reduces the structural flexibility of
polypeptide regions containing proline.

shown uncharged, its pK, (see Table 3-1) is such that a small but signifi-
cant fraction of these groups are positively charged at pH 7.0. The pro-
tonated form of histidine is shown above the graph in Figure 3-12b.

Aromatic R Groups Phenylalanine, tyrosine, and tryp-
tophan, with their aromatic side chains, are relatively
nonpolar (hydrophobic). All can participate in hydro-
phobic interactions. The hydroxyl group of tyrosine can
form hydrogen bonds, and it is an important functional
group in some enzymes. Tyrosine and tryptophan are
significantly more polar than phenylalanine, because of
the tyrosine hydroxyl group and the nitrogen of the
tryptophan indole ring.

Tryptophan and tyrosine, and to a much lesser extent
phenylalanine, absorb ultraviolet light (Fig. 3-6; see also
Box 3-1). This accounts for the characteristic strong
absorbance of light by most proteins at a wavelength of
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280 nm, a property exploited by researchers in the char-
acterization of proteins.

Polar, Uncharged R Groups The R groups of these amino
acids are more soluble in water, or more hydrophilic,
than those of the nonpolar amino acids, because they
contain functional groups that form hydrogen bonds

FIGURE 3-6 Absorption of ultraviolet light by aromatic amino acids.
Comparison of the light absorption spectra of the aromatic amino acids
tryptophan, tyrosine, and phenylalanine at pH 6.0. The amino acids are
present in equimolar amounts (10> M) under identical conditions. The
measured absorbance of tryptophan is more than four times that of
tyrosine at a wavelength of 280 nm. Note that the maximum light
absorption for both tryptophan and tyrosine occurs near 280 nm. Light
absorption by phenylalanine generally contributes little to the spectro-
scopic properties of proteins.
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BOX3-1 RUILIDER Absorption of Light by Molecules: The Lambert-Beer Law

A wide range of biomolecules absorb light at character-
istic wavelengths, just as tryptophan absorbs light at
280 nm (see Fig. 3-6). Measurement of light absorption

molecules and to measure their concentration in solu-

solution at a given wavelength is related to the thick-
ness of the absorbing layer (path length) and the con-
centration of the absorbing species (Fig. 1). These two
relationships are combined into the Lambert-Beer law,

I
log 70 = gcl

where I is the intensity of the incident light, / is the
intensity of the transmitted light, the ratio I/l (the
inverse of the ratio in the equation) is the transmit-

the absorbing species (in moles per liter), and [ is the

Sample cuvette
with ¢ moles/ liter
of absorbing
species

by a spectrophotometer is used to detect and identify

tion. The fraction of the incident light absorbed by a

tance, ¢ is the molar extinction coefficient (in units of
liters per mole-centimeter), ¢ is the concentration of

Intensity of Intensity of
incident transmitted
light 4= light
= - - Iy ‘ | I
o . : ‘(—"')
Lamp Monochromator ‘ J

path length of the light-absorbing sample (in centi-
meters). The Lambert-Beer law assumes that the
incident light is parallel and monochromatic (of a
single wavelength) and that the solvent and solute
molecules are randomly oriented. The expression log
(Iy/1) is called the absorbance, designated A.

It is important to note that each successive milli-
meter of path length of absorbing solution in a 1.0 cm
cell absorbs not a constant amount but a constant
fraction of the light that is incident upon it. However,
with an absorbing layer of fixed path length, the
absorbance, A, 1s directly proportional to the con-
centration of the absorbing solute.

The molar extinction coefficient varies with the
nature of the absorbing compound, the solvent, and
the wavelength, and also with pH if the light-absorbing
species is in equilibrium with an ionization state that
has different absorbance properties.

FIGURE 1 The principal components of a
spectrophotometer. A light source emits light

= along a broad spectrum, then the monochro-

A= W mator selects and transmits light of a par-
. J ticular wavelength. The monochromatic light

<y passes through the sample in a cuvette of
Detector path length I. The absorbance of the sample,
log (In/D), is proportional to the concentration

of the absorbing species. The transmitted light

is measured by a detector.
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FIGURE 3-7 Reversible formation of a disulfide bond by the oxidation
of two molecules of cysteine. Disulfide bonds between Cys residues
stabilize the structures of many proteins.

with water. This class of amino acids includes serine,
threonine, cysteine, asparagine, and glutamine.
The polarity of serine and threonine is contributed by
their hydroxyl groups, and that of asparagine and
glutamine by their amide groups. Cysteine is an out-
lier here because its polarity, contributed by its sulf-
hydryl group, is quite modest. Cysteine is a weak acid
and can make weak hydrogen bonds with oxygen or
nitrogen.

Asparagine and glutamine are the amides of two
other amino acids also found in proteins—aspartate
and glutamate, respectively—to which asparagine and
glutamine are easily hydrolyzed by acid or base. Cys-
teine is readily oxidized to form a covalently linked
dimeric amino acid called cystine, in which two cys-
teine molecules or residues are joined by a disulfide
bond (Fig. 3-7). The disulfide-linked residues are
strongly hydrophobic (nonpolar). Disulfide bonds
play a special role in the structures of many proteins
by forming covalent links between parts of a polypep-
tide molecule or between two different polypeptide
chains.

Positively Charged (Basic) R Groups The most hydrophilic
R groups are those that are either positively or nega-
tively charged. The amino acids in which the R groups
have significant positive charge at pH 7.0 are lysine,
which has a second primary amino group at the & posi-
tion on its aliphatic chain; arginine, which has a posi-
tively charged guanidinium group; and histidine, which
has an aromatic imidazole group. As the only common
amino acid having an ionizable side chain with pK, near
neutrality, histidine may be positively charged (proton-
ated form) or uncharged at pH 7.0. His residues facili-
tate many enzyme-catalyzed reactions by serving as
proton donors/acceptors.

Negatively Charged (Acidic) R Groups The two amino acids
having R groups with a net negative charge at pH 7.0 are
aspartate and glutamate, each of which has a second
carboxyl group.
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Uncommon Amino Acids Also Have
Important Functions

In addition to the 20 common amino acids, proteins may
contain residues created by modification of common
residues already incorporated into a polypeptide
(Fig. 3-8a). Among these uncommon amino acids are
4-hydroxyproline, a derivative of proline, and
5-hydroxylysine, derived from lysine. The former is
found in plant cell wall proteins, and both are found in
collagen, a fibrous protein of connective tissues.
6-N-Methyllysine is a constituent of myosin, a contrac-
tile protein of muscle. Another important uncommon
amino acid is y-carboxyglutamate, found in the blood-
clotting protein prothrombin and in certain other pro-
teins that bind Ca®* as part of their biological function.
More complex is desmosine, a derivative of four Lys
residues, which is found in the fibrous protein elastin.

Selenocysteine is a special case. This rare amino
acid residue is introduced during protein synthesis
rather than created through a postsynthetic modifica-
tion. It contains selenium rather than the sulfur of cys-
teine. Actually derived from serine, selenocysteine is a
constituent of just a few known proteins.

Some amino acid residues in a protein may be
modified transiently to alter the protein’s function. The
addition of phosphoryl, methyl, acetyl, adenylyl, ADP-
ribosyl, or other groups to particular amino acid residues
can increase or decrease a protein’s activity (Fig. 3-8b).
Phosphorylation is a particularly common regulatory
modification. Covalent modification as a protein regula-
tory strategy is discussed in more detail in Chapter 6.

Some 300 additional amino acids have been found
in cells. They have a variety of functions but are not all
constituents of proteins. Ornithine and citrulline
(Fig. 3-8c) deserve special note because they are key
intermediates (metabolites) in the biosynthesis of argi-
nine (Chapter 22) and in the urea cycle (Chapter 18).

Amino Acids Can Act as Acids and Bases

The amino and carboxyl groups of amino acids, along
with the ionizable R groups of some amino acids, func-
tion as weak acids and bases. When an amino acid lack-
ing an ionizable R group is dissolved in water at neutral
pH, it exists in solution as the dipolar ion, or zwitterion
(German for “hybrid ion”), which can act as either an
acid or a base (Fig. 3-9). Substances having this dual
(acid-base) nature are amphoteric and are often called
ampholytes (from “amphoteric electrolytes”). A sim-
ple monoamino monocarboxylic e-amino acid, such as
alanine, is a diprotic acid when fully protonated; it has
two groups, the —COOH group and the —NH?Z group,
that can yield protons:

H H a H

| U |
R—0—C00H 2, R—(—C00- AN R—(—C00-
Net  TNH, *NH, NH,
charge: +1 0 -1
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(a) Selenocysteine

FIGURE 3-8 Uncommon amino acids. (a) Some uncommon amino
acids found in proteins. All are derived from common amino acids.
Extra functional groups added by modification reactions are shown
in red. Desmosine is formed from four Lys residues (the carbon
backbones are shaded in light red). Note the use of either numbers
or Greek letters in the names of these structures to identify the
altered carbon atoms. (b) Reversible amino acid modifications
involved in regulation of protein activity. Phosphorylation is the most
common type of regulatory modification. (¢) Ornithine and citrulline,
which are not found in proteins, are intermediates in the biosynthe-
sis of arginine and in the urea cycle.

Amino Acids Have Characteristic Titration Curves

Acid-base titration involves the gradual addition or
removal of protons (Chapter 2). Figure 3-10 shows the
titration curve of the diprotic form of glycine. The two
ionizable groups of glycine, the carboxyl group and the
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amino group, are titrated with a strong base such as
NaOH. The plot has two distinct stages, corresponding
to deprotonation of two different groups on glycine.
Each of the two stages resembles in shape the titration
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FIGURE 3-9 Nonionic and zwitterionic forms of amino acids. The non-
ionic form does not occur in significant amounts in aqueous solutions.
The zwitterion predominates at neutral pH. A zwitterion can act as
either an acid (proton donor) or a base (proton acceptor).

curve of a monoprotic acid, such as acetic acid (see
Fig. 2-17), and can be analyzed in the same way. At very
low pH, the predominant ionic species of glycine is the
fully protonated form, *HsN—CH,—COOH. In the first
stage of the titration, the —COOH group of glycine loses
its proton. At the midpoint of this stage, equimolar con-
centrations of the proton-donor (" HsN—CH,—COOH)
and proton-acceptor ("H;N—CH,—COO ™) species
are present. As in the titration of any weak acid, a point
of inflection is reached at this midpoint where the pH is
equal to the pK, of the protonated group being titrated
(see Fig. 2-18). For glycine, the pH at the midpoint is
2.34, thus its —COOH group has a pK, (labeled pK; in
Fig. 3-10) of 2.34. (Recall from Chapter 2 that pH and
pK, are simply convenient notations for proton concen-
tration and the equilibrium constant for ionization,
respectively. The pK, is a measure of the tendency of a
group to give up a proton, with that tendency decreas-
ing tenfold as the pK, increases by one unit.) As the
titration of glycine proceeds, another important point is
reached at pH 5.97. Here there is another point of
inflection, at which removal of the first proton is essen-
tially complete and removal of the second has just
begun. At this pH glycine is present largely as the dipo-
lar ion (zwitterion) *H3N—CH,—COO~. We shall
return to the significance of this inflection point in the
titration curve (labeled pI in Fig. 3-10) shortly.

The second stage of the titration corresponds to the
removal of a proton from the —NH3 group of glycine.
The pH at the midpoint of this stage is 9.60, equal to the
pK, (labeled pK, in Fig. 3-10) for the —NH7 group.
The titration is essentially complete at a pH of about 12,
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FIGURE 3-10 Titration of an amino acid. Shown here is the titration
curve of 0.1 M glycine at 25°C. The ionic species predominating at key
points in the titration are shown above the graph. The shaded boxes, cen-
tered at about pK; = 2.34 and pK, = 9.60, indicate the regions of great-
est buffering power. Note that 1 equivalent of OH™ = 0.1 M NaOH added.

at which point the predominant form of glycine is
HoN—CH,—COO™.

From the titration curve of glycine we can derive
several important pieces of information. First, it gives a
quantitative measure of the pK, of each of the two ion-
izing groups: 2.34 for the —COOH group and 9.60 for
the —NHZ group. Note that the carboxyl group of
glycine is over 100 times more acidic (more easily ion-
ized) than the carboxyl group of acetic acid, which, as
we saw in Chapter 2, has a pK, of 4.76—about average
for a carboxyl group attached to an otherwise unsubsti-
tuted aliphatic hydrocarbon. The perturbed pK, of gly-
cine is caused by repulsion between the departing pro-
ton and the nearby positively charged amino group on
the a-carbon atom, as described in Figure 3-11. The
opposite charges on the resulting zwitterion are stabiliz-
ing. Similarly, the pK, of the amino group in glycine is
perturbed downward relative to the average pK, of an
amino group. This effect is due partly to the electro-
negative oxygen atoms in the carboxyl groups, which
tend to pull electrons toward them, increasing the ten-
dency of the amino group to give up a proton. Hence,
the a-amino group has a pK, that is lower than that of
an aliphatic amine such as methylamine (Fig. 3-11). In
short, the pK, of any functional group is greatly affected
by its chemical environment, a phenomenon sometimes
exploited in the active sites of enzymes to promote
exquisitely adapted reaction mechanisms that depend
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FIGURE 3-11 Effect of the chemical environment on pK,. The pK, values
for the ionizable groups in glycine are lower than those for simple, methyl-
substituted amino and carboxyl groups. These downward perturbations of

on the perturbed pK, values of proton donor/acceptor
groups of specific residues.

The second piece of information provided by the
titration curve of glycine is that this amino acid has
two regions of buffering power. One of these is the
relatively flat portion of the curve, extending for
approximately 1 pH unit on either side of the first
pK, of 2.34, indicating that glycine is a good buffer
near this pH. The other buffering zone is centered
around pH 9.60. (Note that glycine is not a good buf-
fer at the pH of intracellular fluid or blood, about
7.4.) Within the buffering ranges of glycine, the
Henderson-Hasselbalch equation (p. 64) can be used
to calculate the proportions of proton-donor and
proton-acceptor species of glycine required to make
a buffer at a given pH.

Titration Curves Predict the Electric Charge
of Amino Acids

Another important piece of information derived from
the titration curve of an amino acid is the relationship
between its net charge and the pH of the solution. At pH
5.97, the point of inflection between the two stages in
its titration curve, glycine is present predominantly as
its dipolar form, fully ionized but with no net electric
charge (Fig. 3-10). The characteristic pH at which the
net electric charge is zero is called the isoelectric
point or isoelectric pH, designated pl. For glycine,
which has no ionizable group in its side chain, the iso-

pK, are due to intramolecular interactions. Similar effects can be caused
by chemical groups that happen to be positioned nearby—for example, in
the active site of an enzyme.

electric point is simply the arithmetic mean of the two
pK, values:

1 1
pl = 5(p}(l + pK,) = 5(2 .34+ 9.60) = 5.97

As is evident in Figure 3-10, glycine has a net negative
charge at any pH above its pl and will thus move toward
the positive electrode (the anode) when placed in an
electric field. At any pH below its pl, glycine has a net
positive charge and will move toward the negative elec-
trode (the cathode). The farther the pH of a glycine
solution is from its isoelectric point, the greater the net
electric charge of the population of glycine molecules.
At pH 1.0, for example, glycine exists almost entirely as
the form "HsN—CH,—COOH with a net positive charge
of 1.0. At pH 2.34, where there is an equal mixture of
JrH3I\I_CI"12_CC)OH and +H3N—CH2—COOi the
average or net positive charge is 0.5. The sign and the
magnitude of the net charge of any amino acid at any pH
can be predicted in the same way.

Amino Acids Differ in Their Acid-Base Properties

The shared properties of many amino acids permit some
simplifying generalizations about their acid-base behav-
iors. First, all amino acids with a single a-amino group,
a single a-carboxyl group, and an R group that does not
ionize have titration curves resembling that of glycine
(Fig. 3-10). These amino acids have very similar,
although not identical, pK, values: pK, of the —COOH
group in the range of 1.8 to 2.4, and pK, of the —NH?
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FIGURE 3-12 Titration curves for (a) glutamate and (b) histidine. The pK; of the R group is designated here as pKx.

group in the range of 8.8 to 11.0 (Table 3—-1). The differ-
ences in these pK, values reflect the chemical environ-
ments imposed by their R groups. Second, amino acids
with an ionizable R group have more complex titration
curves, with three stages corresponding to the three
possible ionization steps; thus they have three pK, val-
ues. The additional stage for the titration of the ioniz-
able R group merges to some extent with that for the
titration of the a-carboxyl group, the titration of the
a-amino group, or both. The titration curves for two
amino acids of this type, glutamate and histidine, are
shown in Figure 3-12. The isoelectric points reflect
the nature of the ionizing R groups present. For exam-
ple, glutamate has a pl of 3.22, considerably lower than
that of glycine. This is due to the presence of two car-
boxyl groups, which, at the average of their pK, values
(3.22), contribute a net charge of —1 that balances the
+1 contributed by the amino group. Similarly, the pI of
histidine, with two groups that are positively charged
when protonated, is 7.59 (the average of the pK, values
of the amino and imidazole groups), much higher than
that of glycine.

Finally, as pointed out earlier, under the general
condition of free and open exposure to the aqueous
environment, only histidine has an R group (pK, = 6.0)
providing significant buffering power near the neutral
pH usually found in the intracellular and extracellular
fluids of most animals and bacteria (Table 3-1).

SUMMARY 3.1 Amino Acids

» The 20 amino acids commonly found as residues in
proteins contain an a-carboxyl group, an a-amino
group, and a distinctive R group substituted on the
a-carbon atom. The a-carbon atom of all amino

acids except glycine is asymmetric, and thus
amino acids can exist in at least two
stereoisomeric forms. Only the L stereoisomers,
with a configuration related to the absolute
configuration of the reference molecule
L-glyceraldehyde, are found in proteins.

»  Other, less common amino acids also occur, either
as constituents of proteins (through modification
of common amino acid residues after protein
synthesis) or as free metabolites.

» Amino acids can be classified into five types on the
basis of the polarity and charge (at pH 7) of their
R groups.

» Amino acids vary in their acid-base properties and
have characteristic titration curves. Monoamino
monocarboxylic amino acids (with nonionizable R
groups) are diprotic acids ( "H;NCH(R)COOH) at
low pH and exist in several different ionic forms as
the pH is increased. Amino acids with ionizable R
groups have additional ionic species, depending on
the pH of the medium and the pK, of the R group.

3.2 Peptides and Proteins

We now turn to polymers of amino acids, the peptides
and proteins. Biologically occurring polypeptides range in
size from small to very large, consisting of two or three to
thousands of linked amino acid residues. Our focus is on
the fundamental chemical properties of these polymers.

Peptides Are Chains of Amino Acids

Two amino acid molecules can be covalently joined
through a substituted amide linkage, termed a peptide
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FIGURE 3-13 Formation of a peptide bond by condensation. The a-amino
group of one amino acid (with R? group) acts as a nucleophile to displace
the hydroxyl group of another amino acid (with R' group), forming a pep-
tide bond (shaded in light red). Amino groups are good nucleophiles, but
the hydroxyl group is a poor leaving group and is not readily displaced.
At physiological pH, the reaction shown here does not occur to any
appreciable extent.

bond, to yield a dipeptide. Such a linkage is formed by
removal of the elements of water (dehydration) from
the a-carboxyl group of one amino acid and the @-amino
group of another (Fig. 3-13). Peptide bond formation
is an example of a condensation reaction, a common
class of reactions in living cells. Under standard bio-
chemical conditions, the equilibrium for the reaction
shown in Figure 3-13 favors the amino acids over the
dipeptide. To make the reaction thermodynamically
more favorable, the carboxyl group must be chemically
modified or activated so that the hydroxyl group can be
more readily eliminated. A chemical approach to this
problem is outlined later in this chapter. The biological
approach to peptide bond formation is a major topic of
Chapter 27.

Three amino acids can be joined by two peptide
bonds to form a tripeptide; similarly, four amino acids
can be linked to form a tetrapeptide, five to form a
pentapeptide, and so forth. When a few amino acids
are joined in this fashion, the structure is called an
oligopeptide. When many amino acids are joined,
the product is called a polypeptide. Proteins may
have thousands of amino acid residues. Although the
terms “protein” and “polypeptide” are sometimes
used interchangeably, molecules referred to as poly-
peptides generally have molecular weights below
10,000, and those called proteins have higher molecu-
lar weights.

Figure 3-14 shows the structure of a pentapep-
tide. As already noted, an amino acid unit in a peptide
is often called a residue (the part left over after losing
the elements of water—a hydrogen atom from its
amino group and the hydroxyl moiety from its carboxyl
group). In a peptide, the amino acid residue at the
end with a free @-amino group is the amino-terminal
(or N-terminal) residue; the residue at the other
end, which has a free carboxyl group, is the carboxyl-
terminal (C-terminal) residue.

OH
CH, CH,
Vi
(‘}H
CH,OH H H H CH, H CH, H CH,

Amino-
terminal end

Carboxyl-
terminal end

FIGURE 3-14 The pentapeptide serylglycyltyrosylalanylleucine, Ser-Gly-
Tyr-Ala-Leu, or SGYAL. Peptides are named beginning with the amino-
terminal residue, which by convention is placed at the left. The peptide
bonds are shaded in light red; the R groups are in red.

KEY CONVENTION: When an amino acid sequence of a
peptide, polypeptide, or protein is displayed, the amino-
terminal end is placed on the left, the carboxyl-terminal
end on the right. The sequence is read left to right,
beginning with the amino-terminal end. W

Although hydrolysis of a peptide bond is an exergonic
reaction, it occurs only slowly because it has a high activa-
tion energy (p. 27). As a result, the peptide bonds in
proteins are quite stable, with an average half-life (¢,) of
about 7 years under most intracellular conditions.

Peptides Can Be Distinguished by Their
lonization Behavior

Peptides contain only one free a-amino group and one
free a-carboxyl group, at opposite ends of the chain
(Fig. 3-15). These groups ionize as they do in free
amino acids, although the ionization constants are differ-
ent because an oppositely charged group is no longer

Ala CH*CH:;

Glu (‘leCHgf CH,—COO
0=C

Lys (‘JH—CHZ—CHZ—CHz—CHz—ﬂIm
COO"

FIGURE 3-15 Alanylglutamylglycyllysine. This tetrapeptide has one free
«a-amino group, one free a-carboxyl group, and two ionizable R groups.
The groups ionized at pH 7.0 are in red.



linked to the a carbon. The a-amino and a-carboxyl
groups of all nonterminal amino acids are covalently
joined in the peptide bonds, which do not ionize and thus
do not contribute to the total acid-base behavior of pep-
tides. However, the R groups of some amino acids can
ionize (Table 3-1), and in a peptide these contribute to
the overall acid-base properties of the molecule (Fig.
3-15). Thus the acid-base behavior of a peptide can be
predicted from its free a-amino and a-carboxyl groups
combined with the nature and number of its ionizable R
groups.

Like free amino acids, peptides have characteristic
titration curves and a characteristic isoelectric pH (pl)
at which they do not move in an electric field. These
properties are exploited in some of the techniques used
to separate peptides and proteins, as we shall see later
in the chapter. It should be emphasized that the pK,
value for an ionizable R group can change somewhat
when an amino acid becomes a residue in a peptide. The
loss of charge in the a-carboxyl and a-amino groups,
the interactions with other peptide R groups, and other
environmental factors can affect the pK,. The pK, values
for R groups listed in Table 3—1 can be a useful guide to
the pH range in which a given group will ionize, but they
cannot be strictly applied to peptides.

Biologically Active Peptides and Polypeptides Occur
in a Vast Range of Sizes and Compositions

No generalizations can be made about the molecular
weights of biologically active peptides and proteins in
relation to their functions. Naturally occurring peptides
range in length from two to many thousands of amino
acid residues. Even the smallest peptides can have
biologically important effects. Consider the commer-
cially synthesized dipeptide L-aspartyl-L-phenylalanine
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methyl ester, the artificial sweetener better known as
aspartame or NutraSweet.

(‘300*

e g

H;N—CH—C—N—CH—C—OCH;
H

L-Aspartyl-L-phenylalanine methyl ester
(aspartame)

Many small peptides exert their effects at very low
concentrations. For example, a number of vertebrate
hormones (Chapter 23) are small peptides. These
include oxytocin (nine amino acid residues), which is
secreted by the posterior pituitary gland and stimulates
uterine contractions, and thyrotropin-releasing factor
(three residues), which is formed in the hypothalamus
and stimulates the release of another hormone, thyro-
tropin, from the anterior pituitary gland. Some extremely
toxic mushroom poisons, such as amanitin, are also
small peptides, as are many antibiotics.

How long are the polypeptide chains in proteins? As
Table 3-2 shows, lengths vary considerably. Human
cytochrome ¢ has 104 amino acid residues linked in a
single chain; bovine chymotrypsinogen has 245 residues.
At the extreme is titin, a constituent of vertebrate mus-
cle, which has nearly 27,000 amino acid residues and a
molecular weight of about 3,000,000. The vast majority
of naturally occurring proteins are much smaller than
this, containing fewer than 2,000 amino acid residues.

Some proteins consist of a single polypeptide chain,
but others, called multisubunit proteins, have two or
more polypeptides associated noncovalently (Table 3-2).
The individual polypeptide chains in a multisubunit

Molecular Number of Number of
weight residues polypeptide chains
Cytochrome ¢ (human) 12,400 104 1
Ribonuclease A (bovine pancreas) 13,700 124 1
Lysozyme (chicken egg white) 14,300 129 1
Myoglobin (equine heart) 16,700 153 1
Chymotrypsin (bovine pancreas) 25,200 241 3
Chymotrypsinogen (bovine) 25,700 245 1
Hemoglobin (human) 64,500 574 4
Serum albumin (human) 66,000 609 1
Hexokinase (yeast) 107,900 972 2,
RNA polymerase (E. coli) 450,000 4,158 5
Apolipoprotein B (human) 513,000 4,536 1
Glutamine synthetase (£. colz) 619,000 5,628 12
Titin (human) 2,993,000 26,926 1
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protein may be identical or different. If at least two are
identical the protein is said to be oligomeric, and the
identical units (consisting of one or more polypeptide
chains) are referred to as protomers. Hemoglobin, for
example, has four polypeptide subunits: two identical «
chains and two identical 8 chains, all four held together
by noncovalent interactions. Each a subunit is paired in
an identical way with a 8 subunit within the structure of
this multisubunit protein, so that hemoglobin can be
considered either a tetramer of four polypeptide sub-
units or a dimer of a3 protomers.

A few proteins contain two or more polypeptide
chains linked covalently. For example, the two polypep-
tide chains of insulin are linked by disulfide bonds. In such
cases, the individual polypeptides are not considered sub-
units but are commonly referred to simply as chains.

The amino acid composition of proteins is also
highly variable. The 20 common amino acids almost
never occur in equal amounts in a protein. Some amino
acids may occur only once or not at all in a given type of
protein; others may occur in large numbers. Table 3-3

shows the amino acid composition of bovine cyto-
chrome ¢ and chymotrypsinogen, the inactive precursor
of the digestive enzyme chymotrypsin. These two pro-
teins, with very different functions, also differ signifi-
cantly in the relative numbers of each kind of amino
acid residue.

We can calculate the approximate number of amino
acid residues in a simple protein containing no other
chemical constituents by dividing its molecular weight
by 110. Although the average molecular weight of the
20 common amino acids is about 138, the smaller
amino acids predominate in most proteins. If we take
into account the proportions in which the various amino
acids occur in an average protein (Table 3-1; the aver-
ages are determined by surveying the amino acid
compositions of more than 1,000 different proteins), the
average molecular weight of protein amino acids is
nearer to 128. Because a molecule of water (M, 18) is
removed to create each peptide bond, the average
molecular weight of an amino acid residue in a protein
is about 128 — 18 = 110.

[/'CIREEER Amino Acid Composition of Two Proteins

Bovine cytochrome ¢

Bovine chymotrypsinogen

Amino Number of residues Percentage Number of residues Percentage
acid per molecule of total* per molecule of total*
Ala 6 6 22 9
Arg 2 2 4 1.6
Asn 5 5 14 5.7
Asp 3 3 9 3.7
Cys 2 2 10 4
GIn 3 3 10 4
Glu 9 9 5 2
Gly 14 13 23 9.4
His 3 3 2 0.8
Ile 6 6 10 4
Leu 6 6 19 7.8
Lys 18 17 14 5.7
Met 2 2 2 0.8
Phe 4 4 6 2.4
Pro 4 4 9 3.7
Ser 1 1 28 11.4
Thr 8 8 23 9.4
Trp 1 1 8 3.3
Tyr 4 4 4 1.6
Val 3 3 23 9.4
Total 104 102 245 99.7

Note: In some common analyses, such as acid hydrolysis, Asp and Asn are not readily distinguished from each other and are together designated Asx
(or B). Similarly, when Glu and GIn cannot be distinguished, they are together designated Glx (or Z). In addition, Trp is destroyed by acid hydrolysis.
Additional procedures must be employed to obtain an accurate assessment of complete amino acid content.

*Percentages do not total to 100%, due to rounding.
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Class Prosthetic group Example
Lipoproteins Lipids Bi-Lipoprotein of blood
Glycoproteins Carbohydrates Immunoglobulin G
Phosphoproteins Phosphate groups Casein of milk
Hemoproteins Heme (iron porphyrin) Hemoglobin
Flavoproteins Flavin nucleotides Succinate dehydrogenase
Metalloproteins Iron Ferritin
Zinc Alcohol dehydrogenase
Calcium Calmodulin
Molybdenum Dinitrogenase
Copper Plastocyanin

Some Proteins Contain Chemical Groups
Other Than Amino Acids

Many proteins, for example the enzymes ribonuclease A
and chymotrypsin, contain only amino acid residues and
no other chemical constituents; these are considered
simple proteins. However, some proteins contain per-
manently associated chemical components in addition
to amino acids; these are called conjugated proteins.
The non—amino acid part of a conjugated protein is usu-
ally called its prosthetic group. Conjugated proteins
are classified on the basis of the chemical nature of their
prosthetic groups (Table 3-4); for example, lipopro-
teins contain lipids, glycoproteins contain sugar
groups, and metalloproteins contain a specific metal.
Some proteins contain more than one prosthetic group.
Usually the prosthetic group plays an important role in
the protein’s biological function.

SUMMARY 3.2 Peptides and Proteins

» Amino acids can be joined covalently through
peptide bonds to form peptides and proteins. Cells
generally contain thousands of different proteins,
each with a different biological activity.

» Proteins can be very long polypeptide chains of
100 to several thousand amino acid residues.
However, some naturally occurring peptides have
only a few amino acid residues. Some proteins are
composed of several noncovalently associated
polypeptide chains, called subunits.

» Simple proteins yield only amino acids on
hydrolysis; conjugated proteins contain in addition
some other component, such as a metal or organic
prosthetic group.

3.3 Working with Proteins

Biochemists’ understanding of protein structure and
function has been derived from the study of many indi-
vidual proteins. To study a protein in detail, the

researcher must be able to separate it from other pro-
teins in pure form and must have the techniques to
determine its properties. The necessary methods come
from protein chemistry, a discipline as old as biochem-
istry itself and one that retains a central position in
biochemical research.

Proteins Can Be Separated and Purified

A pure preparation is essential before a protein’s proper-
ties and activities can be determined. Given that cells
contain thousands of different kinds of proteins, how can
one protein be purified? Classical methods for separat-
ing proteins take advantage of properties that vary from
one protein to the next, including size, charge, and bind-
ing properties. These have been supplemented in recent
decades by methods involving DNA cloning and genome
sequencing that can simplify the process of protein puri-
fication. The newer methods, presented in Chapter 9,
often artificially modify the protein being purified, add-
ing a few or many amino acid residues to one or both
ends. Convenience thus comes at the price of potentially
altering the activity of the purified protein. The purifica-
tion of proteins in their native state (the form in which
they function in the cell) usually relies on methods
described here.

The source of a protein is generally tissue or microbial
cells. The first step in any protein purification procedure is
to break open these cells, releasing their proteins into a
solution called a crude extract. If necessary, differential
centrifugation can be used to prepare subcellular fractions
or to isolate specific organelles (see Fig. 1-8).

Once the extract or organelle preparation is ready,
various methods are available for purifying one or more
of the proteins it contains. Commonly, the extract is
subjected to treatments that separate the proteins
into different fractions based on a property such as
size or charge, a process referred to as fractionation.
Early fractionation steps in a purification utilize differ-
ences in protein solubility, which is a complex function of
pH, temperature, salt concentration, and other factors.
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available descriptions of how evolutionary trees are constructed from
sequence data.

Mayo, K.H. (2000) Recent advances in the design and construction
of synthetic peptides: for the love of basics or just for the technology
of it. Trends Biotechnol. 18, 212-217.

Miranda, L.P. & Alewood, P.F. (2000) Challenges for protein
chemical synthesis in the 21st century: bridging genomics and
proteomics. Biopolymers 55, 217-226.

This and the article by Mayo (above) describe how to make
peptides and splice them together to address a wide range of
problems in protein biochemistry.

Ramisetty, S.R. & Washburn, M.P. (2011) Unraveling the
dynamics of protein interactions with quantitative mass
spectrometry. Crit. Rev. Biochem. Mol. Biol. 46, 216-228.

Rokas, A., Williams, B.L., King, N., & Carroll, S.B. (2003)
Genome-scale approaches to resolving incongruence in molecular
phylogenies. Nature 425, 798-804.

How sequence comparisons of multiple proteins can yield
accurate evolutionary information.

Sanger, F. (1988) Sequences, sequences, sequences. Annu. Rev.
Biochem. 57, 1-28.

A nice historical account of the development of sequencing
methods.

Snel, B., Huynen, M.A., & Dutilh, B.E. (2005) Genome trees and
the nature of genome evolution. Annu. Rev. Microbiol. 59, 191-209.

Steen, H. & Mann, M. (2004) The ABC’s (and XYZ’s) of peptide
sequencing. Nat. Rev. Mol. Cell Biol. 5, 699-711.
Zuckerkandl, E. & Pauling, L. (1965) Molecules as documents of
evolutionary history. J. Theor. Biol. 8, 357-366.

Many consider this the founding paper in the field of molecular
evolution.

Problems

1. Absolute Configuration of Citrulline The citrulline
isolated from watermelons has the structure shown below. Is it
a D- or L-amino acid? Explain.

QHQ(CHz)zNH*('?*NHz
H~— C—=NH, )
€00~

2. Relationship between the Titration Curve and the
Acid-Base Properties of Glycine A 100 mL solution of
0.1 M glycine at pH 1.72 was titrated with 2 M NaOH solution.
The pH was monitored and the results were plotted as shown
in the graph. The key points in the titration are designated I to
V. For each of the statements (a) to (0), «dentify the appro-
priate key point in the titration and justify your choice.

(a) Glycine is present predominantly as the species
*H;N—CH,—COOH.

(b) The average net charge of glycine is +%.

(c) Half of the amino groups are ionized.

(d) The pH is equal to the pK, of the carboxyl group.

(e) The pH is equal to the pK, of the protonated amino
group.

(f) Glycine has its maximum buffering capacity.

(g) The average net charge of glycine is zero.

(h) The carboxyl group has been completely titrated (first
equivalence point).

(i) Glycine is completely titrated (second equivalence
point).

(i) The predominant species is * HsN—CH,—COO .

(k) The average net charge of glycine is —1.

(1) Glycine is present predominantly as a 50:50 mixture
of "HsN—CH,—COOH and *H;N—CH,—COO .

(m) This is the isoelectric point.

(n) This is the end of the titration.

(o) These are the worst pH regions for buffering power.
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3. How Much Alanine Is Present as the Completely
Uncharged Species? At a pH equal to the isoelectric point of
alanine, the net charge on alanine is zero. Two structures can
be drawn that have a net charge of zero, but the predominant
form of alanine at its pl is zwitterionic.

CH3 CH3
0 0
g0 4 oH
Zwitterionic Uncharged

(a) Why is alanine predominantly zwitterionic rather than
completely uncharged at its pI?

(b) What fraction of alanine is in the completely uncharged
form at its pI? Justify your assumptions.

4. Ionization State of Histidine Each ionizable group of
an amino acid can exist in one of two states, charged or neu-
tral. The electric charge on the functional group is determined
by the relationship between its pK, and the pH of the solution.
This relationship is described by the Henderson-Hasselbalch
equation.

(a) Histidine has three ionizable functional groups. Write
the equilibrium equations for its three ionizations and assign
the proper pKj, for each ionization. Draw the structure of histi-
dine in each ionization state. What is the net charge on the
histidine molecule in each ionization state?

(b) Draw the structures of the predominant ionization
state of histidine at pH 1, 4, 8, and 12. Note that the ionization
state can be approximated by treating each ionizable group
independently.



(c¢) What is the net charge of histidine at pH 1, 4, 8, and 127
For each pH, will histidine migrate toward the anode (+) or
cathode (-) when placed in an electric field?

5. Separation of Amino Acids by Ion-Exchange Chro-
matography Mixtures of amino acids can be analyzed by first
separating the mixture into its components through ion-
exchange chromatography. Amino acids placed on a cation-
exchange resin (see Fig. 3-17a) containing sulfonate (—SO3)
groups flow down the column at different rates because of two
factors that influence their movement: (1) ionic attraction
between the sulfonate residues on the column and positively
charged functional groups on the amino acids, and (2) hydro-
phobic interactions between amino acid side chains and the
strongly hydrophobic backbone of the polystyrene resin. For
each pair of amino acids listed, determine which will be eluted
first from the cation-exchange column by a pH 7.0 buffer.

(a) Asp and Lys

(b) Arg and Met

(¢) Glu and Val

(d) Gly and Leu

(e) Ser and Ala

6. Naming the Stereoisomers of Isoleucine The struc-
ture of the amino acid isoleucine is

COO~

H,N—C—H
H—é—CHB
G,
CH,

(a) How many chiral centers does it have?

(b) How many optical isomers?

(c¢) Draw perspective formulas for all the optical isomers
of isoleucine.

7. Comparing the pK, Values of Alanine and Poly-
alanine The titration curve of alanine shows the ionization of
two functional groups with pK, values of 2.34 and 9.69, corre-
sponding to the ionization of the carboxyl and the protonated
amino groups, respectively. The titration of di-, tri-, and larger
oligopeptides of alanine also shows the ionization of only two
functional groups, although the experimental pK, values are
different. The trend in pK, values is summarized in the table.

Amino acid or peptide PK; PK,
Ala 2.34 9.69
Ala-Ala 3.12 8.30
Ala—Ala-Ala 3.39 8.03
Ala—(Ala),—Ala,n =4 3.42 7.94

(a) Draw the structure of Ala—Ala—Ala. Identify the func-
tional groups associated with pK; and pK,.

(b) Why does the value of pK; increase with each addi-
tional Ala residue in the oligopeptide?

(c) Why does the value of pK, decrease with each addi-
tional Ala residue in the oligopeptide?
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8. The Size of Proteins What is the approximate molecular
weight of a protein with 682 amino acid residues in a single
polypeptide chain?

9. The Number of Tryptophan Residues in Bovine
Serum Albumin A quantitative amino acid analysis reveals
that bovine serum albumin (BSA) contains 0.58% tryptophan
(M, 204) by weight.

(a) Calculate the manimum molecular weight of BSA (i.e.,
assume there is only one Trp residue per protein molecule).

(b) Size-exclusion chromatography of BSA gives a molec-
ular weight estimate of 70,000. How many Trp residues are
present in a molecule of serum albumin?

10. Subunit Composition of a Protein A protein has a
molecular mass of 400 kDa when measured by size-exclusion
chromatography. When subjected to gel electrophoresis in the
presence of sodium dodecyl sulfate (SDS), the protein gives
three bands with molecular masses of 180, 160, and 60 kDa.
When electrophoresis is carried out in the presence of SDS
and dithiothreitol, three bands are again formed, this time with
molecular masses of 160, 90, and 60 kDa. Determine the subunit
composition of the protein.

11. Net Electric Charge of Peptides A peptide has the
sequence

Glu-His-Trp—Ser-Gly—Leu-Arg—Pro-Gly

(a) What is the net charge of the molecule at pH 3, 8, and
11? (Use pK, values for side chains and terminal amino and
carboxyl groups as given in Table 3-1.)

(b) Estimate the pl for this peptide.

12. Isoelectric Point of Pepsin Pepsin is the name given to a
mix of several digestive enzymes secreted (as larger precursor
proteins) by glands that line the stomach. These glands also
secrete hydrochloric acid, which dissolves the particulate mat-
ter in food, allowing pepsin to enzymatically cleave individual
protein molecules. The resulting mixture of food, HCI, and
digestive enzymes is known as chyme and has a pH near 1.5.
What pl would you predict for the pepsin proteins? What func-
tional groups must be present to confer this pI on pepsin? Which
amino acids in the proteins would contribute such groups?

13. Isoelectric Point of Histones Histones are proteins
found in eukaryotic cell nuclei, tightly bound to DNA, which
has many phosphate groups. The pl of histones is very high,
about 10.8. What amino acid residues must be present in
relatively large numbers in histones? In what way do these
residues contribute to the strong binding of histones to DNA?

14. Solubility of Polypeptides One method for separating
polypeptides makes use of their different solubilities. The sol-
ubility of large polypeptides in water depends on the relative
polarity of their R groups, particularly on the number of ion-
ized groups: the more ionized groups there are, the more solu-
ble the polypeptide. Which of each pair of polypeptides that
follow is more soluble at the indicated pH?

(@) (Gly)yg or (Glu)g at pH 7.0

(b) (Lys—Ala); or (Phe-Met)s at pH 7.0

(¢) (Ala—Ser-Gly); or (Asn—Ser-His)5 at pH 6.0

(d) (Ala—Asp-Gly); or (Asn—Ser-His); at pH 3.0
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