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EDMAN DEGRADATION

Labeling
O O02020 First
Release
y .J
Labeling W
vV
L-Second
" round
Release
N J
Phenyl isothiocyanate WO 0o
o (. 4
P \}; rrrrrrr Ne=C=5 4 H,N—C—C—Gly—~Asp—Phe—Arg—Gly—C_ .
! ‘ o~

%%v,/; éﬁz
lLabeling
Peptide shortened
by one residue
PTH-alanine
Figure 2-28

The Edman degradation. The labeled amino-terminal residue (PTH-
alanine in the first round) can be released without hydrolyzing the rest
of the peptide. Hence, the amino-terminal residue of the shortened pep-
tide (Gly-Asp-Phe-Arg-Gly) can be determined in the second round.
Three more rounds of the Edman degradation reveal the complete se-
quence of the original peptide.
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graded in the acid-hydrolysis step. Pehr Edman devised a method 25 |
for labeling the amino-terminal residue and cleaving it from the Chapter 2 |
peptide without disrupting the peptide bonds between the other INTRODUCTION TO PROTEINS |

amino acid residues. The Edman degradation sequentially removes
one residue at a time from the amino end of a peptide (Figure 2-28).
Phenyl isothiocyanate reacts with the uncharged terminal amino
group of the peptide to form a phenylthiocarbamoyl derivative.
Under mildly acidic conditions, a cyclic derivative of the terminal
amino acid is liberated, which leaves an intact peptide shortened
by one amino acid. The cyclic compound is a phenylthiohydantoin
(PTH) amino acid. The PTH-amino acid can be identified by chro-
matographic procedures. Furthermore, the amino acid composition
of the shortened peptide:

(Arg, Asp, Gly,, Phe)
can be compared with that of the original peptide:
(Ala, Arg, Asp, Gly,, Phe)

The difference between these analyses is one alanine residue, which
shows that alanine is the amino-terminal residue of the original
peptide. The Edman procedure can then be repeated on the short-
ened peptide. The amino acid analysis after the second round of
degradation is
(Arg, Asp, Gly, Phe) ;

showing that the second residue from the amino end is glycine. ‘This
conclusion can be confirmed by chromatographic identification of
PTH-glycine obtained in the second round of the Edman degrada-
tion. Three more rounds of the Edman degradation will reveal the
- complete sequence of the original peptide.

The experimental strategy for determining the amino acid se-
quence of proteins is to divide and conquer. A protein is specifically
cleaved into, smaller peptides that can be readily sequenced by the
Edman method. Specific cleavage can be achieved by chemical or
enzymatic methods. For example, Bernhard Witkop and Erhard
Gross discovered that cyanogen bromide (CNBr) splits the polypep-
tide chain only on the carboxyl side of methionine residues (Figure
2-29). A protein that has ten methionines will usually yield eleven
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Cyanogen bromide cleaves polypeptides on the carboxyl side of methionine residues.
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peptides on cleavage with CNBr. Highly specific cleavage is also
obtained with trypsin, a proteolytic enzyme from intestinal juice.
Trypsin cleaves polypeptide chains on the carboxyl side of arginine
and lysine residues (Figure 2-30). A protein that contains nine
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Figure 2-30

Trypsin hydrolyzes polypeptides on the carboxyl side
of arginine and lysine residues.

lysines and seven arginines will usually yield seventeen peptides on
digestion with trypsin. Each of these tryptic peptides, except for the
carboxyl-terminal peptide of the protein, will end with either argi-
nine or lysine. Several other ways of specifically cleaving polypep-
tide chains are given in Table 2-2.

Table 2-2
Specific cleavage of polypeptides

Reagent

Cleavage site

Chemical cleavage
Cyanogen bromide
Hydroxylamine
2-Nitro-5-thiocyanobenzoate

Enzymatic cleavage

Carboxy! side of methionine residues
Asparagine—glycine bonds
Amino side of cysteine residues

Trypsin Carboxyl side of lysine and arginine
residues
Clostripain Carboxyl! side of arginine residues

Carboxyl side of aspaftate and glutamate
residues (glutamate only under certain
conditions)

Staphylococcal protease

The peptides obtained by specific chemical or enzymatic cleav-
age are separated by chromatographic methods. The sequence of
each purified peptide is then determined by the Edman method. At
this point, the amino acid sequences of segments of the protein are
known, but the order of these segments is not yet defined. The
necessary additional information is obtained from what are called
overlap peptides (Figure 2-31). An enzyme different from trypsin is
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Tryptic peptides Chymotryptic peptide
Ala—Ala—Trp—Gly—Lys  Val—Lys—Ala—~Afla~Trp
Thr—Asn—Val—Lys

Figure 2-31
Tryptic peptide Tryptic peptide

The peptide obtained by chymotryptic

Thr—Asn—Val—Lys—Ala—Ala—Trp—Gly—Lys digestion overlaps two tryptic peptides,
Chymotryptic overlap peptide which thus establishes their order.

used to split the polypeptide chain at different linkages. For exam-
ple, chymotrypsin cleaves preferentially on the carboxyl side of aro-
matic and other bulky nonpolar residues. Because these chymo-
tryptic peptides overlap two or more tryptic peptides, they can be
used to establish their order. The entire amino acid sequence of the
protein is then determined.

These methods apply to a protein that consists of a single polypep-
tide chain without any disulfide bonds. Additional steps in the
elucidation of sequence are necessary if a protein has disulfide
bonds or more than one chain. For a protein made up of two or more
polypeptide chains held together by noncovalent bonds, denaturing
agents, such as urea or guanidine hydrochloride, are used to dissoci-
ate the chains. The dissociated chains must be separated before
sequence determination can begin. For polypeptide chains that are
covalently linked by disulfide bonds, as in insulin, oxidation with
performic acid is used to cleave the disulfide bonds, yielding cysteic
acid residues (Figure 2-32). :

Analyses of protein structures have been markedly accelerated by
the development of the sequenator, an instrument for the automatic
determination of amino acid sequence. A thin film of protein in a
spinning cylindrical cup is subjected to the Edman degradation.
The reagents and extracting solvents are passed over the immobi-
lized film of protein, and the released PTH-amino acid is identified
by high-pressure liquid chromatography. One cycle of the Edman
degradation is carried out in less than two hours. The sequenator
can determine the amino acid sequence of a polypeptide or a pro-
tein containing as many as a hundred residues.

CONFORMATION OF POLYPEPTIDE CHAINS

A striking characteristic of proteins is that they have well-defined
three-dimensional structures. A stretched-out or randomly ar-
ranged polypeptide chain is devoid of biological activity, as will be
discussed shortly. Function arises from conformation, which is the
three-dimensional arrangement of atoms in a structure. Amino ‘acid
sequences are important because they specify the conformation-of
proteins. ‘

In the late 1930s, Linus Pauling and Robert Corey initiated x-ray
crystallographic studies of the precise structure of amino acids and
peptides. Their aim was to obtain a set of standard bond distances
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Named after Anders J.
Angstrom (1814-1874), a
spectroscopist.
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The peptide group is planar because
the carbon-nitrogen bond has partial
double-bond character.
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There is considerable freedom of rota-
tion about the bonds joining the pep-
tide groups to the a-carbon atoms.
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and bond angles for these building blocks and then use this infor-
mation to predict the conformation of proteins. One of their impor-
tant findings was that the peptide unit is rigid and planar. The hydro-
gen of the substituted amino group is nearly always trans to the
oxygen of the carbonyl group (Figure 2-33). There is no freedom of

Peptide group

1

Figure 2-33

The peptide group is a rigid
planar unit. Standard bond
distances (in A) are shown.

rotation about the bond between the carbonyl carbon atom and the
nitrogen atom of the peptide unit because this link has partial dou-
ble-bond character (Figure 2-34). The length of this bond is 1.32 A,
which is between that of a G—N single bond (1.49 A) and a C=N
double bond (1.27 A). In contrast, the link between the a-carbon
atom and a carbonyl carbon atom is a pure single bond. The bond
between an a-carbon atom and a nitrogen atom also is a pure single
bond. Consequently, there is a large degree of rotational freedom about
these bonds on either side of the rigid peptide unit (Figure 2-35). Rotations
about these bonds are designated by the angles ¢ and ¢ (Figure
2-36). The conformation of the main chain of a polypeptide is fully
defined when y and ¢ for each amino acid residue are known.

Figure 2-36
Definition of ¥ and ¢: ¢ refers to rotations
about the C,—C single bond; @ refers to
rotations about the C,,—N single bond.
[After C. Levinthal. Molecular model-
building by computer. Copyright © 1966
by Scientific American, Inc. All rights
reserved.]
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PERIODIC STRUCTURES: THE ALPHA HELIX,
BETA PLEATED SHEET, AND COLLAGEN HELIX

Can a polypeptide chain fold into a regularly repeating structure?
To answer this question, Pauling and Corey evaluated a variety of
potential polypeptide conformations by building precise molecular
models of them. They adhered closely to the experimentally ob-
served bond angles and distances for amino acids and small pep-
tides. In 1951, they proposed two periodic polypeptide structures,
called the a helix and B pleated sheet.

The « helix is a rodlike structure. The tightly coiled polypeptide
main chain forms the inner part of the rod, and the side chains
extend outward in a helical array (Figures 2-37 and 2-38). The «

Figure 2-37

Models of a right-handed a helix: (A) only the a-carbon atoms are shown on
a helical thread; (B) only the backbone nitrogen (N), a-carbon (C,), and car-
bonyl carbon (C!) atoms are shown; (C) entire helix. Hydrogen bonds (denoted
in part C by - - - in red) between NH and CO groups stabilize the helix.

A

-+

5A '
Figure 2-38

Cross-sectional view of an a helix. Note
that the side chains (shown in green)
are on the outside of the helix. The van
der Waals radii of the atoms are larger
than shown here; hence there is almost
no free space inside the helix.
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“When we consider that the
fibrous proteins of the
epidermis, the keratinous
tissues, the chief muscle
protein, myosin, and now the
fibrinogen of the blood all
spring from the same peculiar
shape of molecule, and are
therefore probably all
..~ adaptations of a single root
" idea, we seem to glimpse one
zmof the great coordinating facts
2"in the lineage of biological
molecules.”
K. BarLey, W. T. AstBury,

AND K. M. RupaLr
Nature, 1943

helix is stabilized by hydrogen bonds between the NH and CO
groups of the main chain. The CO group of each amino acid is
hydrogen bonded to the NH group of the amino acid that is situ-
ated four residues ahead in the linear sequence (Figure 2-39). Thus,

S SIS O
TVl
H
R, O R, H R; O R, H R; O
A J
Figure 2-39

In the a helix, the NH group of residue n is hydrogen bonded to
the GO group of residue (n — 4).

all the main-chain CO and NH groups are hydrogen bonded. Each residue is
related to the next one by a translation of 1.5 A along the helix axis
and a rotation of 100°, which gives 3.6 amino acid residues per turn
of helix. Thus, amino acids spaced three and four apart in the linear
sequence are spatially quite close to one another in an a helix. In
contrast, amino acids two apart in the linear sequence are situated
on opposite sides of the helix and so are unlikely to make contact.
The pitch of the « helix is 5.4 A, the product of the translation
(1.5 A) and the number of residues per turn (3.6). The screw-sense
of a helix can be right-handed (clockwise) or left-handed (counter-
clockwise); the a helices found in proteins are right-handed.

The a-helix content of proteins of known three-dimensional
structure is highly variable. In some, such as myoglobin and hemo-
globin, the a helix is the major structural motif. Other proteins,
such as the digestive enzyme chymotrypsin, are virtually devoid of
a helix. The single-stranded a helix discussed above is usually a
rather short rod, typically less than 40 A in length. A variation of
the a-helical theme is used to construct much longer rods, extend-
ing to 1000 A or more. Two or more a helices can entwine around
each other to form a cable. Such a-helical coiled coils are found in
several proteins: keratin in hair, myosin and tropomyosin in mus-
cle, epidermin in skin, and fibrin in blood clots. The helical cables
in these proteins serve a mechanical role in forming stiff bundles of
fibers. .

The structure of the « helix was deduced by Pauling and Corey
six years before it was actually to be seen in the x-ray reconstruction
of the structure of myoglobin. The elucidation of the structure of the a
helix is a landmark in molecular biology because it demonstrated that the
conformation of a polypeptide chain can be predicted if the properties of its
components are rigorously and precisely known.

In the same year, Pauling and Corey discovered another periodic
structural motif, which they named the 8 pleated sheet (8 because
it was the second structure they elucidated, the a helix having been
the first). The B pleated sheet differs markedly from the « helix in
that it is a sheet rather than a rod. The polypeptide chain in the 8
pleated sheet is almost fully extended (Figure 2-40) rather than




Case 1:05-cv-12237-WGY  Document 323-9  Filed 03/19/2007 Page 9 of 20

Figure 2-40

Conformation of a dipeptide unit in
a f8 pleated sheet. The polypeptide
chain is almost fully stretched out.

being tightly coiled as in the a helix. The axial distance between
adjacent amino acids is 3.5 A, in contrast with 1.5 A for the  helix.
Another difference is that the § pleated sheet is stabilized by hydro-
gen bonds between NH and CO groups in different polypeptide
strands, whereas in the « helix the hydrogen bonds are between NH
and CO groups in the same polypeptide chain. Adjacent strands in a
B pleated sheet can run in the same direction (parallel B sheet) or in
opposite directions (antiparallel B sheet). For example, silk fibroin
consists almost entirely of stacks of antiparallel 8 sheets (Figure
2-41). Such B-sheet regions are a recurring structural motif in many
proteins. Structural units comprising from two to five parallel or
antiparallel B strands are especially common.

The collagen helix, a third periodic structure, will be discussed in
detail in Chapter 9. This specialized structure is responsible for the
high tensile strength of collagen, the major component of skin,
bone, and tendon.

Figure 2-41

Antiparallel 8 pleated sheet. Adjacent strands run in opposite directions. Hydrogen bonds
between NH and CO groups of adjacent strands stabilize the structure. The side chains
(shown in green) are above and below the plane of the sheet.
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Figure 2-42

Structure of a S-turn. The CO group
of residue 1 of the tetrapeptide shown
here is hydrogen bonded to the NH
group of residue 4, which results in

a hairpin turn.

i
H—C—0-—0H

Performic acid

POLYPEPTIDE CHAINS CAN REVERSE DIRECTION
BY MAKING B-TURNS

Most proteins have compact, globular shapes due to frequent rever-
sals of the direction of their polypeptide chains. Analyses of the
three-dimensional structures of numerous proteins have revealed
that many of these chain reversals are accomplished by a common
structural element called the B-turn. The essence of this hairpin turn
is that the CO group of residue n of a polypeptide is hydrogen
bonded to the NH group of residue (» + 3) (Figure 2-42). Thus, a
polypeptide chain can abruptly reverse its direction.

LEVELS OF STRUCTURE IN PROTEIN ARCHITECTURE

In discussing the architecture of proteins, it is convenient to refer to
four levels of structure. Primary structure is simply the sequence of
amino acids and location of disulfide bridges, if there are any. The
primary structure is thus a complete description of the covalent
connections of a protein. Secondary structure refers to the steric rela-
tionship of amino acid residues that are close to one another in the
linear sequence. Some of these steric relationships are of a regular
kind, giving rise to a periodic structure. The « helix, the 8 pleated
sheet, and the collagen helix are examples of secondary structure.
Tertiary structure refers to the steric relationship of amino acid resi-
dues that are far apart in the linear sequence. It should be noted
that the dividing line between secondary and tertiary structure is
arbitrary. Proteins that contain more than one polypeptide chain
display an additional level of structural organization, namely qua-
ternary - structure, which refers to the way in which the chains are
packed together. Each polypeptide chain in such a protein is called
a subun:t. Another useful term is domain, which refers to a compact,
globular unit of protein structure. Many proteins fold into domains
having masses that range from 10 to 20 kdal. The domains of large
proteins are usually connected by relatively flexible regions of poly-
peptide chain.

AMINO ACID SEQUENCE SPECIFIES
THREE-DIMENSIONAL STRUCTURE

Insight into the relation between the amino acid sequence of a
protein and its conformation came from the work of Christian
Anfinsen on ribonuclease, an enzyme that hydrolyzes RNA. Ribo-
nuclease is a single polypeptide chain consisting of 124 amino acid
residues (Figure 2-43). It contains four disulfide bonds, which can
be irreversibly oxidized by performic acid to give cysteic acid residues
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Figure 2-43 :
Amino acid sequence of bovine ribonuclease. The four disulfide bonds are
shown in color. [After D. G. Smyth, W. H. Stein, and S. Moore. J. Biol.
Chem. 238(1963):277.]

(Figure 2-32). Alternatively, these disulfide bonds can be
cleaved reversibly by reducing them with a reagent such as -
mercaptoethanol, which forms mixed disulfides with cysteine side
chains (Figure 2-44). In the presence of a large excess of S-mercap-

B-8H Re§SR

g RosH GG R 5H
| —}3—-;» Protein u .
8 SH SH

Oxidized protein Mixed disulfide Reduced protein

Figure 2-44
Reduction of the disulfide bonds in a protein by an excess of a sulfhydryl
reagent such as S-mercaptoethanol. ‘

toethanol, the mixed disulfides also are reduced, so that the final
product is a protein in which the disulfides (cystines) are fully con-
verted into sulfhydryls (cysteines). However, it was found that ribo-
nuclease at 37°C and pH 7 cannot be readily reduced by B-mercap-
‘toethanol unless the protein is partially unfolded by denaturing
agents such as urea or guanidine hydrochloride. Although the mecha-

HO—CH,—CH,—SH
B-Mercaptoethanol

i
H,N—C—NH,
Urea

NH,* CIm

H,N—C—NH,
Guanidine hydrochioride

33
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nism of action of these denaturing agents is not fully understood, it
is evident that they disrupt noncovalent interactions. Polypeptide
chains devoid of cross-links usually assume a random-coil conforma-
tion in 8 M urea or 6 M guanidine HCI, as evidenced by physical
properties such as viscosity and optical rotary spectra. When ribo-
nuclease was treated with B-mercaptoethanol in 8 M urea, the prod-
uct was a fully reduced, randomly coiled polypeptide chain devoid of
enzymatic activity. In other words, ribonuclease was denatured by this
treatment (Figure 2-45).

8 M urea and
8-mercaptoethanol

Native ribonuclease . Denatured reduced ribonuclease

Figure 2-45 .
Reduction and denaturation of ribonuclease.

Anfinsen then made the critical observation that the denatured
ribonuclease, freed of urea and B-mercaptoethanol by dialysis,
slowly regained enzymatic activity. He immediately perceived the
significance of this chance finding: the sulfhydryls of the denatured
enzyme became oxidized by air and the enzyme spontaneously
refolded into a catalytically active form. Detailed studies then
showed that nearly all of the original enzymatic activity was re-
gained if the sulfhydryls were oxidized under suitable conditions
(Figure 2-46). All of the measured physical and chemical properties
of the refolded enzyme were virtually identical with those of the
native enzyme. These experiments showed that the information needed
to specify the complex three-dimensional structure of ribonuclease is contained
in its amino acid sequence. Subsequent studies of other proteins have

Denatured
reduced
ribonuclease

Dialysis to Air oxidation of the !
remove urea and  sulfhydryl groups in
B-mercaptoethanol reduced ribonuclease 1

Native ribonuclease

Figure 2-46
Renaturation of ribonuclease.
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established the generality of this principle, which is a central one in 35

molecular biology: sequence specifies conformation. Chapter 2
A quite different result was obtained when reduced ribonuclease INTRODUCTION TO PROTEINS

was reoxidized while it was still in 8 M urea. This preparation was

then dialyzed to remove the urea. Ribonuclease reoxidized in this

way had only 1% of the enzymatic activity of the native protein.

Why was the outcome of this experiment different from the one in

which reduced ribonuclease was reoxidized in a solution free of

‘urea? The reason is that wrong disulfide pairings were formed when

the random-coil form of the reduced molecule was reoxidized.

There are 105 different ways of pairing eight cysteines to form four

disulfides; only one of these combinations is enzymatically active.

The 104 wrong pairings have been picturesquely termed “scram-

bled” ribonuclease. Anfinsen then found that “scrambled” ribonu-

clease spontaneously converted into fully active, native ribonucle-

ase when trace amounts of B-mercaptoethanol were added to the

aqueous solution of the reoxidized protein (Figure 2-47). The added

Trace of
B-mercaptoethanol

"“'’Scrambled” ribonuclease Native ribonuclease
Figure 2-47
Formation of native ribonuclease from “scrambled” ribonuclease in the presence
of a trace of B-mercaptoethanol.

B-mercaptoethanol catalyzed the rearrangement of disulfide pair-
ings until the native structure was regained, which took about ten
hours. This process was driven entirely by the decrease in free energy
as the “scrambled” conformations were converted into the stable,
native conformation of the enzyme. Thus, the native form of ribonuclease
appears to be the thermodynamically most stable structure.

Anfinsen (1964) wrote:

It struck me recently that one should really consider the sequence of

a protein molecule, about to fold into a precise geometric form, as a

line of melody written in canon form and so designed by Nature to

~ fold back upon itself, creating harmonic chords of interaction consist-

. ent with biological function. One might carry the analogy further by

~ suggesting that the kinds of chords formed in a protein with scram-
" bled disulfide bridges, such as I mentioned earlier, are dissonant, but

" that, by giving an opportunity for rearrangement by the addition of

** :mercaptoethanol, they modulate to give the pleasing harmonics of the




Case 1:05-cv-12237-WGY Document 323-9  Filed 03/19/2007 Page 14 of 20

36
Part |
’ iCONFORMATlON AND DYNAMICS

Unfolded chain

|

Transient a helices

I

Stabilized a helices
{axa folding unit)

Figure 2-48

. Postulated step in protein folding. Two

~'segments of an unfolded polypeptide
chain transiently become « helical.
These helices are then stabilized by the

formation of a complex between the
two segments.

native molecule. Whether or not some conclusion can be drawn about
_ the greater thermodynamic stability of Mozart’s over Schoenberg’s
music is something I will leave to the philosophers of the audience.

PROTEINS FOLD BY THE ASSOCIATION
OF a-HELICAL AND B-STRAND SEGMENTS

How are the harmonic chords of interaction created in the conver-
sion of an unfolded polypeptide chain into a folded protein? One
possibility a priori is that all possible conformations are searched to
find the energetically most favorable form. How long would such a
random search take? Consider a small protein with 100 residues. If
each residue can assume three different conformations, the total
number of structures is 319, which is equal to 5 X 10%7. If it takes
10-13 seconds to convert one structure into another, the total search
time would be 5 X 1047 X 10713 seconds, which is equal to
5 % 103 seconds, or 1.6 X 1027 years! Note that this length of time
is 2 minimal estimate because the actual number of possible confor-
mations per residue is greater than three and the time that it takes
to change from one conformation into another is probably consider-
ably longer than 10713 seconds. Clearly, it would take much too
long for even a small protein to fold by randomly trying out all
possible conformations to determine which one is energetically best.

How, then, do proteins fold in a few seconds or minutes? The
answer is not yet known, but a plausible hypothesis is that small
stretches of secondary structure serve as intermediates in the folding process.
According to this model, short segments (~15 residues) of an un-
folded polypeptide chain flicker in and out of their native a-helical
or B-sheet form. These transient structures find each other by dif-
fusion and stabilize each other by forming a complex (Figure 2-48).
For example, two a helices, two B strands, or an a helix and a 8
strand may come together. These aa, BB, and a8 complexes, which
are called folding units, then act as nuclei to stabilize other flickering
elements of secondary structure. This model is supported by several
lines of experimental evidence. The first is that the tendency of a
polypeptide to adopt a regular secondary structure depends to a
large degree on its amino acid composition. The formation of an «
helix is favored by glutamate, methionine, alanine, and leucine
residues, whereas B-sheet formation is enhanced by valine, isoleu-
cine, and tyrosine residues. Second, the transition from a random
coil to an o helix can occur in less than a microsecond. Thus, short
segments of secondary structure can be formed very rapidly. Third,
the postulated folding units (aa, BB, and af complexes) are in fact
major elements in protein structure. The challenge now is to di-
rectly detect and identify the evanescent intermediates in folding
and recreate the pathway that gives form and function to the poly-
peptide chain. '
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SUMMARY

Proteins play key roles in nearly all biological processes. All en-
zymes, the catalysts of chemical reactions in biological systems, are
proteins. Hence, proteins determine the pattern of chemical trans-
formations in cells. Proteins mediate a wide range of other func-
tions, such as transport and storage, coordinated motions, mechani-
cal support, immune protection, excitability, and the control of
growth and differentiation.

The basic structural units of proteins are amino acids. All pro-
teins in all species from bacteria to humans are constructed from
the same set of twenty amino acids. The side chains of these build-
ings blocks differ in size, shape, charge, hydrogen-bonding capacity,
and chemical reactivity. They can be grouped as follows:
(a) aliphatic side chains—glycine, alanine, valine, leucine, isoleu-
cine, and proline; (b) hydroxyl aliphatic side chains—serine and
threonine; (c) aromatic side chains—phenylalanine, tyrosine, and
tryptophan; (d) basic side chains—Ilysine, arginine, and histidine;
(e) acidic side chains—aspartic acid and glutamic acid; (f) amide
'side chains—asparagine and glutamine; and (g) sulfur side
c¢hains—cysteine and methionine.

Many amino acids, usually more than a hundred, are joined by
peptide bonds to form a polypeptide chajn. A peptide bond links
the a-carboxyl group of one amino acid and the a-amino group of
the next one. In some proteins, 4 féw'side chains‘are cross-linked by
disulfide bonds, which result from the oxidation of cysteine resi-
dues. A protein consists of one or more polypeptide chains. Each
kind of protein has a unique amino acid sequence that is genetically
determined. The amino acid sequence of a protein is elucidated in
the following way. First, its amino acid composition is determined
by ion-exchange chromatography of an acid hydrolysate of the pro-
tein. The amino-terminal residue is identified by using an end-
group reagent such as dansyl chloride. Second, the protein is specif-
ically cleaved into small peptides. For example, trypsin hydrolyzes
proteins on the carboxyl side of lysine and arginine residues. Third,
the amino acid sequence of these peptides is then determined by the

Edman technique, which successively removes the amino-terminal’

residue. Finally, the order of the peptides is established from the
amino acid sequences of overlap peptides.

» The critical determinant of the biological function of a protein is
its conformation, which is defined as the three-dimensional ar-
rangement of the atoms of a molecule. Three regularly repeating
conformations of polypeptide chains are known: the a helix, the 8
pleated sheet, and the collagen helix. Short segments of the a helix
and the f pleated sheet are found in many proteins. An important
principle is that the amino acid sequence of a protein specifies its
three-dimensional structure, as was first shown for ribonuclease.
Reduced, unfolded ribonuclease spontaneously forms the correct
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disulfide pairings and regains full enzymatic activity when oxidized
by air following removal of mercaptoethanol and urea. Proteins
fold by the association of short polypeptide segments that tran-
siently adopt a-helical or B-sheet forms.
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APPENDIX
Acid-Base Concepts

lonization of Water

Water dissociates into hydronium (H;O") and
hydroxyl (OH") ions. For simplicity, we refer to the
hydronium ion as a hydrogen ion (H*) and write
the equilibrium as

H,0 == H* + OH"~

“ M.fI‘hc equilibrium constant K, of this dissociation is
.given by
[H*JJOH™]

K, = s 1
| = TH0) @
in which the terms in brackets denote molar con-
centrations. Because the concentration of water
(55.5 M) is changed little by ionization, expression 1
can be simplified to give

K, = [H¥][OH"] (2)
in which K, is the ion product of water. At 25°C,
K, is 1.0 X 10714,

Note that the concentrations of H* and OH™ are
reciprocally related. If the concentration of HY is
high, then the concentration of OH™ must be low,

and vice versa. For example, if [H*] = 1072 M, then
[OH-] = 10-2 m.

Definition of Acid and Base
~_An acid is a proton donor. A base is a proton
.acceptor. ‘

. Acid == H?* 4 Base
 CHy—COOH == H* + CH;—COO"

Acetic acid Acetate
NH,* = H* + NH,
Ammonium ion Ammonia

The species formed by the ionization of an acid is
its conjugate base. Conversely, protonation of a
base yields its conjugate acid. Acetic acid and ace-
tate ion are a conjugate acid-base pair.

Definition of pH and pK
The pH of a solution is a measure of its concen-
tration of H*. The pH is defined as

1
pH = logmﬁ_fﬁ = —logyo[H"] (3)
The ionization equilibrium of a weak acid is
given by ;
HA = H' + A~
The apparent equilibrium constant X for this ioni-
zation is

[H*]iAT]

= 4
The pK of an acid is defined as
pK = —log K = 1og-11Z )

Inspection of equation 4 shows that the pK of an acid
is the pH at which 1t is half-dissociated.

Henderson-Hasselbalch Equation

What is the relationship between pH and the
ratio of acid to base? A useful expression can be
derived starting with equation 4. Rearrangement
of that equation gives

1 1 [AT]
] T K[HA]

Taking the logarithm of both sides of equation 6
gives

(6)

@)

1 1 [A7]
-[—I-F]— = log—k— + log [HA]

Substituting pH for log 1/[H*] and pKX for log 1/K
in equation 7 yields

log

A-
pH = pK + log-[-{—H-lT]] (8)

Page-17-0f20—

39.




40

Case 1:05-cv-12237-WGY Document 323-9

which is commonly known as the Henderson-
Hasselbalch equation.

The pH of a solution can be calculated from
equation 8 if the molar proportion of A~ to HA and
the pK of HA are known. Consider a solution of
0.1 M acetic acid and 0.2 M acetate ion. The pK of
acetic acid is 4.8. Hence, the pH of the solution is
given by

0.2

pH =48 + log~6—»1- =48 + log2

=48 4+ 0.3 = 5.1

Conversely, the pK of an acid can be calculated if
the molar proportion of A~ to HA and the pH of
the solution are known.

Buffering Power

An acid-base conjugate pair (such as acetic acid
and acetate ion) has an important property: it re-
sists changes in the pH of a solution. In other
words, it acts as a buyffer. Consider the addition of
OH~ to a solution of acetic acid (HA):

HA + OH- = A~ + H,0

A plot of the dependence of the pH of this solution
on the amount of OH™ added is called a titration
curve. Note that there is an inflection point in the
curve at pH 4.8, which is the pK of acetic acid.

1.0

0.6

Equivalents OH~ added

Figure 2-49
Titration curve of acetic acid.

In the vicinity of this pH, a relatively large amount
of OH~ produces little change in pH. In general, a
weak acid is most effective in buffering against pH
changes in the vicinity of its pK value.

Filed 03/19/2007 Page 18 of 20

pK Values of Amino Acids

An amino acid such as glycine contains two ion-
izable groups: an a-carboxyl group and a proton-
ated a-amino group. As base is added, these two
groups are titrated (Figure 2-50). The pK of the

! *r
*HyN—C—COOH L HyN—C—C00"
H H

H

- |
X, HN—(—C00~

H

Figure 2-50
Titration of the ionizable groups of an amino acid.

a-COOH group is 2.3, whereas that of the a-NH*
group is 9.6. The pK values of these groups in other
amino acids are similar. Some amino acids, such as
aspartic acid, also contain an ionizable side chain.
The pK values of ionizable side chains in amino
acids range from 3.9 (aspartic acid) to 12.5 (argi-
nine). ‘

Table 2-3
pK values of some amino acids

pK values (25°C)

Amino acid  , cooH a-NH,*  Side
group group  chain

Alanine 2.3 9.9

Glycine 2.4 9.8
Phenylalanine 1.8 9.1

Serine 21 9.2

Valine 2.3 9.6
‘Aspartic acid 2.0 10.0 3.9
_Glutamic acid 2.2 97 43
Histidine 1.8 9.2 6.0
Cysteine 1.8 10.8 8.3
Tyrosine 2.2 9.1 10.9
Lysine 2.2 9.2 10.8
Arginine 1.8 9.0 12.5

After J. T. Edsall and J. Wyman. Biophysical
Chemistry (Academic Press, 1958), ch. 8.
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PROBLEMS

1. The following reagents are often used in pro-
tein chemistry:

CNBr Dansyl chloride

Urea 6~ HC]

B-Mercaptoethanol Ninhydrin

Trypsin Phenyl isothiocyanate
 Performic acid Chymotrypsin

Which one is the best suited for accomphshmg

each of the following tasks?

(a) Determination of the amino acid sequence
of a small peptide.

(b) Identification of the amino-terminal resi-
due of a peptide (of which you have less
than 1077 g).

(c) Reversible denaturation of a protein de-
void of disulfide bonds. Which additional
reagent would you need if disulfide bonds
were present?

(d) Hydrolysis of peptide bonds on the car-
boxyl side of aromatic residues.

(e) Cleavage of peptide bonds on the carboxyl
side of methionines.

(f) Hydrolysis of peptide bonds on the car-
boxyl side of lysine and arginine residues.

® What is the pH of each of the following solu-
tions?
(a) 1073~ HCIL
(b) 1072~ NaOH.
(c) A mixture of equal volumes of 0.1 M acetic
acid and 0.03 M sodium acetate,

© ¢ (d) A mixture of equal volumes of 0.1 , gly--

cine and 0.05 M NaOH.
9 ¢ (e) A mixture of equal volumes of 0.1 M gly~
- cine and 0.05 M HCL

(3) What is the ratio of base to acid at pH 4, 5, 6,

7, and 8 for a?f}amd thh a pK of 6?
w} FRY : [N Pl
4. Tropomyosm, a muscle protein, is a two-

stranded a-helical coiled coil. The protein’s

8.

mass is 70 kdal. The average residue is about
110 dal. What is the length of the molecule?

. Anhydrous hydrazine has been used to cleave

peptide bonds in proteins. What are the reac-
tion products? How might this technique be
used to identify the carboxyl-terminal amino
acid?

. The amino acid sequence of human adreno-

corticotropin, a polypeptide hormone, is

Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-
Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-
Lys-Val-Tyr-Pro-Asp-Ala-Gly-Glu-Asp-Gln-
Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe

(a) What is the approximate net charge of this
molecule at pH 77 Assume that its side
chains have the pX values given in Table
2-3 (p. 40) and that the pXs of the termi-
nal —NH;* and —COOH groups are 7.8
and 3.6, respectively.

(b) How many peptides result from the treat-
ment of the hormone with cyanogen bro-
mide?

. Ethyleneimine reacts with cysteine side chains

in proteins to form S-aminoethyl derivatives.
The peptide bonds on the carboxyl side of these
modified cysteine residues are susceptible to
hydrolysis by trypsin. Why?

An enzyme that catalyzes disulfide-sulfhydryl
exchange reactions has been isolated. Inactive
“scrambled” ribonuclease is rapidly converted
into enzymatically active ribonuclease by this
enzyme. In contrast, insulin is rapidly inacti-
vated by this enzyme. What does this impor-
tant observation imply about the relation be-
tween the amino acid sequence and the
three-dimensional structure of insulin?

For additional problems, see W. B. Wood, J. H. Wilson, R. M. Benbow,
and L. E. Hood, Bischemistry: A Problems Approach (Benjamin, 1974), ch. 2; and

R. Montgomery and

C. A. Swenson, Quantitative Problems in the Biochemical Sci-

ences, 2nd ed. (Freeman, 1976), chs. 6, 7, and 8.
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i i i s (bi -shaped) and
Scanning electron micrograph showing erythrocytes (b}concave )

lcucocytgs (rounded) in a small blood vessel. [From Tissues and Ofgam by %7 9G
Kessel and R. H. Kardon. W. H. Freeman and Company. Copyright © 1979.]




