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PREFACE

Since modern biology has extended its analysis of life to molecular dimensions,
biochemistry can be regarded as the basis for many disciplines of biology and
medicine. However, the vast amount of detailed information available can prove
confusing to the student, indicating a need for a book in which an introduction to
biochemistry and a survey of the existing facts and concepts are presented. It is
hoped that this textbook, now in its fourth edition, will fulfill its purpose, to provide
a better understanding of the chemical background of biological phenomena.

The material has been arranged according to didactic needs. No distinction has
been made between “descriptive biochemistry,” the chemistry of natural products,
and “dynamic biochemistry” or metabolism. In some chapters the chemical struc-
tures of the natural compounds have been deduced from the description of their
biosyntheses.

In the selection of material, biochemistry has been regarded as part of the science
of life. Concepts of general importance, such as the generation and utilization of
free energy, the role of genes in protein and enzyme synthesis, and the importance
of the submicroscopic structure of the cell in biochemical reactions, have been
emphasized. Clinical problems have been treated only insofar as they have con-
tributed to the knowledge of normal biochemistry.

Because progress in biochemistry is so rapid a revision of the third edition, trans-
lated from the sixth German edition (1967), has long been due. This text is based
largely on the ninth German edition and contains all the changes made in the
seventh and eighth German editions. Several chapters have been completely re-
written; more emphasis has been placed on regulation of metabolism and structure
and function of membranes. A section on normal and malignant growth has been
added.

I thank the translator, Dr. Charles H. Doering, for incorporating in his transla-
tion the latest changes in the German text.

P. Karlson

xiii



CHAPTER '

Organic Chemistry and
Biochemistry

Biochemistry deals with carbon compounds and the reactions they undergo in
living organisms. Organic chemistry, the chemistry of carbon compounds, therefore,
1s basic to biochemistry. The chemistry of natural products and biochemistry overlap
extensively and lack a clearly defined border. Numerous compounds that have only
recently been recognized as intermediates of metabolism had long been known in
organic chemistry.

A good knowledge of organic chemistry, in particular, a thorough appreciation of structural formulas,
therefore, is a prerequisite for an intelligent study of biochemistry. The following brief outline is not intended
to replace a course in organic chemistry, but rather is to serve as a handy reference for selected compounds
and for reactions of special significance in biochemistry.

1. Hydrocarbons as Parent Substances

The great variety of organic compounds arises from the ease with which carbon
atoms can attach to each other to form chain compounds. Since carbon is tetravalent,
a great many possibilities for branching arise, leading to a staggering number of
carbon skeletons. If the remaining valence bonds are filled with hydrogen, then we
speak of the resulting compound as a hydrocarbon. From a systematic viewpoint,
hydrocarbons are the parent substances of all organic compounds; in practice,
however, they are very rarely used to prepare other classes of compounds.

The molecular formulas of all saturated open-chain hydrocarbons are represented
by the general formula C,H,, , ,. Every time an open chain closes to a ring, irrespective
of size of the ring, two hydrogen atoms are lost with a corresponding change in the
molecular formula. Thus it becomes possible to deduce from the molecular formula of
asaturated hydrocarbon such as cholestane, C,-H 45 (parent substance of cholesterol),
that there must be four rings in its carbon skeleton.
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In biochemistry saturated or alicyclic ring systems are at least as important as
aromatic structures derived from benzene, which dominate such a large segment of
classical organic chemistry. It is well known that the aromatic ring is a resonating
system which may be represented only imperfectly by the traditional hexagon and
the three double bonds. Nevertheless we shall adopt this symbol to distinguish
aromatic compounds from the saturated ring systems; these, in turn, will be repre-
sented by simple pentagons and hexagons. The most important ring compounds
and their formulas are listed in Table I-1.

Besides the all-carbon rings, we will frequently come across so-called heterocyclic
compounds, in which one (or more) carbon atom is exchanged for one (or more) of
nitrogen, oxygen, or sulfur. Ring systems of this type have usually received trivial
names (see Table I-1). Heterocyclic compounds possess chemical properties quite
different from analogous carbocyclic compounds; nitrogen, for example, usually
imparts basic properties (but occasionally is acidic). This is an important feature of
heterocyclic compounds.

Most saturated hydrocarbons are rather inert. By contrast, unsaturated compounds,
designated by

AN /
Cc=C (double bond)
/ AN

or by

—C=C— (triple bond)

are more reactive. They may easily add other atoms or groups of atoms, such as
hydrogen or the elements of water:

R, R, R R
R,—é—H e N¢7 o R,—é—OH
] — I —_— I
Ry~ C—H R,—C

R R

A Ry R

For further addition reactions, the reader should consult textbooks of organic
chemistry. Unsaturated compounds can be cleaved by oxidation at their double
bonds.

Presentation of Structural Formulas. Strictly speaking, every valence bond in a
formula should be represented by a dash, the symbol for an electron pair. For con-
venience, however, groups saturated with hydrogen are usually written as —CH,
or —CH,— instead of the cumbersome
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TABLE I-1

Ring Systems

Number Carbocyclic rings Heterocyclic rings
of
atoms Saturated Unsaturated
in ring (aromatic) N-containing O-containing
H H H
5 O @ N2 N M 0 )
5 2 5 72
r W U w
a 3 a4 N3
Cyclopentane Cyclopentadiene |Pyrrolidine  Pyrrole  Imidazole Tetrahydrofuran Furan
H
N N 0 0
¢ Y (Y Y L
s 3 = SN N3
4 4
Cyclohexane Benzene Piperidine Pyridine  Pyrimidine|Tetrahydropyran Pyran
. 7 H 3N 7
6+5 P N Ng e ] 0y
2 2 | \>s 2
s 2 s / N S~N7? s /
3 a 3 S 3
a4 H 4
Hydrindane indene indole Purine Coumarone
8 1 8 1 8 4 8
6+6 |” 82 2 7 7 N1\2 aN7 Ns\s 0 2
3 P 3 6 6 3 2'\\ | 7 3
s Py s a4 5 4 N Ne 5 4
Decalin Naphthalene Quinoline Pteridine Chroman
2 10
8 N\ N1\w2
Higher 7 N/ N3
3 s P
systems Phenanthrene :
H Alloxazine
12 17

5q-Sterane

We will simplify further in many cases and let a system of angled lines represent a
hydrocarbon chain in which each corner or kink indicates a CH, group. The same
holds for ring compounds where the abbreviated form is more common. Double
bonds are always shown by a double line; a hexagon with single lines hence means a

cyclohexane ring, i.e., a saturated compound and not a benzene ring.
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Groups of atoms of lesser importance in any particular context, or repeated
several times, usually are designated simply by R (= radical). Often R is used at a
position where different groups may be substituted.

2. Functional Groups

A further reason for the great variability of organic compounds is found in the
presence of functional groups. It should be understood that a strictly formal deriva-
tion, seldom feasible experimentally, is being described in this section. Depending

on the number of hydrogen atoms replaced on a carbon, we distinguish between

monovalent functional group: —QH (hydroxyl group), —NH, (amino group)

divalent functional group: =0 (carbony! group), =NH (imino group)
trivalent functional group: fO (carboxyl group), =N (nitrile)
OH

Chemical reactions of the different classes of substances ordinarily are reactions
of functional groups; the latter’s name derives from this fact.

Hydroxyl Groups. Compounds with a hydroxyl group are called alcohols after
the best known representative, namely, ordinary or ethyl alcohol. It is convenient to
distinguish the following:

H Ry R,
/ / au
R—~C—O—H Ry—C-O—H Ry—C-O—H
N ' N i N
H H Ry
Primary alcohols Secondary alcohols Tertiary alcohols

Alcohols form a number of derivatives, of which the esters with organic acids and
phosphoric acid interest us most:

R, H R, H @)
N A 7
/C—OH +HO—C—R, —= /C—O—C—R3 + H,0
R, R,
Alcoho! + Carboxylic acid e Ester + Water
R, H 0 R, H O
Il N _/ il
/C—OH +HO—P—0OH &—= /C—O—iI’—OH + H0
R, OH R, OH
Alcohotl + Phosphoric acid Ester of phosphoric acid

or alcohol phosphate
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The formation of esters is a reversible reaction. The final equilibrium may be
approached from either side of the equation (cf. Chapter V,2).

The removal of one molecule of water from two alcohol molecules produces an
ether:

RZ RZ
Hy oo o /2 H %
R,—CZ—«"WP%O—CF{ A0, R,—-CZ—O—CI-\l\
R3 R3

Many natural products contain ether groups.
One more example of the reactions of the hydroxyl group is the dehydrogenation
to the carbony! group:

H o 1 o R

| -2 [H] V N/ ~2[H] AN
R—C—OM —— R-C C—OH c=0

| +2 [H] N / +2[H] /

H H R, )

Dehydrogenation of alcohols

In reaction (a), a primary alcohol yields an aldehyde; in (b), a secondary alcohol
yields a ketone. Tertiary alcohols cannot be dehydrogenated without destroying the
carbon skeleton. Instead, they split off one molecule of water rather easily to form the
unsaturated compound. The other alcohols may also be dehydrated.

Amines. In former days (of “type theories’ in organic chemistry), alcohols had
been conceived of as monoalkylated water, and amines as alkylated ammonia.
Many properties of these two classes of compounds can indeed be explained that way.

The nomenclature of amines differs from that of the alcohols. The designations
primary, secondary, and tertiary refer to the number of substituents on the ammonia
nitrogen:

Primary amine Secondary amine Tertiary amine Quatemary
ammonium salt

The fourth formula shows a quaternary ammonium salt, derived formally by
replacing all four hydrogen atoms of the salt NH,CI with organic radicals. The
hydroxides of the quaternary ammonium ion, the “free bases,” exist in addition to
the neutral salts.
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The nitrogen compounds of this series are organic bases. Salt formation, written
analogously to ammonium ion formation, is the most important functional reaction
of amino compounds (cf. Chapter 11,1).

NH; + H® —— NH®; R—NH, + H® —— R—NHP

Cyclic bases actually are secondary or tertiary amines. The R, and R groups have
joined to close a ring. Examples of this are seen in Table I-1. Several of the cyclic
bases (pyridine, imidazole, etc.) have a double bond between a C and an N atom
(aromatic systems).

Another reaction of amines, comparable to ester formation of alcohols, is the
formation of amides. In practice, the preparation of amides is achieved only over
some detours.

R, H o
—_ \CéNH——C{R + H,0
— / 3 2
R, R,

Dehydrogenation of a primary amino group introduces, again in analogy to
alcohols, a double bond,

N .
C=NH imino group
/
changing it to an imino group. Imines are unstable and are hydrolyzed to ketones,

(or aldehydes, if R, = H) and ammonia. The oxidative metabolism of amino acids,
for example, follows this reaction scheme.

R #on R R
! \ / —-2H ! \ + Hzo ! \
C—N — C=NH —— C=0 + NH,
/ N\ / /
R, H R, R,
Amine Imine Ketone

Carbonyl Compounds: Aldehydes and Ketones. The general formulas of these
groups of compounds are

Aldehyde Ketone
Common to both is the carbonyl group,

c=0
/
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which undergoes certain reactions. By reduction (hydrogenation), i.e., addition of
hydrogen to the

AN
/C=O double bond

alcohols are formed. The reaction is reversible: Primary or secondary alcohols
can be dehydrated to yield carbonyl compounds as illustrated above in the discussion
on alcohols. This reversible reaction is particularly important in biochemistry.

In another addition reaction, a molecule of water is introduced. The resulting
hydrates are quite unstable but may serve as intermediates. Addition of an alcohol
instead of a water molecule gives rise to the analogous hemiacetals. By further reaction
with alcohol and removal of water, acetals are formed. The name acetal applies only
to derivatives of aldehydes; ketals are derived from ketones.

H OH OH H O—R’
Nelon o Nelo—r 22 NeZo_p-
| id I |
R R R
Aldehyde hydrate Aldehyde Hemiacetal (Full-)Acetal

Acetal formation is facilitated greatly by reagents that bind the released water;
acetals are also easily hydrolyzed.

Simple dehydrogenation of an aldehyde hydrate, i.e., without addition of oxygen,
produces a carboxylic acid:

H H
s e _ 4
R—C=0 + H,0 —= n—c:o% =24, g—c>oH

off

This reaction was the starting point for H. Wieland’s ““dehydrogenation theory” of biological oxidation,
the subject of bitter controversy in the 1920’s. The dispute over “‘activation of hydrogen” (dehydrogenation)
and O. Warburg’s “activation of oxygen” (oxidation) seems meaningless today. Now we are able to cite
numerous examples of both types of reactions; cell respiration employs both types.

For the purpose of chemical identification, the reaction of the carbonyl compound
with derivatives of hydrazine is often used. The example chosen here is the reaction
with phenylhydrazine:

R, R,
c=H + | "»N;NH4© — C=N—NH© + H0
s /
R, R,
Ketone + Phenylhydrazine Phenylhydrazone of the ketone

The hydrazone formed in this reaction usually crystallizes easily and is only sparingly
soluble. A variation of this reaction is used in the chemistry of sugars. Hydroxylamine
analogously forms oximes.
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Carbonyl compounds react not only with H,N groups, but with reactive H,C
groups as well. In the aldol condensation there is first an addition to the carbonyl
double bond and then water is split off. These steps are taken separately [see examples
in Chapters V1,7, reaction (2) of coenzyme A, and XV.,5]:

3 H

R

e

_ . _
Ny T c=cC

H H
b ¢
C=0 + H—C—C — R,—C—
/
R 6"‘ 5 R, R

T—O—x

N
/

Aldehydes and ketones can change to their enol forms; a hydrogen atom wanders
to the oxygen atom and the double bond shifts:

R, H
N _/
c 2
/ N\ _/
e X ~
~ H 1
Ketone Yo A4
R, L "
SN /2 e \C/
1

R, -
H _i Enolate ion
{limit structures contributing to resonance)
Eno!

The name “enol” is derived from ‘“‘en’ for double bond and *“ol” for alcohol
group. The transition from carbonyl to enol is called “‘tautomerism”; it occurs
especially easily whenever other unsaturated groups are in a potentially conjugated
position nearby. As seen above, an enol can readily donate a proton, because the
resulting enolate ion is stabilized by resonance.

Phenols. The phenols are closely related to the enols and are characterized by a
hydroxyl group attached directly to an aromatic nucleus. The phenolic OH group is
always next to a double bond which is part of the aromatic system. Many structures
contributing to the resonance can be written for the phenolate ion; phenols, for this
reason, are weak acids, and the simplest representative, phenol itself, originally was
called “‘carbolic acid.”” Nevertheless, the phenolic OH group can form ethers and
esters, and in these properties more nearly resembles the alcohols.

©/OH @/OH ©//O/\e

Phenol Phenolate ion

Imines. The imines are substances with a C=N double bond. They hydrolyze
easily and are stable only in special combinations. Ring compounds and the guanidino
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rou
group R—HN—C—NH,

NH
Guanidine, R=H

are among such combinations (see Table I-1 and Chapter VII,1). Guanidine is stable
in water.

The older chemical nomenclature also calls secondary amines, R—NH—R’, *“imines.” In some instances
such naming has survived stubbornly. We will avoid it whenever possible and call them ‘‘secondary
amines.”

Carboxylic Acids. These contain the carboxyl group —COOH; three valence
bonds of the carbon atom have been replaced by oxygen. The name indicates their
acidic nature. Carboxylic acids dissociate in water to give one proton (more properly a
hydronium ion, H;O ¥) and the negatively charged anion.

R—C
AN
0©
Carboxylate ion

The negative charge, however, is not localized on one oxygen atom. Both oxygens
share this charge by resonance. Nevertheless, we will continue to represent the
carboxylate anion in this manner for convenience.

Salts. At physiological pH most of the organic acids exist in their anionic form,
i.e., in their salt form. Acids occurring frequently in biochemistry are listed along with
their formulas in Table I-2.

For the preparation and purification of organic acids, their salts are occasionally used. The silver salts,
for example, of most organic acids are only slightly soluble.

Dissociation of Carboxylic Acids. Within cells and in other body fluids the
carboxylic acids exist almost entirely in their dissociated anionic form; only an
infinitesimal fraction retains the group COOH. We may represent the dissociation,
somewhat simplified, by the equation

R—COOH R—CO0® + H® (1)

and apply it to the law of mass action. The law states that the ratio of the concentra-
tions is a constant:
[R—C00°] - [H®] _ @)
[R—COOH]

Conventionally, the brackets signify concentration of the individual entities (either molecules or ions).
For simplicity we write [H®] in these equations, although the ion is [H;O®] in reality. With more concen-
trated solutions, furthermore, the simple stoichiometric concentrations should be replaced by *‘activities.”
The interaction among ions seems to lower their effective concentration, i.e., their activity. This phenomenon
is expressed by the activity coefficient f (which is always less than unity and is used as a factor for con-
centrations). For the “physiological NaCl"’ solution (0.154 M), for example, f = 0.76.
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TABLE I-2
Important Acids

Monocarboxylic acids

Dicarboxylic acids

Hydroxy or keto acids

H
HCOOH HOOC—COOH H,C —(:: —~COOH
OH
Formic acid Oxalic acid Lactic acid
H,C —COOH HOOC—CH,—COOH H,C—C—COOH
i
Acetic acid Malonic acid Pyruvic acid

H
H3;C—CH,—COOH HZ(I:—CHZ—COOH Hz(’:—ﬁ:*COOH
COOH OH OH
Propionic acid Succinic acid Glyceric acid
H COOH H
H3C—CH,—CH,—COOH c—=C Hz(ll—(llﬁ- COOH
HOOC H COOH OH
Butyric acid Fumaric acid Malic acid
H,C
\H H,C —CH,—CH,—COOH H H
C—CH,—COOH | HO—-C——C— COOH
COOH |
H,C COOH OH

Isovalernc acid

Glutaric acid

Tartaric acid

Sorensen has introduced the term pH of a solution as a scale for the concentration
(or rather activity) of H® ions appearing in Eq. (2). The pH is defined as the negative

common logarithm (base of 10) of the H® concentration, or

pH = —log [H®]

(3)

Because of the dissociation to H® and OH®, even pure water has a H® ion con-

centration of 1077 M, or a pH of 7: this is also the neutral pH.! The concept of the pH
is very important in practical biochemistry, because most cellular processes are
affected strongly by the H® ion concentration, i.e., the pH.

! The temperature dependence of the pH of neutrality, at which the H® concentration equals the OH®
concentration, is often overlooked. Neutrality is pH 7.0 at 22°, pH 6.75 at 37°, and pH 6.5 at 57°.
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The use of pH values follows, of course, the rules of logarithmic calculations; every change of the pH by
one unit corresponds to a change in H® ion concentration by the factor of 10. For example, the H® ion
concentration of 2 x 10~ M can be expressed as a pH of

—log(2 x 1075 = —(log2 + log10-5) = — (0.3 — 5.0) = 4.7

Let us return once more to the law of mass action. We may rewrite Eq. (2) in the
following way (A® = anion, HA = undissociated acid):

[A®]

hA] [H®] =« (4)

If the quotient equals unity, i.e., the amount of undissociated acid equals the
amount of anion, then the H® ion concentration becomes the dissociation constant
of the acid. If [H®] is expressed as the pH, it is expedient to express also the dissocia-
tion constant as the negative logarithm. This value is then called the pK; pK =
—log K.

The conversion of Eq. (4) into its logarithmic form yields :

A©
logﬁ + log[H®] = log K
A©
log %HA% - log K = — log[H®]
| [A©] K H
Ogm + PRk =p

This last equation, generally known as the Henderson-Hasselbalch equation, is
useful particularly for the calculation of pH values arising from mixtures of salts and
acids. Mixtures of this kind are called buffer solutions.

Buffers. Buffer solutions are capable of absorbing H® and OH® ions and in this
way can resist changes of pH which would otherwise occur with the additions of acids
or bases. This phenomenon can be explained by the law of mass action. If acid is
added to the equilibrium mixture represented by Eq. (4), the [H®] will rise. However,
in order to reach equilibrium again, [HA] must also rise; the latter can be achieved
only by the recombination of H® and A® to form HA. This reaction consumes
nearly all the added H® ions, and the consequent change in pH is negligible. All this
presupposes, of course, that not too many H® ions, or not too much acid, have been
added. The capacity of the buffer is limited by the number of A® ions available to
trap H® ions.

Weak acids or weak bases in combination with their salts are, in general, adaptable for setting up buffers ;
their greatest capacity to buffer is around their pK value. Buffers are indispensable in most biochemical
work. Commonly used are buffers of phosphate, citrate, glycine, tris(hydroxymethyl)aminomethane (or
simply ““tris buffer ), and others. The exact compositions of different buffer mixtures are listed in biochemical
handbooks.

The physiological buffer system in blood is described in Chapter XX1.4.



12 I. ORGANIC CHEMISTRY AND BIOCHEMISTRY

Esters. Further functional derivatives of the acids may be derived formally from
the acyl residue. (The group R—CO— is called the acyl residue.) Esters, as the first
example, are formed from acids and alcohols by an equilibrium reaction:

R, 0 R,
Vo V4 Ve
R,—C—OH" + ks%gQO—C<H —— R,—C—0—-C=H + H,0
R3 R3

In preparative chemistry, conditions can be chosen to obtain the ester in nearly quantitative yields. Under
physiological conditions—i.e., in aqueous medium at neutral pH—the equilibrium favors the reactants,
acid and alcohol. Yet many esters are found in cells. For biological ester formation and cleavage, see
Chapters VL5, reaction type (a); V1,7, reaction (1) of coenzyme A ; and XIL6.

Amides. Acid amides also play an important role in biochemistry. They are
compounds in which the hydroxyl group of an acid has been replaced with —NH,
or —NH—R.Incontrast to esters, amides cannot be prepared from acid and ammonia
(or amine), but rather have to be made via reactive or ‘“‘activated’’ derivatives of the
acids. They are very stable in aqueous solution, despite the fact that the reaction
equilibrium of hydrolysis is far on the side of cleavage:

R—CO—NH, + H,0 === R—COO0® + NHY

“Activated’” Acid Derivatives. These are very reactive and interact with other
substances exergonically (Chapter V,2). Even esters belong to this class, because they
undergo many reactions that are impossible for free acids. In organic chemistry, acid
chlorides and acid anhydrides are preferred.

0
Va
R—C 0 0
AN V4 V4
/O R—C—CI R—C—S—CH,—R
R—C
N\
0
Acid anhydride Acid chloride Thioester

When acid chlorides react with other substances, the chloride is released as HC]
(in the case of acid anhydrides, the acyl group is released as the free acid). Thus
esters, amides, etc., are prepared conveniently. Such “activated” acids are also known
in biochemistry. Activated acids are of the anhydride type or of the thioester type.
Thioesters differ from simple esters in that the alcohol component R—OH is replaced
by an R—SH compound. They are highly reactive (cf. also group transfer, Chapter
V1,7, coenzyme A).
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3. Polymeric Compounds

Compounds can combine to form chainlike larger molecules, which, in turn, are
susceptible to hydrolytic breakdown. They contain C—O—C or N—C bonds that
may be thought to have arisen by condensation of two parent molecules with loss of
one water molecule. Their hydrolysis, therefore, appears to be a reversal of their
formation. The list of such polymeric compounds is headed by the acid derivatives,
esters and amides. Esters and acetals also belong to this group.

Nearly all macromolecular natural products are combinations of smaller com-
pounds.” Molecular weights of monomeric compounds rarely exceed 600. Poly-
saccharides (starch, cellulose) are linked by hemiacetal bonds; proteins, by acid—
amide bonds, usually called peptide bonds (see Table I-3). Ester linkages are found in
fats and lipids (not of very high molecular weights) as well as in the macromolecular
nucleic acids, which are phosphoric acids of exceedingly high molecular weights.

TABLE 1-3
Macromolecular Natural Products

Type of linkage Natural product See Chapter
Polyacetals Cellulose, starch. etc. XVII
Polyamides Proteins, polypeptides I 1V
Polyesters Nucleic acids (phosphate esters) Vil

Fats (carboxylate esters) XI1

Macromolecules usually consist of subunits with two functional groups, both of
which contribute to the linking; in the case of proteins, they are the amino and car-
boxyl group. Biosynthesis, however, does not occur simply by splitting out water
between components.

4. Isomerisms

Another phenomenon contributing to the great variability of organic compounds
is isomerism. Isomers are compounds that have exactly the same molecular formula
but differ in at least one of their chemical or physical properties.

The difference in properties may stem from differing functional groups. Both
lactic acid and dihydroxyacetone have the same molecular formula, C;H,O3; the

2 An exception is natural rubber, which is a polymer of isoprene units with C—C linkages only. The
molecular weights may range as high as 350,000. Highly polymerized synthetic products frequently follow
the same pattern of composition, i.¢., of the very stable C—C linkage. Synthetic products of the polyamide
(nylon). polyester. and polyurethane types are other familiar examples of polymers.
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former has a carboxyl and a hydroxyl group, while the latter has two hydroxyl
groups and one carbonyl group and is not an acid:

0 H 0 H 0
7 N\ 7 N\ 7
(ID—OH (I:Hon (IZ (I:
H—C—OH c=0 H—C~—0H '%F(I:—H
CH, CH,0H CH,OH CH,OH
Lactic acid Dihydroxyacetone Glyceraldehyde
o-Form L-Form

Such differences are rather obvious. For such compounds to have identical molec-
ular formulas appears to be merely an accident. The difference is smaller between
dihydroxyacetone and glyceraldehyde (second and third formula, respectively); the
carbonyl and the hydroxyl groups have simply been exchanged. In the case of the
D- and L-forms of glyceraldehyde, only the hydroxyl group and the H atom on the

middle carbon have changed places, which results in mirror-image isomerism (see
below).

Positional Isomerisms. When one or more groups assume different positions on
a carbon skeleton, as with dihydroxyacetone and glyceraldehyde in the above series
of formulas, positional isomerism occurs. Further examples are methylmalonic acid
and succinic acids as well as citric acid and isocitric acid:

COOH OH N /OH
H,C—C—H H,C CH, H,C——C CH, H,C C—(I:\H

COOH COOH COOH COOH COOH COOH COOH COOH COOH
Methylmaionic acid Succinic acid Citric acid Isocitric acid

The structural differences are evident without further explanation. The properties
of positional isomers generally differ more than those of homologs. A homolog is a
compound whose carbon chain has been extended by one extra CH, group.

Geometric Isomerism, (cis-trans-Isomerism). To determine this type of isomerism
requires that an imaginary plane be drawn through a molecule. In the four-membered
ring, for example, all four C atoms lie in one plane. Two COOH groups at positions
1 and 3 may either both be on the same side of the plane (cis-compound) or be on
opposite sides (trans-compound).
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The drawing clearly shows the difference between the two model molecules. This
difference is reflected in some of their physical properties, for example, their melting

points:
H H H COOH
| | | |
AR —
/ " / cooK / " / "
H H H H
| | | |
! i
COOH H COOH H
m.p. 131° m.p. 190°
cis- trans-

Cyclobutanedicarboxylic acid

A double bond, in a sense a two-membered ring, presents the simplest case of
geometric isomerism. Here a plane may be imagined to run through the two C atoms
perpendicular to the surface of the paper. A well-known pair of isomers is maleic and
fumaric acids. Stable isomers of this type are not possible with single bonds because
of the generally unhindered rotation around the C—C axis. The two formulas of
succinic acid to the right are just two equivalent modes of presenting the same sub-
stance.

H COOH HOOC H H H
AN ANV | |
[('3 ](]3 H—(I:—COOH HOOC—(IZ—H
C Cc H—C—COOH H—C—COOH
7N\ 7N\ | |
H COOH H COOH H H
Maleic acid Fumaric acid Succinic acid
(cis -compound) (trans-compound) (only two manners of presentation, no
isomerism)

Geometric isomerism with respect to the plane of the ring also figures prominently
with five- and six-membered ring compounds. In many cases it has been convenient
to let the designations cis and trans refer to one particular substituent rather than to
indicate relative positions of two groups. According to the conventions of steroid
chemistry (cf. Chapter XIV,2), trans in the expression *3-trans-hydroxy” establishes
the orientation of the hydroxyl group at C atom 3 with respect to the methyl group at
C atom 10 as reference point.

Mirror-Image Isomerism (Chirality). This type of isomerism appears in asym-
metric molecules, of which the simplest member is a C atom with four different
substituents. The C atom thus substituted is usually—but somewhat incorrectly—
called the asymmetric C atom. Two substances related by this mirror-image iso-
merism are called enantiomers. They possess the same chemical and physical proper-
ties (melting point, boiling point, solubility, etc.), the only difference being in the
direction of optical rotation, from which the term “‘optical antipodes™ is derived.



16 I. ORGANIC CHEMISTRY AND BIOCHEMISTRY

Solutions of such isomers rotate the plane of plane-polarized light. The direction of rotation is indicated
by + (dextrorotatory) and — (levorotatory). The degree of rotation is based on a light path of {0 cm through
a solution of the substance with a concentration of 1 gm per 1 ml of a specified solvent. Comprehensive
tables list this “‘specific rotation” along with wavelength and temperature. Experimental determinations
on far less concentrated solutions may be converted to specific rotation, since the rotation is proportional
to concentration.

Projection Formulas. It is possible to represent mirror-image isomerism in the
plane of the paper through a perspective drawing (Fig. I-1a). Clearer, however, is E.
Fischer’s projection formula now widely used in print.

The following conventions apply to the planar projection of a three-dimensional model. If a plane is
imagined to pass through the asymmetric carbon atom, then all other carbon atoms of the carbon chain
(in vertical position) must lie behind that plane and the other substituents of the asymmetric carbon atom
must appear in front of the plane. The arrangement is then projected onto the plane as shown in Fig. I-1b.

D- and L-Series. The compound shown in the planar projection formula is
L-serine. All amino acids of the L-series have their NH, groups to the left (if the
—COOH is on top) which is represented by projection formulas. The mirror-image
forms (D-series) have their NH, groups pointed to the right. The same conventions
hold for sugars, whose simplest member is glyceraldehyde. The projection formulas
given above at the beginning of Section 4 show both dextrorotatory D-glyceralde-
hyde,® o, = +14°, and levoratatory L-glyceraldehyde, ap, = — 14°.

When projection formulas are used, it should be remembered that they must not be moved out of the plane
of the paper (which would result in the enantiomeric forms). Within the plane, however, they may be pushed

or turned about freely. Normally the formulas are written such that the carbon atom in the highest oxidation
state stands on top: D-glyceraldehyde, in that case, has its OH group pointing to the right.

COOH
COOH
HzN_C_H
HO—H,C H H,;COH
Fig. I-1a. Tetrahedral structure and projection formula Fig. I-1b. Projection of three-
of L-serine. dimensional model on a plane.

3 The arbitrarily adopted convention to represent dextrorotatory glyceraldehyde in the manner in-
dicated has now been substantiated by the determination of its absolute configuration.
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Only very laborious chemical conversions and comparisons can establish whether a compound belongs
to the D- or the L-series. The assignment of configuration, unfortunately, is not related to the direction of
rotation of a compound, which may easily be determined experimentally. One example, D-glyceraldehyde,
is dextrorotatory; oxidation affords p-( — )glyceric acid, which is levoratatory. By reduction of the CH,OH
group to the CH; group, levoratatory p-{ —)-lactic acid is obtained, whose ester is again dextrorotatory:

0] HO 0 HO 0 H.C,0 0
7 N\ 7 N\ 7 PN
? .C .C
H—C—O0H H—(]:—OH H—(]Z—OH H—(I:——OH
H,C—OH H,C—OH CH,4 CH,4

p-Glyceraldehyde p-Glyceric acid p-Lactic acid  p-Lactic ethyl ester
(p-ethy! lactate)

ap = +14° ap = —2° ap = —3.8° ap= +11.6°

During all these reactions, the configuration at the asymmetric center has remained unchanged.

During chemical synthesis inactive (symmetrical) substances yield a mixture of
equal amounts of both enantiomers. A molecular complex often formed from equal
parts of the L- and D-isomer is called a racemate. Methods are available to prepare the
pure optical antipodes from racemate mixtures.

The D- and L-forms differ in their chemical reactivity only when interacting with
other optically active compounds. Since all enzymes are optically active, the D- and
L-forms are converted enzymatically at very different rates; in many instances, one
form 1s converted immeasurably slowly.

The R—S System. The unequivocal assignment to either the D- or L-series
is not always possible, even when the formula of a compound is known completely.
A new system of nomenclature has therefore been devised* for the description of the
configuration of individual asymmetric atoms. The new system called sequence rule
or R—S system, is based directly on the tetrahedral model (Fig. 1-2).

The four groups on the asymmetric center are placed in a pecking order that depends on the atomic
number of the substituting atom. If the substituting atom itself does not permit ranking, then its substituents
enter into the decision. For example, in serine (Fig. I-2) the central atom is surrounded by H (atomic number
1), by N (atomic number 7), and two C atoms (atomic number 6). One of the latter bears a hydroxyl group
(oxygen, atomic number 8); the other is a carboxyl group (doubly bound oxygen is counted as 2 x 8
because of the double bond, and a singly bound oxygen as 8). The amino group consequently ranks highest,
followed by the COOH group, the CH,OH group, and finally by H. The tetrahedral model is now oriented
in such a way that the substituting atom with the lowest rank (hydrogen in this example) points to the rear.
The other three substituents then form a regular star in front. If the direction from highest to second to third
ranking substituent is counterclockwise, as in the model for serine shown above, then the central atom is
called “S” (from Latin sinister = left). If the direction is found to be clockwise, the designation is “R”
(from Latin rectus = right). By definition, this nomenclature specifies the absolute configuration, and hence
can be used only for compounds whose absolute configuration is established. The advantage is that even
with complicated compounds the steric arrangement of each individual asymmetric center can be described
uniquely without any further points of reference.

4R.S.Cahn. C. K. Ingold. and V. Prelog. Experientia 12,8194 (1956): R. S. Cahn. An introduction to
the sequence rule. J. Chem. Ed. 41, 116-125 (1964).
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v Lin COOH Os~__OH
~ e R S
~ ifslght \C/
~
\

H
'I

C

HO—H,C H HO—CH NH,
NH,

Fig. I-2. Designation of absolute configuration by the R—S sequence rule. At left the orientation of the
tetrahedron; at right, the diagrammatic representation for determining the direction from highest to
lowest ranking substituent. The arrow points to the left, and thus the central atom is described as “S.”

If a molecule possesses two (generally, n) different asymmetric C atoms, then there
must be four (generally, 2") different forms. The number of isomers (always a multiple
of 2) is grouped into pairs of enantiomers (mirror-image isomers), which agree in their
melting points, solubility, etc. These physical properties distinguish one enantiomeric
pair from another. An illustration can be found in threonine and allothreonine.

HO (o] HO o HO 0 HO 0
NV N\ A/ NIV NIV
? ? ? ?
H—CIZ—-NH2 H,N—C—H H—C—NH, HzN-CII—H
HO—-C{:—H H—CI:—OH H—C‘I—*OH HO—CII—H
CH, CH, CH, CH,
o-Threonine t-Threonine p-Allothreonine L-Allothreonine
m.p. 253° m.p. 2563° m.p. 272° m.p. 272°
HO o H o] HO 0 HO 0
NIV 0\ a N4 NV
7 T ¢ T
H—C—~OH HO—?—H H—$~0H _ Ho~$ H
HO—?-H H—?aou H—?—OH - HG—?—
C C C C
Z N\
o” “oH o” “ou o7 “oH 0”7 “oH

R,S-meso-Tartaric acid

S,S(—)-Tartaric acid
(identical with its mirror image)

R,R( +)-Tartaric acid

With two identical asymmetric centers (e.g., as in tartaric acid), one of the two forms

is constructed symmetrically, i.e., its mirror images can be superimposed perfectly.
Such compounds are optically inactive and are called meso-forms.
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With more complicated molecules, particularly with ring compounds, it is often difficult to predict
whether a compound will be optically active. One reliable rule states that any molecular structure will
exist in two optical antipodes if it cannot be superimposed completely with its mirror image. This decision
can be reached most easily by means of models. In general, the various stereochemical relations can be
appreciated fully only if one constructs models of the molecules, which may be achieved with rather

simple means. For example, corks and pins may help to improvise models adequate for many considera-
tions.

Geometric and mirror-image isomerism frequently appear together. Thus, 1,3-
dihydroxycyclopentane exists both in a cis- and a trans-form; the cis-compound is
a meso-form, i.e., possesses symmetry; (cf., also myo-inositol, Chapter XIII,2). The
trans-compound, on the other hand, cannot be brought to complete superimposition
with its mirror image and, hence, displays two optical antipodes:

cis-1,3-Dihydroxy- trans-1,3-Dihydroxycyclopentane
cyclopentane

5. Reactions with Biochemical Significance

The living cell utilizes a much smaller number of different reactions than a synthetic
chemist does. One very prominent type of reaction is the transfer of groups. Certain
groups, e.g., an acetyl or methyl group or even an entire glucose molecule, are trans-
ferred to another molecule. The various group transfers are discussed in Chapter V1,3
(Table VI-1). Similarly, hydrogen may be transferred, very often reversibly.

The following reactions are of great importance in the organism:

1. Formation and Cleavage of Macromolecules. Cleavage is mostly hydrolytic
(occasionally phosphorolytic). Synthesis, however, employs group transfer.

2. Dehydrogenation and Hydrogenation. Either of special redox systems (see respira-
tory chain, Chapter X 4), where, in effect, oxygen is reduced (hydrogenated) to
water, or of any intermediate product of metabolism:

a. Alcohols to carbonyl groups (reversible)

b. Saturated to unsaturated compounds (reversible)

c. Aldehydes to carboxylic acids (not readily reversible)

d. Amines to imines, which in turn are hydrolyzed to carbonyl compounds
(reversible only over detours)

3. Formation and Cleavage of C—C Bonds

a. By decarboxylation of keto acids or, in reverse, by carboxylation of ketones
and acids (to malonic acid derivatives)
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b. By condensation of activated carboxylic acids to -keto esters and its reverse,
according to the principle of ester condensation

c. By reactions analogous to aldol condensations (Chapter XV,5) or condensa-
tions of ketones with activated CH, groups (frequently reversible)

d. By addition to double bonds (establishing a C—C bond)

4. Loss of Water (or ammonia) leaving a double bond and Addition of Water to a
double bond.

The number of reaction types in cells evidently is small. Specificity, on the other
hand, is extraordinarily great. From the multitude of potential reactants present in the
cell, usually one particular substance is chosen and its specific reaction guided in a
definite way. Maybe one of the most striking examples is the direct introduction of
oxygen into the steroid molecule by an enzyme which permits the insertion of a
hydroxyl group at one and only one position and with a certain steric orientation.
Many more examples of specific reactions will be seen later.
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CHAPTER 'l

Amino Acids

Proteins are essential components of all living cells. During hydrolysis proteins
break down to amino acids, whereas in the organism proteins are built up from
amino acids. The significance of amino acids, however, is not limited to their being
components of proteins. Amino acids undergo many metabolic reactions and supply
precursors for other endogenous substances (e.g., hemoglobin of blood).

This chapter will describe chemical properties of amino acids, chiefly of those contained in proteins.
The metabolism of amino acids is discussed in Chapter VIII along with that of proteins.

1. Chemical Properties

Their name indicates that amino acids possess two characteristic functional
groups: the amino group, —NH,, and the carboxyl group, —COOH. All amino
acids that occur as natural components of proteins have their amino group in
a-position to the carboxyl group. A list of the 20 amino acids found regularly in
proteins is presented in Table II-i. They have trivial names that are abbreviated to
the first three letters, with a few exceptions.

The general formula of all amino acids is:

o o} o
4 V4 4
([:—OH C—OH C—OH
H,N—C—H NH H—C—NH
2 s 1 2
R C R
I\
R H
L-Amino acid General formula p-Amino acid

21
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What distinguishes the individual amino acids is the residue R, an aliphatic or
aromatic carbon skeleton which may itself carry further functional groups. Glycine,
H,N—CH,—COOH, is the only amino acid in which the a-carbon substituent R
is a hydrogen atom. In addition, the nitrogen can be substituted or be part of a ring
structure.

In all cases of the general formula, except when R = H, the a-carbon is substituted
asymmetrically, resulting in optical activity, since the model cannot be superimposed
on its mirror image (cf. Chapter 1,4). We recognize two steric configurations, the
D- and the L-series. The amino acids appearing in proteins are members of the L-series
which means their a-carbons are substituted with the same orientation as those in
L-alanine and L-serine (R = CH; and CH,OH, respectively). The direction of optical
rotation, however, is independent of the configuration.

Zwitterions. The carboxyl group, being acidic, can lose a H® by dissociation.
The basic amino group can pick up a proton, in analogy to ammonia: NH, +
H® — NH.Ifboth groups are ionized, the result is the so-called zwitterion (German,
“ion of both kinds” ; amphoteric ion) shown in Formula I. Amino acids in aqueous
solution are in zwitterionic form:

0 0
V4 V4 Va
C—OH c—0°© c—0°
® | +H® @ |
H3N——C—H — H;N—C—H _ HzN——C—H
f | -H?
R R R

() U (i

The addition of H® ions (acid) will neutralize the negatively charged groups, as
shown in Formula II. Addition of OH® ions (base) will remove protons attached to
the amino groups (cf. Formula III) and form water. A single amino acid molecule in
aqueous solution can exist only in one of these three forms (the uncharged variation
is never possible). A solution of an amino acid with many quintillions (10!8) of
molecules adjusts itself to a mixture of Formulas I and II or I and III with one form
predominating. The dissociation constants of the carboxyl and the amino group and
the pH of the solution, i.e., the H® ion concentration, determine which form will
predominate.

The dissociation of the acidic and basic groups of amino acids is governed by the law of mass action, as
with all weak acids and bases. To each group is ascribed a dissociation constant, K, whose negative loga-
rithm is called the pK value (cf. Chapter 1,2, Dissociation of Carboxylic Acids). The pK of the carboxyl
group is usually around 2.2; evidently in amino acids the carboxyl group is dissociated to a much greater
extent than in acetic acid (pK = 4.65). The amino group, which may also be considered to be an acid
according to the following equation, has a pK ranging between 9.0 and 9.8:

R—NH$ = R—NH, + H®
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It is often valuable to express this dissociation in the form of a titration curve where pH is plotted as a
function of the amount of added acid (H® ions) and base. With the addition of 0.5 mole the pK is attained.
Figure II-1 shows the titration curve of histidine which with one acidic and two basic groups has three
pK values. In the vicinity of its pK value an amino acid behaves as a buffer (cf. Chapter ,2).

pH
HN HN
12 4 &CH2—$H—COOG =4 l\/\>~CHz_ﬁ;H_cooe + H®
T Sy
N oNH, N NH,
10 4
8 4
6-
HN- o HN/§; o Lo
4l g/>cr42 (]:H C00° L\ CHZ-(!iH—COO +H
H@ oNH, N oNH,
K
5] PK,
HN" HNTY
L CH,—CH—COOH & L CH,—CH—C0O0® + H®
>~ | \N [
H@ oNH; N oNH,
T LJ T Y ¥ 1
20 15 1.0 05 05 10

Equivalents HC| - » Equivalents NaOH

Fig. II-1. Titration curve of histidine. I.P. = isoelectric point.

At a certain pH, an amino acid will be present almost exclusively in its zwitterionic
form (Formula I) with little, but exactly equal, proportions of Formulas II and III.
This particular pH value is called the isoelectric point (I.P.), and it can be calculated
from the acidic and basic groups:

PK, + pK,
= =P

2
The amino acid appears to be without charge, although each molecule carries one
positive and one negative charge.

General Reactions. The usual derivatives can be prepared from the two functional
groups of amino acids (cf. Chapter 1,2).

Salt formation of the carboxyl group has already been discussed in principle;
formula III (of the preceding page) depicts the anion of a salt.
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Of biochemical significance is the formation of amides. Ammonia affords un-
substituted amides,

4
R—CH—C—NH, R,—CH—C—NH—R,
NH NH

2 2

while amines produce substituted amides, better known as peptides (cf. Chapter III).
Salt formation, again, is also one of the reactions of the amino group. As with
ammonia, it consists of an addition of a proton from another acid:

R—NH, + H® —= R—NH?
2 3

Another important reaction is acylation, which yields again acid amides. The
acetyl and benzoyl derivatives of glycine (the latter is called hippuric acid) occur
naturally, in addition to a few other compounds of similar composition. If the
acylating agent is another amino acid, the result is again a peptide.

Amino groups may also be alkylated, e.g., with methyl groups. Methyl derivatives
of glycine play a physiological role.

One important color reaction of amino acids is the reaction with ninhydrin. It is the
most widely used method for detecting and determining amino acids and follows the

scheme shown here:
0
HO
HO
0

Ninhydrin

H N—(::—H 2[H]
R

o
—f@@/

Reduced ninhydrin
-3H,0
_ H©

o
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The amino acid is degraded to the next lower aldehyde and CO,. The reagent com-
bines with the liberated ammonia and produces a blue color.

2. Individual Amino Acids

Twenty different amino acids regularly appear in proteins. As is evident from the
general formula (cf. Section 1), they differ only in the substituent R. The formulas
of these amino acids are included in Table II-1 above. One system of classification
groups the amino acids into five divisions:

I. Amino acids with a nonpolar R, i, with an unsubstituted hydrocarbon side
chain: glycine, alanine, valine, leucine, isoleucine, phenylalanine, and proline.

I1. Amino acids with nonionized,” but polar, substituents, such as —OH, —SH,
—CO-NH,, and a few heterocyclicones: tyrosine, tryptophan, serine, threonine,
cysteine, cystine, and methionine. To this group belong also asparagine and gluta-
mine, the acid amides of the acidic amino acids (Group III). The acidic properties of
the carboxyl group are lost through amide formation.

III. Acidic amino acids, or monoaminodicarboxylic acids, containing an
additional carboxyl group: glutamic acid and aspartic acid.

IV. Basic amino acids, or diaminomonocarboxylic acids, containing an additional
amino group: lysine, arginine, and histidine.

V. Less common amino acids.

This classification emphasizes the significance of the amino acid side chains for the three-dimensional
structure of proteins. The side chains of Group | enter hydrophobic bonds (see Chapter 1V.3), those of
Group Il form hydrogen bonds between side chains, and the amino acids of Groups Il and IV contribute
the electrical charges determining the electrophoretic mobility of the protein molecule.

The organism of man and most animals cannot synthesize every amino. Some must be supplied in the
diet, and, consequently, they are known as essential amino acids (see the list in Chapter VIIL6).

Group 1. Nonpolar Side Chains.

Glycine (aminoacetate). The simplest amino acid and the only one lacking an
asymmetric atom.

co0® COo0® C0o0® c00°®
o | ® | o | e |
H,N—CH, H,C—NH,—CH, (CH,),N—CH, H3N—(|:H
CH,
Glycine Sarcosine Betaine L-Alanine

Glycine is present abundantly in scleroproteins (fibrous protein; cf. Chapter 1V,3).
Methylation yields sarcosine, which occurs in several peptides. Further methylation

! In a more alkaline environment the SH group of cysteine and the phenolic OH group of tyrosine can
dissociate their proton.
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yields betaine. This substance exists exclusively in the zwitterionic or salt form
(zwitterionic formulas sometimes are called betaine structures).

The glycine conjugates acetyiglycine and benzoylglycine (hippuric acid) have
already been mentioned. Bile acids form similar derivatives (conjugates) with glycine
{cf. Chapter XIV.,5).

Alanine (x-aminopropionate). All amino acids, except glycine, may be regarded
as derivatives of alanine ; by replacement of one or two H atoms of the methyl group,
all the other amino acids can be constructed.

Valine (a-aminoisovalerate), leucine (x-aminoisocaproate), and isoleucine (-
amino-f-methylvalerate). Each possesses a branched carbon chain. Chemically
they are quite alike. Leucine and isoleucine are particularly difficult to separate.
Most animals cannot synthetize the branched carbon chain. These amino acids,
therefore, are indispensable or essential in the diet (cf. list in Chapter VIIL6).

coo° Co0°
° e | o |
CIOO HGN—(IZ—H HGN—Cl—H
)
HaN_C]_H Cle HC[—CH3
H(IZ—CH3 HCl—CH3 CIH2
CH, CH, CH,
L-Valine L-Leucine L-Isoleucine

Proline (2-pyrrolidinecarboxylate). Frequently found in protein hydrolyzates,
proline is a cyclic amino acid. The amino group in a-position has become part of the
ring and consequently is a secondary amino group instead of being the usual primary.
Thesame s true for hydroxyproline, which occurs only in structural proteins. Collagen
is rich in both proline and hydroxyproline. These secondary amino acids occasionally
are called “imino acids” after some archaic chemical nomenclature. Compounds
containing the group C—NH—C and formerly called “imines” must not be confused
with the true imines which contain the imino group, R;R,C=NH.

coo® coo®
® ®
H_N H,N
OH
L-Proline L -Hydroxyproline

Phenylalanine (x-amino-f-phenylpropionate). Because of its aromatic ring,
phenylalanine cannot be formed in the animal organism. It is closely related to
tyrosine, which belongs to Group II with its phenolic —OH group.
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co0° coo® coo®

e | o | o |
HaN—(l:—H H3N—(IZ—H HaN-—(l:—H
CH, CH, CH,

A\

N

H

OH
L-Phenylalanine L-Tyrosine L-Tryptophan

Group I1. Nonionized Polar Side Chains.

Tyrosine [a-amino-fB-(p-hydroxyphenyl)propionate]. The phenolic group of tyro-
sine is weakly acidic and loses its proton above pH 9 (pK = 10.1).

Tryptophan (a-amino-f-3-indolepropionate). A heterocyclic amino acid, trypto-
phan is a derivative of indole (with one N atoms).

The three amino acids phenylalanine, tyrosine, and tryptophan may be grouped
together on the basis of their aromatic side chains.

Serine (x-amino-f-hydroxypropionate). This amino acid contains an alcoholic
hydroxyl group that may engage in the usual reactions, such as ester formation.
Esters with phosphoric acid have physiological significance as components of
nucleotides and some proteins. The unesterified OH group of the serine residue
possesses special functions in several enzymes.

Threonine (x-amino-B-hydroxybutyrate). The next higher homolog to serine is
threonine. Its name points to the relationship with the sugar threose. Threonine has
two asymmetric centers (cf. Chapter 1,4) manifested by four stereoisomeric forms, of
which two are always mirror images of the other two, namely, D- and L-threonine
and D- and L-allothreonine. Threonine was discovered in an interesting manner: it
was identified as a necessary supplementary factor of a synthetic diet mixture (Rose,
1935) and thus became the first amino acid to be recognized as indispensable.

coo° R (]:OOe (I:O%e . ([:OOe
H,N—C—H H,N—C—H H—C—NH, H,N—C—H
HZ(IZ—OH H—([:—OH HO—(I:AH HO—(‘:—H
(I:H3 (]:H3 (IZH
L-Serine L-Threonine p-Threonine L-Allothreonine

Cysteine (x-amino-f-mercaptopropionate). This amino acids contains sulfur.
The SH group is quite reactive and readily dehydrogenated (even while part of a
peptide chain). When it is dehydrogenated (i.e., oxidized), two molecules will join to
form the amino acid cystine (compare with reaction of glutathione: cf. Chapter I11,3).
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Cystine [di-(a-amino-f-mercaptopropionate)]. Being a diaminodicarboxylic acid,
cystine may be part of two different peptide chains at the same time, or be part of the
same chain at widely separated places; such S—S linkages occur in many proteins.

Methionine (x-amino-y-methylmercaptobutyrate). Methionine may be looked
upon as a methylation product of homocysteine and aside from its role as a protein
constituent and as an essential amino acid, is also important as a donor of active
methyl groups.

coo® Ccoo® Cc0o0® C0o0® Ccoo®
o | o | e | o | e |
HSN—?—H H:,N—?—H H3N—?—H H:,N—Cl—H HJN—?—H
H,C—SH H,C——S——S——CH, CIH2 Cle
H,C—SH H,C—S—CH,
L-Cysteine L-Cystine L-Homocysteine L-Methionine

Asparagine and Glutamine. The amides of the “acidic amino acids,” are grouped
here. The amide group bestows hydrophilic properties to these two amino acids.
Acid or alkaline hydrolysis of proteins also splits amide groups, and ammonia and
aspartate or glutamate are released.

Ccoo® coo® Cco0® Cco0® coo®
e | o | ] ®
HSN—(It—H HSN—?—H HSN—C|—H HSN—(It—H HN
CH, ?Hz C[Hz $H2
CONH, CH, C00° CH, 0
CONH, coo®
L-Asparagine L-Glutamine L-Aspartate L-Glutamate L-Pyroglutamate

Group III. Monoaminodicarboxylic Acids.

Aspartate (aminosuccinate) and glutamate (o-aminoglutarate). These amino
acids contain an extra carboxyl group with a dissociable proton. The resulting
additional negative charge is very important for the electrochemical behavior of
proteins.

Intramolecular amide formation between the amino and the y-carboxyl groups of glutamate results in
pyrrolidone a-carboxylate or pyroglutamate, a ring compound which in some peptide chains constitutes the

N-terminus.
Group IV. Diaminomonocarboxylic Acids.

Lysine (x,c-diaminocaproate). Lysine is distinguished by the extra amino group
in its side chain which imparts basic properties to it. Depending on the pH of the
solution, lysine may bear various charges. Collagen also contains hydroxylysine.
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(XIOOe (1300e (‘:OOe (1300e o (‘:OOe
® ®
HzN—(lij HaN—(]:—H HaN—(I:—H H2N—(I:—H HsN—(II—H
(I:H2 (]:H2 (l:H2 (]3H2 CH,
(.]:H2 ?Hz (-I:Hz (-I:Hz ﬁH HNT X
([3H2® (I:Hze H([:_gH H’C_u\ 7 \:QH
H,C— NH, H,C—NH, H,C—NH, ¢
pH9 DH5 NH:
L-Lysine L-Hydroxylysine L-Arginine L-Histidine

Arginine (x-amino-d-guanidinovalerate). Another basic amino acid because of
the guanidino group, arginine is more strongly basic than lysine (pK,; = 12.5).

Histidine (x-amino-B-imidazolylpropionate). The last entry in this list, histidine
contains the weakly basic imidazole system (pK = 6.1). In many enzyme proteins it
functions as a proton donor or acceptor.

Group V. Less Common Amino Acids. Besides the 20 amino acids regularly present
in proteins, several others occur in natural material. Some are found free in plant or
animal tissue, some are bound to simple peptides and more rarely to special proteins,
while others function as intermediates in metabolism. From over a hundred different
amino acids so far isolated from plants and microorganisms, we have selected a few
examples.

Both hydroxyproline and hydroxylysine mentioned above have been found only in
protein of connective tissue. In protein from corn, a-aminoadipate (one CH, group
more than glutamate) was detected, and in bacterial protein, ae-diaminopimelate :

. (IIOOe . (I:OOe . ([:OOe (I:OOe (l3009
HSN—(l:—H HSN—(I:—H HaN—(l:—H ([:Hz (l:Hz
([:Hz (1:H2 (l:H2 H,C—NH, (':H2$
(I:H2 (|3H2 (I:H2 H,C—NH,
(IZH2 ([:H2® H,C—NH,
COOH H —(]: —NH,
coo®
L-a-Amino- L, L-a,e-Diamino- L-Ornithine B-Alanine y-Amino-
adipate pimelate butyrate

There are some amino acids that occur in several peptides, but not in proteins.
They arise by ordinary metabolic processes from the common amino acids. Examples
are ornithine (from arginine, cf. Chapter VIIL38); B-alanine (from aspartate, cf.
Chapter VIILS), a component among other things, of the vitamin pantothenic acid
{cf. Chapter V1,7); and last, y-aminobutyrate found in the brain in free form.
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Sulfur-containing amino acids related to cysteine and methionine are cysteic
acid and its decarboxylation product taurine. Lanthionine, the thioester of two mole-
cules of cysteine, has been isolated from wool hydrolyzates. Homocysteine is the
demethylation product of methionine (formula above under Group II).

0 0 0
AN AN ® N\
Oe—C[ 09—CI NH,—H.C Oe—Cl
® ® ®
NH,—C—H NH, —C—H SOY—H,C NH, —C—H
CH; S H.C SO§ —CH,
L-Lanthionine Taurine L-Cysteic acid

Two derivatives of serine produced by streptomyces have become recognized as antibiotics : azaserine
with an unusual diazoacetyl group and cycloserine. Further, chloramphenicol (Chloromycetin) should be
mentioned, because it is structurally similar to phenylserine and is employed therapeutically as an antibiotic.
With the last few examples, it should be noted that apparently microorganisms readily synthesize functional
groups that seem entirely “unphysiological” such as nitro, hydroxylamino, dichloroacety!, and diazoacetyl
groups.

C[OOe 0 CIOOe H,C—OH
23] @ 23]
H,N—C—H H.N H,N—C—H 0 NH—C—H
3 ] 3 \é/NH 3 | N S
HZC—O\ 0 H—C—O0H Cc H—C—OH
C=0 CI,CH
O, — [ /
IN=N=CH
NO,
Azaserine Cycloserine L-Phenylserine L-Chloramphenicol

3. Separation of Amino Acids

The components of proteins may be freed by hydrolysis. The boiling of protein
in 6 N hydrochloric acid for some time results in a mixture of amino acids. The first
step in the analysis of proteins is to determine the content of amino acids both
qualitatively and quantitatively. This approach has met with great difficulty, since
amino acids are chemically rather similar and often have identical functional groups.
Progress has been held up for decades because of these analytical problems. Two
methods have been developed since 1940, with outstanding results, namely, paper
chromatography? and ion-exchange chromatography.

Paper Chromatography. Its primary purpose is identification of substances, as
very small amounts (5 ug and less) may be detected. The technique is simple. The

2 Chromatography was defined by Tswett (1906) as a procedure for separating dyes based on repeated
adsorption and desorption in successive layers of some absorption medium. Later the term was applied to
all techniques of separation in which a selective process is repeated a great number of times on carrier
material. Minute differences in properties are thus magnified for effective separation.
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material is applied to filter paper and allowed to come into equilibrium with the
vapors of a solvent. The paper is then dipped into the organic solvent system, which
is drawn up by capillary action and carries the mixture of substances with it part of the
way. Easily soluble substances are carried farther than less soluble ones. Substances
are separated according to their relative solubilities in water (bound to the cellulose
of paper) and the organic solvent (advancing by capillary action). This separation
of substances according to their “partition coefficients” between two immiscible
solvents is generally called partition chromatography. The distance traveled by a
substance relative to the distance the solvent rises is called the R, value (cf. Fig. 1I-2).

With minimal technical effort, paper chromatography provides excellent separation
not only of amino acids, but also of many other substances, as long as the correct
solvent system is chosen. Particularly, its use for qualitative fractionation and
identification has become valuable. Monographs should be consulted for the various
applications and modifications of this method.

Thin-Layer Chromatography. Traditionally this method involves a thin layer
(usually ; mm thick) of adsorbent material spread on a glass plate. Silica gel, aluminum
oxide, cellulose powder, etc., have been used as adsorbents. The procedure and
apparatus are similar to those used in paper chromatography. The chief advantages
are greater speed and wider choice of adsorbents. As originally developed for the
separation of lipids on silica gel, it is a typical example of so-called adsorption

Solvent

front v [1.00

e Leu 0.8

@ Ala

@Ag  @b-toa-g-
@Gy O fos f

Start p—@———— 0 ----J--

Standard Unknown
sample

Fig. 11-2. Separation of amino acids by paper chromatography. Substance a is unknown b is identical with
arginine, and ¢ with glycine.



3. SEPARATION OF AMINO ACIDS 33

chromatography, where substances adhering directly to the inert adsorbent material
are ¢luted, and consequently moved forward, to different degrees by the organic
solvent.

Ion-Exchange Chromatography. For the quantitative separation and determina-
tion of amino acids from hydrolyzates, the preferred method is now ion-exchange
chromatography. Ion-exchange resins are synthetic polymers with many acidic or

|
pH 2  Amino acids®
Anions®
I Na® Na®
$ o - COOH Anion®
= Anion’ .
3
) HOOC CH,OH
Y . .
Na®™  Buffer]
T4
Anion® Bufter, — H
Na® _s0,® Na®
& co0°
Anion® @ @ o . ®
pH 3.5 o, © : - H.N
HOOC T N OO CH,OH
40,8
1
& Ve Buffer? Eluate
e |
Buffer,- H
Anion® Na®
13
pH 5.8 NH,
“00C
¥ Eluate

Fig. I1-3. Mechanism of ion-exchange chromatography of amino acids.
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basic groups. Each of the acidic groups (—SO3;H or —COOH) can dissociate one
proton which, however, for electrostatic reasons, remains in the vicinity. The proton
may move away only when another positively charged ion (cation) takes its place.
This is the mechanism of ion exchange. For example, Na® or NHY ions in solution
are loosely bound to the resin and H® ions are released into solution in exchange
until equilibrium concentrations are reestablished. Analogously, the OH® of resin
—NH$OH® may exchange for CI® or R—COO®.

In practice, a “‘column” is prepared by filling a glass tube with resin in its Na® form.
The solution of amino acids is allowed to seep into the top layer of resin and then is
eluted slowly with a buffer to hold the H® concentration approximately constant. At
first the amino acid cation is bound, but later it is released in exchange for a Na®
of the buffer when it converts to zwitterionic form (cf. Fig. 11-3). This exchange process
1s repeated layer after layer until the amino acid leaves the column in the eluate, where
it may be determined quantitatively by the ninhydrin reaction. Curves can be drawn
as shown in Fig. I1-4.

As His Lys NHx

P Thr Ser val

Tyr
Clu GIyAIc f

Met
lle Leu | Phe

Intensity of
ninhydrin color

— T T
100 200 mt Eluate

«—pH 3.25—>«—pH 4.25—>«—pH 59— «—— 0.4 NaOH
Buffer change

Fig. I14. Separation of amino acids by ion-exchange chromatography (partial diagram). Abscissa, volume
of eluant ; ordinate, concentration of amino acid in eluate { = intensity of ninhydrin color).

To what extent an amino acid is bound by exchange resins is, of course, a function of the degree of
ionization of the amino acid, i.e., of the dissociation constant K of the individual groups and the pH of the
eluant. In other words, this method of fractionation utilizes the rather small differences of ionization of
amino or carboxyl groups. Fully automatic but rather intricate apparatuses have been developed that carry
out the chromatography and the measurement of ninhydrin color in the eluates and plot the result as a
curve (“amino acid analyzer™).
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CHAPTER l l l

Peptides

1. Structure and Nomenclature

Chemically peptides are acid amides. According to the definition in Chapter 1,3,
they are polymeric compounds that can be decomposed by hydrolysis to amino
acids:

O Rz R2
HN ¢y HoN coo® ¢H
3 +H,0 3
NN SN e N /7N
i’ N cod o cH +OHN coo®
R, R,

The above reaction comes to equilibrium, as every chemical reaction does, but strongly favors the direc-
tion of hydrolysis. The major reason is that peptide links arise only from the nonionized nonpolar forms of
amino acids, which really do not exist in aqueous solution.

The bond

—=Q

I

N4
NH

O

is called the peptide bond. In a typical peptide both components are amino acids.
However, in some substances, only the amine component is an amino acid. Although
such substances should more properly be called acylamino acids, occasionally they
are included among the peptides.

Two amino acids form a dipeptide, three a tripeptide, eight an octapeptide, etc.
If a peptide is made up of not more than ten amino acids, it is called an oligopeptide ;
beyond that it is a polypeptide. Polypeptides become proteins when they are made up
of over a hundred amino acids; sometimes they are also called ‘“‘macropeptides.”

35
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Since in systematic nomenclature peptides are acylamino acids, the specific name for
peptides is obtained by attaching the ending -yl to that amino acid whose carboxyl
group has undergone reaction; e.g., glycylalanine and alanylleucyltyrosine.

Merely knowing the kind and number of the constituent amino acids of polypep-
tides is not sufficient. The sequence in which the amino acids are linked must also be
known. Notice that even the dipeptide glycylalanine is not the same as alanylglycine.

To avoid lengthy names a suggestion by Brand and Edsall will be followed here. Many amino acid
residues are abbreviated by the first three letters of the names of the amino acid. Therefore, Ala stands for
the alanyl-, Glu for the glutamyl-, His for the histidyl residue, etc. (summarized in Table IV). The amide
group {as in glutamine) and the cystine link are expressed especially by adding —NH, and —S—S§; end
groups are indicated by —H and —OH. The accompanying figure compares a structural formula with the

CH,OH

. 0 CH, H 0
HaN\(‘kN)\n/N%N)\COOo
H o H

CIIH2 CH,
| \=

CONH, N

Glutaminyt Alanyl— Histidyl—Serine
= Gin—Ala—His—Ser

systematic name and its abbrevated form. In writing the formuilas of peptides it is conventional to write
the terminal amino group always to the left. If this proves impractical, then an arrow indicates the direction:
CO — NH. We will frequently use these conventions, since they are used widely in describing sequences
of amino acids.

2. Determination of Amino Acid Sequence in Peptides

It is essential to be able to ascertain the sequence of amino acids in naturally occur-
ring peptides as well as in peptides obtained from the fragmentation of proteins (cf.
Chapter IV,2). The Edman degradation has been particularly useful for this purpose.

$=C=N—C_H,
Phenylisothiocyanate

Phenyithio-
hydantoin
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The amino group of the peptide undergoes reaction at pH 8-9 with phenylisothio-
cyanate. With acid-catalyzed cleavage, the newly formed peptide derivative loses its
terminal residue as a substituted thiohydantoin, which can be identified, for example,
by paper chromatography. The reaction can then be repeated on the remaining pep-
tide. One amino acid unit after another can be removed from the amino end of the
peptide in this way. This procedure has been automated and can be carried out on
commerically available apparatus.

The N-terminal amino acid is identified by the reaction with dinitrofluorobenzene, according to Sanger
(*end group analysis™).

—_—
~HF

Hydrolysis

R

) 2
CO0 N
+ H,N

3

® @ .-
CO0® + H,N_ _COO0° + H,N

Ra

The marker, the dinitrophenyl residue, introduced by this scheme remains intact during the hydrolysis of
the peptide. Along with free amino acids, the hydrolyzate contains one dinitrophenyl amino acid, colored
yellow and easily identified. Since this method involves the hydrolysis of the peptide, it obviously cannot
be used for stepwise degradation.

Some natural peptides do not have a free amino end group. In some the “*N-terminal’ amino acid is
pvroglutamate (pyrrolidone carboxylate, Chapter I1.2); in others, the terminal amino group is acetylated.

Finally, enzymatic methods are also available for the cleavage of larger peptides
and for the identification of terminal groups (cf. Chapter VIII,3). Long sequences
have been established by combining these methods.

Peptide Synthesis. Any synthesis of peptides must resort to some activation
(cf. Chapter 1,2) of the carboxyl or the amino group. One of the oldest methods of
organic chemistry involves acid chlorides. In that case, the amino group of the one
amino acid must be protected, e.g., by a carbobenzoxy residue, C¢H;—CH,—0—
CO—. The protective carbobenzoxy group can subsequently be removed by hydro-
genolysis (cleavage by catalytically activated hydrogen).
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An ingenious variation of the usual methods of peptide synthesis involves attach-
ment of a protected amino acid (z-butyloxycarbonyl group) to a solid polystyrene
resin, removal of the amino protecting group, condensation with a second protected
amino acid, and so on. The entire stepwise process takes place in one reaction vessel
and has been fully automated. Cumbersome purification between steps is replaced
by mere washing of the insoluble resin. In the last step, the finished peptide is cleaved
from the resin. Since each reaction is essentially quantitative, very pure peptides are
obtained (Merrifield).! Larger peptides can, of course, be prepared by condensing
smaller peptide fragments. Recently the enzyme ribonuclease consisting of [24
amino acids has been synthesized; it was enzymatically active.

Chemical synthesis of peptides has been important for the development of peptide chemistry. We cannot
describe all the newer methods which employ various other derivatives for activation. One important
feature has been the prevention of racemization of amino acids. Numerous longer peptides, including pep-
tide hormones, have recently been synthesized. The complete synthesis of insulin with 51 amino acid
residues has been accomplished independently by at least three different laboratories, as well as the syn-
thesis of other small proteins and enzymes.

3. Naturally Occurring Peptides

Glutathione (y-Glutamylcysteylglycine). Glutathione is a natural and widely
distributed tripeptide.

NH, H 0
HOOC)\AH/ \/U\N/\COOH
O cH, "
|

SH )
Glutathione
]*CYS—GIY
Glu

Note that here, in contrast to most peptides and proteins, the -carboxyl group of
glutamic acid has entered the peptide bond. Glutathione is easily dehydrogenated
and converted to the disulfide form. The reaction can be taken as an oxidation if the
ionic form of glutathione is assumed to lose one electron pair (SH groups are weakly

acidic since they derive from hydrogen sulfide):

+2e

2R—CH,—S°® *—5 R—CH,—S—S—CH,—R
-2e

The reaction is reversible, and glutathione has been thought to participate in a
biological redox system. It is also coenzyme to glyoxalase.

.Carnosine and Anserine. Found in muscle, both carnosine and anserine are
dipeptides of f-alanine and histidine. Their biological role is still unknown (cf.

' R. B. Merrifield. Solid-phase peptide synthesis. I11. An improved synthesis of bradykinin. Biochemistry
3, 1385-1390 (1964). R. B. Merrifield and J. M. Stewart, Automated peptide synthesis. Nature {(London)
207, 522-523 (1965).
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pantothenic acid, Chapter V1,7).

@ H ® H
H,N N coo0° H,N N co0®
O cCH, O CH,
CH,
(KNH (kN/
N=/ N=/
Carnosine Anserine

Protamines. These are strongly basic polypeptides with molecular weights of
1 to 5000. They are isolated from fish sperm, where they occur together with nucleic
acids. Their arginine content is very high ; clupein, for example, consists of 22 moles
ofarginine and only 11 moles ofall other amino acids (K. Felix). It is assumed presently
that because of their polycationic nature protamines interact with nucleic acids (poly-
anionic) and thereby facilitate the tight packing of nucleic acids in sperm cells.

Peptide Hormones. Several hormones of the hypophyseal (pituitary) gland and
the pancreas are polypeptides.

The structure of the hypothalamic hormone thyrotropin releasing factor is rela-
tively simple, but it should be noted that neither the terminal H,N group nor the
carboxyl group are free. The physiological action of this hormone is discussed in

Chapter XX,9.
o\\
o , O C—NH,
N N%Ni
Ho o cn,

Thyrotropin 7" "NH
releasing factor N :/
Ocytocin® and Vasopressin. These are hormones of the posterior lobe of the

hypophysis (pituitary) and are very similar to each other:

H H
;Cys — Tyr /\Cys — Tyr N
S lte S Phe
| : | i
S Gin S Gin
AN v v

Cys « Asn Cys < Asn

l !

Pro — Leu — Giy—NH, Pro — Lys — Gly—NH,

Ocytocin Vasopressin

2 Often called oxytocin. The author prefers “‘ocytocin,” since the name derives from the Greek (oky =
quick and tokos = birth): it refers in no way to oxygen.
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The occurrence of cystine, one of whose amino groups is terminal, enables these
peptides to assume a ring structure. Lysine may be replaced by arginine. The C-
terminal glycine is present in the form of its amide. Vasotocin is the designation for an
analogous hormone, which has isoleucine in position 3 (like ocytocin) and arginine in
position 8 (like vasopressin). First produced synthetically, it was subsequently
identified as a hypophyseal hormone of frogs. The physiological roles differ for these
chemically similar hormones (cf. Chapter XX.9).

Corticotropin, or adrenocorticotropic Aormone (ACTH). This is a rather com-
plicated peptide of the hypophyseal anterior lobe. The sequence of its 39 component
amino acids has been established. The molecular weight is 4500.

In corticotropins of different animal origin (sheep, pigs, and cattle) minor changes occur in positions
30-33. The same is true for the melanocyte-stimulating hormone (MSH), or melanotropin, of the inter-
mediate lobe of the pituitary gland. In this case, species specificity is also reflected in the length of the peptide
chain. The sequence of melanotropin is the same as that of corticotropin for a major portion of the peptide
chain.

Insulin. This hormone is secreted by the pancreas and causes a lowering of
blood sugar (cf. Chapter XX,8). Its molecular weight is around 6000 (more exactly,
5750), and for that reason should be classified as a peptide. However, in solution,
particularly in the presence of metal ions, it readily aggregates to form molecules
with relative weights of 12,000, 36,000, or 48,000. It is evident that there is no clear
distinction between peptides and proteins. Insulin, hence, is considered to be the first
protein whose structure has been determined completely. The establishment of the
sequence of the 51 amino acid residues through Sanger’s efforts (1953) was an
immensely important step for biology in general and provided great impetus to
protein research in particular.

Sanger and his co-workers broke insulin into small peptides by partial hydrolysis and separated them by
paper chromatography. The sequences in these peptide fragments were determined by the dinitrophenyl
method and compared with the composition of larger fragments resulting from enzymatic cleavage of the
insulin molecule. The partial formulas were finally integrated to the complete formula of insulin shown
above.

The sequence of another pancreatic hormone glucagon, composed of 29 amino acid residues, is also
known. Parathormone, secreted by the parathyroid gland has a molecular weight of 8500, approaching
that of proteins.

Antibiotics and Toxins. Fungi and microorganisms produce various substances
with characteristic chemical features. Either they contain amino acids that are not
found in any other proteins or peptides or they have highly unusual linkages.

One of the best known representatives is penicillin:

General formula e.g.. Benzylpenicillin
of Penicillin if
N_ R
S
H,C [j i R = CH2@
H,C N—%, Y
HOOC

Valine Cysteine Acyl residue
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It is produced by the mold Penicillium notatum and excreted into the culture medium.
Its biogenesis begins with the amino acids valine and cysteine ; the formula can easily
be derived, especially if one remembers that the molecule also contains a highly
strained four-membered B-lactam ring and another S-containing ring. The amino
group of the cysteine component is acylated; several different radicals may be
attached in place of R. At present the bulk of manufactured penicillin carries a benzyl
radical, CqH;CH,. Recently, it has become possible to induce the mold to produce
penicillanic acid (lacking the entire group labeled “acyl residue” in the general
formula above) and to manufacture from it all the different penicillin derivatives.

Penicillin is the prototype of an antibiotic, which is generally defined as a substance
that inhibits the growth and multiplication of bacteria and other microorganisms
and is of biological origin. These were the properties responsible for the discovery of
penicillin by Fleming in 1928. Antibiotics affect only certain groups of bacteria; they
exhibit a definite spectrum of action. Antibiotics are an invaluable aid for the control
of infectious diseases because they prevent rapid growth of the causative agents.
Excessive doses occasionally cause undesirable side effects, such as destroying the
natural intestinal flora and permitting a colony of resistant strains of bacteria or
fungi to lodge there. Many antibiotics in high doses are toxic, and only a few have
proved generally useful in therapy.

Antibiotics belong to chemically very diverse classes of compounds. Azaserine and
chloramphenicol have already been mentioned (Chapter 11,2). Another peptide
antibiotic is gramicidin, a cyclic peptide consisting of ten aminoacyl residues, in-
cluding two of p-phenylalanine. Actinomycin has a more complicated structure; a
chromophoric group (a phenoxazone dicarboxylic acid) is linked to the terminal
amino group of each of two identical pentapeptides by acid amide bond. The terminal
carboxyl group of each peptide has formed a macrocyclic lactone ring with the
hydroxyl group of threonine, as shown in the formula (Sar = Sarcosine; MeVal = N-
methylvaline).

Sar < Pro MeVal « Sar

/ X e X

MeVal o-Val 0 Pro

2 N\ 7

O— Thr //0 0§ _ Thr — p-Val

c c
N NH,
o o
CH, CH,

Actinomycin D

Actinomycin is an antibiotic and a cytostatic, which means it inhibits cellular division.
It has become a standard tool in research as an inhibitor of RNA synthesis (Chapter
VIL6).
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Phalloidin, one of the poisons of the mushroom Amanita phalloides, is highly
toxic. As little as 50 ugare lethal for a mouse. Seven different amino acids are involved
in its structure, these include such unusual hydroxy amino acids as hydroxyleucine
and allothreonine (T. Wieland). There is a bridge between tryptophan and the SH
group of cysteine which yields hydroxytryptophan upon hydrolysis. The formula is
not shown here. Closely related amanitin has recently been applied as a specific
inhibitor of RNA polymerase (Chapter VII,5).

Valinomycin is also a cyclic molecule in which six amino acids and six hydroxy
acids are alternatively linked by ester and acid amide bonds. The antibiotic is able to
complex K® but not Na®. This differentiation is intriguing in connection with the
postulated carrier mechanisms of active transport (Chapter XXI).
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The biosynthesis of peptide antibiotics does not proceed by the same mechanism as that of proteins.
It generally takes place on multienzyme complexes, and the sequence of amino acids in the peptide is
determined by the particular arrangement of enzyme proteins in the complex. Protein-bound thioesters
of amino acids frequently are the “activated” intermediate products of the biosynthesis.
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CHAPTER lV

Proteins

1. Structure of Proteins

When a peptide chain is extended by more and more amino acids, until a chain
length of between one hundred to about a thousand amino acid residues’ is reached,
it is classified as a protein.

The term protein (Greek: proteuo, 1 occupy first place) was first suggested by
Berzelius and used by Mulder (about 1840) in his textbook. The name protein is well
chosen ; all the basic functions of life depend on specific proteins. Indeed, we know no
form of life without proteins ; they are present in every cell ; they make up the contractile
elements and the enzymes that catalyze the release of energy for maintenance of life:
and they are present in blood, where they have a transport function.

The properties of proteins are extremely different. Consider two generally familiar
proteins : egg white protein denatures on heating, dissolves easily in water, and is
quite reactive, while keratin of nails and hoofs is wholly insoluble, tough, and chemi-
cally quite inert and resistant.

Itis not easy to classify proteins. Here we distinguish simply between scleroproteins,
which are insoluble and fibrous, and function as structural material, and globular
proteins, which may be characterized for the present by the properties of such repre-
sentatives as egg white or serum proteins. Proteins of this second group are soluble
in water or salt solution and consist of spherical rather than threadlike molecules.
(Globular proteins are further subdivided in Section 9.)

The Chemical Structure of Proteins. Comparatively simple in principle, numer-
ous amino acids are joined to form peptide linkages, which, in turn form proteins. A

! This corresponds to molecular weights of from over 10,000 to more than 100,000. The distinction
between protein and polypeptide (molecular weight below 10,000) is quite arbitrary.
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segment of a peptide chain may be represented by the following structural formula:
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The problem of protein structure is primarily a question of the sequence of amino
acids, i.e., what structures take the place of R, to R, in the above formula.

The sequence of amino acids constitutes the primary structure, but this is not the
only problem in protein chemistry. When several hundred amino acids join to form
an extended chain molecule, it is easy to imagine that such a molecule may be arranged
in space in various ways. For example, it may retain a straight linear form, or bunch
up randomly in a ball, or arrange itself in a highly ordered helix (coil shape). The
spatial arrangement of the chains is called chain conformation.

The term conformation? includes the two other concepts of secondary and tertiary structure which are
used to distinguish the sequence of amino acids (called primary structure) from all other structural features.
Secondary structure is defined as the three-dimensional arrangement of the peptide chain itself (regardless
of the nature of the R groups in the above skeleton formula). Tertiary structure is the spatial position of all
the atoms, including those of the side chain. The aggregation of several peptide chains making up a definite
molecule is called quaternary structure.

The expression “‘secondary structure’ is an unfortunate one. The above definition, eventually agreed
upon, represents at best a highly arbitrary delineation against the concept of tertiary structure. On the
other hand, the term secondary structure does encompass such important structural features of proteins
as the pleated sheet and «-helix, both to be discussed below. The author generally prefers the concept of
chain conformation, which includes both secondary and tertiary structures and which is applicable to
other natural products as well. Chain conformation, i.e., the three-dimensional architecture of the macro-
molecule, cannot be studied by chemical analysis, but rather must be elucidated by physical or physico-
chemical methods.

2. The Sequence of Amino Acids

Determination of the Amino Acid Sequence of Proteins. The same methods can be
used in principle as were described for peptides (Chapter 11,2). However, the amino
acid chains of proteins are usually so long that the successive removal of amino
acids from one end to the other is most unpromising. The protein molecule must
first be split up to a number of smaller fragments (e.g., by carefully controlled cleavage
with trypsin, or by specific chemical cleavage at methionine residues with cyanogen
bromide). The mixture of peptides obtained is then separated, and each individual
peptide is analyzed for its own amino acid sequence.

The final task is to learn in what sequence the peptides, now successfully analyzed,
occurred originally in the intact protein. The method of “overlapping cleavage” is

2 Compare D. B. Wetlaufer, Nature (London) 190, 1113 (1961).
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used for this purpose. The protein is acted upon by anether protease, e.g., pepsin
instead of trypsin, and yields other peptide fragments from the same amino acid
sequence. If now one of the new peptides contains, say, the last three amino acids of
tryptic® peptide No. 2 and the first four amino acids of tryptic peptide No. 17, then
one can conclude that these two tryptic peptides belong together. When all the
peptide fragments have been assigned their position in the chain, the complete amino
acid sequence of the protein is finally known.

The first extensive sequence of amino acids was determined on insulin (Sanger, 1953), a polypeptide
consisting of S1 amino acids. The sequential analysis of true proteins was still beset with serious obstacles.
Finally. in 1959, ribonuclease with 124 amino acid residues was analyzed completely (Hirs, Stein, and
Moore: Anfinsen). In 1960-1961. there followed the publication of the complete primary structures of the
protein of the tobacco mosaic virus with 158 amino acid residues (Schramm and co-workers), of hemo-
globin with 574 acid residues (Braunitzer and co-workers), and of cytochrome ¢ (Tuppy: Margoliash and
Smith). Presently the complete sequences of well over 200 proteins are known.

Regularities in Sequences. Earlier it had been supposed that the arrangement of
amino acids in the chains would be subject to certain periodicities. None of these
hypotheses hold, however. If any rules can be derived from the available data, it may
be that acidic amino acids tend to group themselves together, and the basic and
aromatic acids do the same. Often the same amino acid appears several timesin a row.

The question may be turned around: Are all possibilities of the amino acid sequence realized? A simple
consideration will show that this is utterly impossible. From 20 different amino acids and with a chain.
length of 100 amino acid residues 20'%° = 10'3° different sequences can be generated—more than can
be accommodated in the entire universe, even if there were only a single molecule of each kind.

Homologous Proteins. The sequence of amino acids is determined genetically;
this will be discussed in much greater detail in Chapter VIL5. Occasionally striking
similarities of sequence appear among different proteins, which are then called
homologous proteins. These proteins often possess a similar function, such as
trypsin and chymotrypsin (cf. Chapter VIII,2) or the a- and f-chains of hemoglobin
(see below). Homology of various peptide chains may have arisen when at one time
proteins evolved from one another (cf. Chapter VIL,8).

The Sequence of Hemoglobin. As an example of the amino acid sequence of a
protein we can use that of hemoglobin. Normal human hemoglobin is composed of
four polypeptide chains (and four heme groups; cf. Chapter I1X,2), or two identical
pairs, where each pair consists of an a- and a f-chain. The a-chain is made up of 141
amino acid residues and contains relatively more acidic groups than the f-chain
(with 146 residues); the two chains are held together by ionic and hydrogen bonds.
The exact sequence of the two chains is reproduced in the Appendix (the reverse side
of the foldout chart). The presentation chosen emphasizes certain homologous
sequences between each other and in comparison with myoglobin. Homology is

3 Peptides arising from cleavage with trypsin are called “tryptic peptides.” They are numbered in the
order in which they are eluted from the chromatographic separation.
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achieved by leaving certain spaces blank. In this way a large number of positions
contain the same amino acid residues in the different chains. This observation
suggests that the two chains have both evolved from one common ancestral hemo-
globin (cf. Chapter VIL8).

Instances of exchanges of amino acids have, indeed, been discovered. In man, one
finds a fetal hemoglobin, a normal hemoglobin of adults, and a number of variants
some of which cause pathological conditions. Sickle-cell anemia (a blood disease
predominantly of the Negro race, characterized by morphological changes of erythro-
cytes in oxygen-poor venous blood) results from an altered hemoglobin and is
inherited. Careful analysis has revealed that in sickle-cell hemoglobin glutamate in
position 6 of the f-chain is replaced by valine:

Normal Hemoglobin: Val—His—Leu—Thr—Pro—G/u—Glu—Lys—
Sickle-cell Hb S: Val—His—Leu—Thr—Pro— Va/—Glu—Lys—
Hemoglobin C: Val—His—Leu—Thr—Pro—Lys—Glu—Lys—

In the case of hemoglobin C, another pathological hemoglobin, lysine occupies that
position.’

More than 100 hemoglobins with defined amino acid exchanges are currently recognized, all manifesta-
tions of mutations. The clinical symptoms caused by these “pathological hemoglobins™ frequently are
negligible.

3. Principles of Chain Conformation

Protein molecules have a definite three-dimensional shape. One speaks of the
peptide chain being ““folded’ in a certain way. Further, the sequence of amino acids
itself probably determines the particular kind of folding. In other words, folding is not
arandom process, but is the result of binding forces between different segments of the
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Fig. 1V-1. Bonding between different segments of a peptide chain. (1) Hydrogen bonds between peptide
groups: (2) disulfide bonds between two Cys residues: (3) ionic bond between side chains of Asp and Lys
residues; (4) hydrophobic bonds between the aliphatic side chain of a Val and a Ile residue. The broken
line represents the sphere from which water molecules are excluded.
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peptide chain. The extent of folding exclusively dependent on the chain itself, ie.,
the atoms of the peptide bonds, is designated as secondary structure. In globular
proteins, however, it is the functional groups of the side chains that effect the particular
kind of folding. These situations, represented diagrammatically in Fig. 1V-1, will
be discussed briefly here.

Hydrogen Bonds. The most important secondary valence forces that maintain
the conformation of the protein molecule are hydrogen bonds. An interaction sets in
between a C=0 group and the proton of an NH or OH group if these groups come
within a distance of about 2.8 A.# This secondary valence bond is symbolized by a
dotted line, CO---H—N. The binding energy of a hydrogen bond amounts to only
about one-tenth of that of a primary valence; but, since a protein molecule has a large
number of hydrogen bonds, the aggregate is quite significant.

Disulfide Bonds. The most important primary valence bond between side chains
of amino acids is the disulfide bond formed between two cysteine SH groups by
dehydrogenation. An example of this has already been seen in insulin (Chapter I11,3).
Inevery proteinknown so far, only certain specific cysteine residues are linked together.

Other primary valence bonds between side chains are, of course, possible in principle. The carboxyl
group of glutamate or aspartate could form a peptide bond, e.g., with the e —NH,, group of lysine, or it could
form an ester bond with the hydroxyl group of serine or threonine. Examples of this have, however, not yet
been observed.

Tonic Bonds. The occurrence of bonding between positively charged (side chains
of lysine and arginine; to a smaller extent, histidine) and negatively charged groups
(COOP® group of glutamate and aspartate side chains) is called ionic bonding.

Hydrophobic Bonds. Another very important type of secondary valence bond
arises from the close approach of hydrocarbon side chains primarily of the amino
acids valine, leucine, isoleucine, and phenylalanine. The same forces that hold the
molecules together in crystals also operate here. In addition, water molecules are
displaced out of this region of interaction. A crude analogy to this situation is the
coalescence of two oil droplets to form a larger one. Hydrophobic bonding appears to
predominate in the interior of protein molecules.

Stereochemistry of Peptide Chains. All proteins consist of amino acids exclusively
of the L-configuration. This fixes the steric arrangement at the a-carbon atom. The
dimensions of a peptide chain are also known exactly (see Fig. IV-2). Another require-
ment is that the atoms of the peptide bond all lie.in a plane, since the resonance
between the limit structures shown here favors the planar configuration.

4 A is the abbreviation of the Angstrom, an atomic-physical unit of length equivalent to 107 m or
0.1 nm (nanometer).
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Fig. IV-2. Dimensions within the peptide chain.

Building Model Structures. By extending the structure drawn in Fig. 1V-2 for
some distance, a straight polypeptide chain, a threadlike molecule, is obtained.
Hydrogen bonds, C=0---H—N, could form if a second chain were to lie alongside
of it. However, such a model does not provide sufficient space for the side chains of
amino acids. Pauling made a small correction, therefore, by having the planar
“peptide grid”’ (Fig. IV-3) folded in the fashion of an accordion. As a result the side
chains emerge nearly perpendicularly up or down, as can be demonstrated by a
model (cf. Fig. IV-3). This model is called the pleated-sheet structure; it occurs in
several fibrous protein molecules.

The pleated-sheet model accommodates the observed discrepancy that the identity period is actually
shorter by 5 to 109 than calculated for the straight chain. In addition, it provides sufficient space for the
side chains, whereas in the straight model the side chains come in contact. Pleating also permits hydrogen
bonding between peptide chains running in the same direction. Consequently, we must accept the existence
of two pleated-sheet structures (one with parallel, unidirectional chains and another with antiparalle!
chains in opposing directions).
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Fig. IV-3. Planar peptide grid (above) and pleated-sheet structure {below).

The a-Helix (x-Coil). In pleated-sheet structures or in ““peptide grids,” hydrogen
bonds link the individual chains, but a structure in which the hydrogen bonds are
all satisfied within a single chain should be favored. Such a preferred structure is
achieved by winding the peptide chain around an imaginary cylinder in a way that
from one turn to the next, CO and HN face one another at a suitable distance. Several
models of this concept are possible. The one that is found widely distributed in nature
is the a-helix with 3.7 amino acid residues per turn and with an identity period of
about 5.44 A (Pauling and Corey).

During the construction of an a-helix, care must be taken to keep the peptide
groups planar. Free rotation is possible only at the «-C atom. These peptide planes
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form angles to each other of 80°, so that when viewed from the top the planes are
arranged as indicated in Fig. [V-4c in which eight amino acid residues are shown. At
the points of intersection, the CO and HN groups approach each other with a distance
of one hydrogen-bond length, i.e., 2.8 A, as seen from the side (Fig. 1V-4b). Each
amino acid residue advances the chain in the direction of the cylinder axis by 1.47 A ;

la)

Fig. IV-4. (a) Model of a portion of an a-helix (original by the author). (b) View on top of the
a-helix; the planes of the peptide groups form an angle of 80°: each bar represents the grouping

CHR—CO—NH—CHR.

with 3.7 amino acid residues per turn, the identity period becomes 5.4 A. As shown,
hydrogen bonds connect consecutive turns; this feature grants unusual stability to
the a-helix. In this model, which may be built up either as a right- or left-handed coil,
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side chains stick out radially from the body of the coil proper. They can interact
among themselves or with the solvent. The secondary amino acid proline does not
fitinto the helix, and wherever it occurs in the amino acid sequence there is a deviation
from the regular structure.

Both structures just discussed, the pleated-sheet and the a-helix, are stabilized by
hydrogen bonds between atoms belonging to the peptide bonds and consequently
are “‘secondary structures’’ of proteins, as defined earlier.

4. Conformation of Scleroproteins

Scleroproteins comprise the insoluble support and structural proteins, e.g., keratin
of hair, nails, and feathers, and collagen. They are fibrous, i.¢., the molecules are
ordered in a certain way. This property makes them amenable to structural analysis
by X-ray diffraction. Much has been learned about the conformation of proteins by
this method. Regularities in molecular structure—regularly recurring groups—with
sufficient order in the molecules are recognized as periods of identity.

From X-ray interference patterns, the identity periods are calculated and ex-
pressed in Angstrom units (I A = 0.1 nm). Scleroproteins may be classified according
to their identity periods (and other properties) into three divisions:

1. Silk fibroin-B-keratin group: Identity period 6.5-7.0 A
2. x-Keratin-myosin-fibrinogen group: Identity period 5.1-54 A
3. Collagen group: Identity period 2.8-2.9 A

X-ray data alone do not permit rigorous calculation of spatial arrangement, except where a series of
analogous crystals can be measured thoroughly. (Crystals are far more ordered than fibers.) As a result. it is
necessary to conceive of models and to test these models empirically. It is possible to calculate precisely what
type of X-ray diffraction will be shown by any given model.

B-Keratin. This protein has the pleated-sheet structure. The structure of silk
fibroin, a representative of this group, is known in considerable detail : the chains are
antiparallel (alternating direction of the CO — NH bond). Stretched hair, according
to X-ray data also of the $-keratin type, probably has the pleated-sheet structure with
parallel, unidirectional chains.

a-Keratin. The basic structure of all proteins of the a-keratin type is the a-helix.
Sheep wool has been studied very thoroughly and, like other natural fibers, was
found to be not simply a bundle of a-helices. Their structure is more complicated.
Two or three helices are twisted together to form a “‘cable.” Eleven such “‘cables”
make up a protofibril, in which two central cables are surrounded by nine others.
These protofibrils with a diameter of about 70 A are embedded in a matrix substance.
When wet hair is stretched to about twice its length, it changes from the o-keratin to
the f-keratin structure.
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Configuration of Collagens. This important group of scleroproteins is the chief
component of supportive and connective tissue, primarily skin and the organic part
ofthe bone. The cells of connective tissue at first form a tropocollagen, with a molecular
weight of 300,000 and consisting of three chains, helical themselves (three amino
acids per turn and an identity period of 8.6 A), intertwined like the strands of a cable,
and held together by hydrogen bonds. The whole molecule is 2800 A long, but only
14 A thick. Of three consecutive amino acid residues, two may be proline or hydroxy-
proline—these amino acids predominate in collagen—the third invariably is glycine
(Fig. IV-5a). The fibers arise when many tropocollagen molecules line up alongside
each other, shifted by one-fourth of the length along its neighbor molecule, and become
cross-linked by primary valence bonds. This cross-linking increases with age. Basic
and acidic amino acids occur in much greater proportions at certain places of the
fiber and are responsible for the transverse stripes observed with the electron micro-
scope after staining with metal salts (Fig. IV-5e).
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Fig. IV-5. Structure of collagen. (a) Shows the peptide chain with two proline or hydroxyproline and one
glycine residue in regular sequence. This peptide chain forms a steep helix rising 2.86 A per amino acid
residue (b). Three of these helices are held together in a small bunch by hydrogen bonds. The axes of the
steep helices, represented in (b) as vertical straight lines, are in reality twisted around one another asina
cable (c). The individual cablelike tropocollagen molecules, each 2800 A long, now aggregate, but are
staggered by one quarter of the length and leave a little space between themselves where they join length-
wise (d). The spacing and staggering causes the light and dark transverse stripes seen in (e). The same stripes
or bands show up in the electron microscope. The negative staining used here lets the light stripes appear
dark, and the darker ones, densely packed with material, come out light.



54 IV. PROTEINS

Collagen can be dissolved partially by the treatment with warm alkali and becomes
gelatin. Solutions of gelatin become stiff gels upon cooling (see also Section 7).

Elastin. Another protein of connective tissue is elastin. It is completely insoluble
in dilute sodium hydroxide, cannot be denatured by heat, and has elastic properties.
The molecular structure of elastin is not yet known. Proteases do not attack it, but
it can be digested by a specific enzyme called elastase.

5. Conformation of Globular Proteins

The protein fibers discussed above are aggregates of many molecules orderly
lying side by side. Globular proteins in dilute solution, in contrast, exist as individual
independent molecules. A structure of this type can arise only if the protein chain is
“folded’” in a certain way. This definite three-dimensional order evidently depends on
portions of the chain being held in place by certain forces, primarily disulfide bonds
(if present) and secondary valence bonds. The pleated sheet and the a-helix pre-
dominate in this regard as structural types. The contribution of the helix to the total
structures varies greatly with individual proteins: 75%, in the case of myoglobin, 309,
with lysozyme, 179 with ribonuclease, and 109, with cytochrome c. The helix often
1s interrupted by other irregular structures after only two or three turns.

No methods are available as yet that would allow an estimation of the conformation of proteins in
solution. In some cases, X-ray diffraction of protein crystals has been used to learn the exact structure of the
molecules as they exist in the crystal. This was done with greater exactness than had been possible with
fibrous proteins. For physical reasons, the method requires a series of derivatives crystallizingisomorphously
and containing some heavy atoms (e.g., heavy metal atoms). With the availability of such derivatives, the
method unequivocally produces three-dimensional representations of the structure. Resolution depends on
the number of inflections measured and on the accuracy of the measurements. In the case of myoglobin,
resolution has been achieved to 1.5 A.

Beyond X-ray analysis, methods for assessing the contribution of «-helix to the total structure have
become important, primarily the measurement of optical rotation. As a highly ordered system, the a-helix
contributes to the overall optical rotation to a certain extent, which disappears during denaturation
(= unfolding). Furthermore, the exchange of H atoms for deuterium is clearly diminished in the helical
region of the chain.

The representation of a protein molecule as a sphere or a rotational ellipsoid is
but a crude approximation, which at best serves as a model for calculating flow
resistance. The surface of a protein molecule is in reality highly irregular due to the
numerous amino acid side chains. Polar and charged groups are on the surface
surrounded, in an aqueous medium, by a hydrate envelope that clings tightly to the
molecule. :

Quaternary Structure and Allosterism. Many proteins in solution, especially
enzyme proteins, have molecular weights between 70,000 and several hundred
thousand. These proteins commonly consist of several peptide chains {called subunits)
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occasionally linked by disulfide bonds, but usually only by secondary valence bonds.
The manner in which suburits form a complete molecule is described as quaternary
structure.

Extreme pH's often dissaciate proteins to their subunits: alsa high concentrations of urea, or SH com-

pounds {cysteine, thioglycolate. and others) when there are disulfide bonds, will do this. Most dissociations
are reversible.

H24

Fig. 1V-6. Three-dimensional structure of myoglobin. Helical regions are designated by the letters A-H.
BS stands for the fifth amino acid in region B {cl. the reverse side of the foldout chart in the back of this
book}. The N-terminal amino acid residue with the free amino group is in the lower left corner: the C-
terminal residue with the free carboxyl group is seen in the upper left corner. From R. E. Dickerson, X-Ray
Analysis and Protein Structure. fr " The Proteins™ (H. Neurath, ed). Vol. [1. Academic Press, New York,

1964,
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The conformation of the overall structure of proteins consisting of subunits, notably
enzymes, frequently is changed by low-molecular weight substances. This has been
termed the allosteric effect. A much-studied example is the change of conformation
of hemoglobin induced by the loading of O, (see below and Chapter 1X.,4). Allosteric
effects are highly significant in the case of enzymes (cf. Chapter V.,8).

In some respects, allosteric change comes close to the old concept of “folding isomerism,” according to
which one and the same peptide chain could exist in several spatial conformations. These different foldings
were postulated to be the basis for different biological properties. Now it appears that different conforma-
tions can only be stabilized by additionally bound molecules.

Structure of Myoglobin and Hemoglobin. The proteins studied most thoroughly
by X-ray diffraction are hemoglobin and myoglobin (Perutz; Kendrew). Myoglobin
consists of only one chain (with one heme). In general, it is made up of long helical

Fig. IV-7. Model of the hemoglobin molecule (according to Perutz). One “white” chain is removed for
the sake of clarity. The lines are drawn in to show the course of the peptide chain (usually in the form
of the a-helix). The light disk in the “black” chain at right represents the porphyrin ring. M. F. Perutz,

M. G. Rossman, A. F. Cullis, H. Muirhead, and G. Will [Structure of hemoglobin. Nature (London)
185, 416 (1960)).
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portions and shorter nonhelical regions that constitute the turning points of the
loops (the helix itself is a rigid structure which cannot be bent). The proportion of
helical structure is rather high in this molecule with a content of about 75% (see
Fig. IV-6). The shape of this molecule is determined by secondary valences formed
between chain sections; there are no disulfide bridges.

Hemoglobin consists of four chains (two a- and two S-chains; see Section 2), each
folded in a fashion similar to myoglobin. Certain minor deviations stem from certain
differences in the amino acid sequence. In Fig. IV-7 the a-chains are shown white;
the p-chains, black. For a clearer view, the frontward a-chain has been left out. It
can be seen that the heme groups (shown as flat disks) are embedded in pocketlike
cavities, but are still accessible from the outside. This is where oxygen attaches.

Recently the reduced (oxygen-free) form of hemoglobin has also been analyzed. One interesting difference
observed is that the distance between B-chains has increased (37 A instead of 30 A from SH group to SH
group.) With respect to reduced hemoglobin, the attachment of oxygen causes a shrinking of the molecule.
To what extent the orderly arrangement changes within each chain is not yet known.

Structure of Lysozyme. Lysozyme consists of 129 amino acid residues and has a
considerably more complex structure. Four a-helical segments constitute only 20 %,
of the total molecule. Portions of pleated-sheet structure (twice 5 amino acids) are
linked with additional secondary valence bonds. There are also four disulfide bonds
(positions 6-127, 30-115, 64-80, and 76-94). The foldout chart in the back of this book
contains a schematic drawing of the whole peptide chain. The molecule has a deep
groove that accommodates the substrate (cf. Chapter V,9), a groove similar to the one
found in the enzyme ribonuclease. This structural feature is essential for the catalytic
action of lysozyme (Chapter V.,9).

General Principles of Three-Dimensional Structure. Several general conclusions
can be drawn from the observations made on hemoglobin. The validity of these con-
clusions has been tested on other proteins. The amino acid sequence and the disulfide
bridges (if present) very probably determine precisely the spatial folding or arrange-
ment of the chains. Some segments exist in the a-helical form, while other segments are
held in an arrangement fixed by secondary valences (hydrogen bonds and hydro-
phobic bonds; see Section 3). In the proteins studies made thus far, all the charged
groups were found to be on the surface of the molecule, while the hydrophobic
side chains were found in the interior.

The three-dimensional arrangement is determined as precisely as the amino acid
sequence itself. All molecules of a protein are identical in their conformation. The
image of conformation, however, must not be too rigid. Some groups protruding
from the surface of the molecule are mobile, and the spatial arrangement changes
somewhat with the attachment of low molecular weight substances (e.g., substrates
of enzymes) because certain groups of the protein tend to approach the attached
substance.
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Denaturation. Almost all soluble proteins coagulate upon heating, particularly
in slightly acidic solution. This is a common, but not a necessary, sign of denaturation.
The term denaturation is applied to structural changes of protein with concomitant
loss of biological properties such as enzymatic or hormonal action, with a large drop
in solubility, and with general changes of chemical and physical properties. Under
special conditions denaturation may be reversible ; usually it is irreversible.

There is an abundance of substances with denaturing action, namely, acids, bases, organic solvents,
concentrated solutions of urea or guanidine, aromatic acids, like salicylic acid, and detergents, such as
dodecyl sulfate. Proteins are not all equally susceptible to these substances or even to physical treatment
like heat or radiation. Susceptibility itself depends to different degrees on pH, salt content, etc.

Denaturation is really the transition from a highly ordered to a less ordered state,
a random coil. In this state, the chain can assume different arrangements which are
statistically distributed. This amounts to a disordered structure, as evidenced by the
large gains in entropy.® Denaturation is a strongly endothermic reaction; yet, it
becomes exergonic above a certain critical temperature. There is more than a super-
ficial analogy to the process of melting. As melting destroys the lattice structure of a
crystal, so denaturation breaks secondary valence bonds that stabilize the globular
protein in its native conformation. The peptide chain unfolds (denatured proteins
give an X-ray pattern resembling one of S-keratin, i.e., one with a nearly straight
peptide chain). New secondary valence bonds are formed purely randomly (sta-
tistically) among the chains, which makes the protein insoluble. At the same time,
several other groups (e.g., SH groups of tryosyl residues), that had been hidden and
“masked” in the interior of the molecule become exposed and more reactive. Pro-
teases can attack denatured proteins much more readily than native ones.

6. Molecular Weights of Proteins

In discussing the classification of peptides we have described proteins as high-
molecular weight substances. The actual size of protein molecules, however, was
measured first with the ultracentrifuge developed by T. Svedberg (1925-1930).

The measurement of sedimentation requires that a protein solution be exposed to
gravitational forces of over 100,000 times gravity. Such fields of gravity are obtained
in very rapidly spinning centrifuges (up to 60,000 rpm). Protein molecules, which
are denser than water, slowly sink to the bottom of the tube, i.e., they sink to the
outside. The rate of sedimentation is recorded by optical methods that do not interfere
with the operation of the centrifuge.

The rate of sedimentation is defined as the distance traveled by the molecule in the direction of centrifugal
force per unit time (second), dx/dt, and is proportional to the centrifugal acceleration:

dx/dt = s- w?x

5 Entropy is a measure of the probability of a certain state; unordered states are always more probable
and therefore of higher entropy content (see also Chapter V,2).
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where w = angular velocity, x = distance from center of rotation (radius). The factor of proportionality,
s, is called the sedimentation constant and is a physical constant of the macromolecule. It is expressed in
Svedberg units (S) (I Svedberg unit = 10~ !3second).

The molecular weight in turn is calculated from the measured sedimentation constant s, according to
the formula:

RxTxs
D(l - ps/pprol)

where R = gas constant, T = absolute temperature.

It is evident that the diffusion constant D must be known (usually it is obtained from the same solution);
further, the density of the dissolved protein p,,, and the density of the solvent p,. A large sedimentation
constant indicates a high molecular weight. Because of the hydrate layer enveloping the protein molecules,
the measured values exceed those calculated from the amino acid sequence by about 5%. The latter are,
of course, most accurate.

The molecular weight can also be calculated from light scattering instead of sedimentation measurements.
Protein solutions opalesce and show the Tyndall effect. A measure of the intensity of light scattered rectangu-
larly permits calculation of molecular weight. Finally, X-ray measurements on crystalline proteins yield
very exact data for molecular weights.

Still another method of molecular weight determination is chromatography with “molecular sieves.”
As explained in more detail in Section 8, molecular sieves can fractionate according to molecular size.
Chromatographic columns of this material are calibrated with proteins of known molecular weight, and the
location of the peak of an unknown protein in the elution diagram can then be related to molecular weight.
Since the method does not require any complicated apparatus it has rapidly been adopted in very many
laboratories. A very critical interpretation of results, however, is essential.

The molecular weights of several proteins are listed in Table IV-1. Data for plasma
proteins are in Table IV-2 (Section 10). The very high-molecular weight proteins
listed there consist of subunits. Judging from the amino acid sequences determined
so far, there seem to be few chains with more than 300-600 amino acid residues in
uninterrupted series.

TABLE V-1

Molecular Weights of a Few Proteins*

Molecular Number of
Protein weight subunits
Cytochrome ¢ 11.600 1
Ribonuclease 13,500 1
Trypsin 24,000 1
p-Lactoglobulin 35,000 2
Hemoglobin 64,500 4
Hexokinase 96,000 4
Lactate dehydrogenase 150,000 4
Apoferritin 480,000 20
Urease 483.000 6
Myosin 620,000 3

? See also Table 1V-2, Section 10.
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Since the mean molecular weight of a single amino acid residue is 110-120, such
chain lengths correspond to molecular weights between 33,000 and 70,000. The higher
molecular weights often seen with enzymes then must arise from an aggregation of
such chains, as discussed in the example of hemoglobin. For further information, see
the compilation of data on molecular weights and subunits of a large number of
proteins by 1. M. Klotz [Science 155, 697-698 (1967)]. A few examples have been
excerpted in Table 1V-1 above.

7. Colloidal Nature of Proteins

The application of knowledge of colloid chemistry to biological phenomena and
to proteins caused considerable confusion during the first half of the twentieth
century. It has been overlooked for a long time that by the mere use of the statement,
“the cytoplasm is a colloidal system,”” no knowledge was gained at all; on the con-
trary, deeper insight was actually foregone.

Colloid chemistry distinguishes molecular (or micromolecular) solutions, colloidal (or macromolecular)
solutions, and coarse suspensions {e.g., mud). Molecular solutions are solutions of salts or any simple
organic or inorganic molecules which exist individually in the solution. Such a solution often is con-
verted into a colloidal solution when large numbers of molecules aggregate so that the individual particles
no longer are single molecules, but rather consist of whole collections of molecules. Colloidal particles may
be large or small, i.e., they may consist of many or of a few individual molecules. Such colloidal solutions
are contrasted with “true solutions,” i.e., molecular solutions.

With this distinction in mind, we find that most protein solutions are molecular solutions since the
individual molecules are free in solution ; there are no molecular aggregates.® The protein is truly dissolved.
A finer subdivision is impossible without destroying the molecules.

Protein molecules possess high molecular weights, between 10,000 and several
millions and molecular diameters of between 50 and 500 A. For comparison, the
molecular weight of glucose is 180 and its molecular diameter is about 5 A. Protein
macromolecules belong to the same size range as colloidal molecular aggregates, and
it is for this reason that in the beginning of colloid chemistry, inorganic colloids and
protein molecules were thought to be essentially of the same nature.

Modern colloid chemistry makes an important distinction between monodisperse
and polydisperse systems. In monodisperse solutions all particles of the dissolved
substances are of the same size and same shape, and have the same properties; in
polydisperse solutions we find the most diverse particle sizes and varying charges—
in short, different properties.

Protein solutions are monodisperse solutions whose particles, namely the protein
molecules, are of the same size as the composite particles of colloidal solutions. It is
to be expected, therefore, that protein solutions will manifest certain properties in
common with colloidal polydisperse solutions of organic or inorganic materials, as
well as certain different properties.

¢ A structure such as hemoglobin is taken as one molecule, even though it consists of four subunits,
because these units do not normally dissociate in solution.
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We are forced to make one more minor restriction. Some proteins tend to aggregate ; two, three, four,
or more molecules may associate. The resulting particles have a range of definite sizes, which differ by
whole-number factors of two, three, four, or more. Such systems are called “‘paucidisperse.”

Sol and Gel. Globular proteins in general give solutions of normal viscosity
often called sols. Gelatinous solutions of high viscosity called gels result from
fibrous or threadlike macromolecules that are loosely cross-linked; interstitial
spaces are filled with water. A well-known example of this is gelatin, a degraded
collagen. Carbohydrates (pectins, mucopolysaccharides) also can form gels.

Dialysis. Molecular size of proteins precludes their diffusion through membranes
whose pores measure less than a few nanometers, for example, collodium, parchment,
and cellophane, while small molecules and 10ns can pass through. This phenomenon
is applied in dialysis, which separates salts from proteins. Proteins do not dialyze. The
modern method of desalting with dextran gels also depends on the size differences of
protein molecules and ions (see Section 8).

When equilibrium is attained between the inside and outside of a membrane, the solution inside is
under greater pressure—in principle the same situation exists as in an ordinary osmotic cell where no solute
at all can pass through the membrane. This pressure difference is called the colloid osmotic pressure. Its
magnitude depends on the molarity of the protein solution, and is generally rather low due to the high
molecular weight. A serum albumin solution of 48 g protein per liter (as for example in blood) is only
0.7 millimolar (mM); its osmotic pressure is 17.8 x 1073 atm (at 37°). Nevertheless, colloid osmotic
effects do play a role in physiology.

8. Purification and Check of Purity of Proteins

To purify proteins is often very difficult. In the first place, body fluids and tissue
extracts are comprised of very complex mixtures ; second, proteins are very unstable,
thus precluding the use of many of the methods of organic chemistry; and third, the
check for purity—necessary for the control of each purification step—presents a
formidable problem.

Ultracentrifugation, discussed before, may be used for the separation of proteins
with different particle weights and is very valuable as a criterion for homogeneity. It
is one of the standard methods of protein research.

Precipitation of Proteins. Proteins can be precipitated from solution in various
ways. Irreversible denaturation is of interest only for the total analysis of precipitable
protein (trichloroacetic acid or uranyl acetate being used) or for the removal of
interfering proteins. A reversible process is attempted whenever a certain component
has to beisolated in pure form from a mixture of proteins. The most common examples
are the isolation of a peptide hormone or an enzyme from tissue extracts.

One of the most important methods is salting-out with a neutral salt, such as
ammonium sulfate, sodium sulfate, or magnesium sulfate, since highly concentrated
solutions of these salts can be prepared. The salt content of a protein solution is



62 IV. PROTEINS

increased stepwise, and after each addition the precipitated protein is centrifuged
off. The pH may be varied to allow multiple fractionation (around their isoelectric
points proteins become least soluble). Another method, advanced by E. Cohn, is
precipitation with organic solvents (alcohol, acetone), carried out under refrigeration.

Chromatography. Separation of proteins is now being achieved by chromato-
graphic methods. The absorbing material is usually a chemically modified cellulose
to which charged groups had been added. In principle, this is ion-exchange chromato-
graphy (Chapter II,3). Chromatographical homogeneity is another criterion of purity.

Another principle operates in “exclusion’ chromatography with dextran gels.
Separation is based on the size of the molecules. The gels are hollow, porous beads,
filled with water. Ions and low-molecular weight substances easily reach the interior
of the beads, whereas larger molecules are excluded. Since the smaller molecules
readily penetrate all the meshes of the gels, they are retarded in their passage through
a column of this material. The high-molecular weight substances consequently are
eluted first. Protein solutions can be desalted conveniently in this way. The use of
gels with larger pore size also permits separation of proteins according to their
molecular size. These gels often are called “‘molecular sieves’ ; one of the commercially
available products used is Sephadex.

Electrophoresis. As discussed in Chapter 11,1, acidic and basic amino acids are
largely ionized in aqueous solution. The charges of the carboxyl group and the
a-amino group disappear, of course, during formation of peptide bonds. Nevertheless,
proteins are multivalent ions : acidic groups in the side chains of glutamyl and aspartyl
residues are dissociated at physiological pH and bear negative charges, and the basic
groups of lysine and arginine (and, to a lesser degree, histidine) bear positive charges.
Insulin, for example, carries six acidic and six basic groups (including the end groups);
with all of them ionized, the insulin molecule carries six positive and six negative
charges.

The degree of ionization depends on the pH of the solution. An excess of H® ions
(low pH) retards dissociation of the acidic groups; at high pH, the basic groups
remain uncharged. At a certain pH, the number of positive and negative charges will
be exactly equal. This particular pH is called the isoelectric point (pl). At the isoelectric
point, proteins are found to be least soluble and can be precipitated most easily.

If an electric field is applied to a solution of proteins, the multivalent protein ions
will migrate at rates depending on the voltage applied. The velocity of migration
depends also on the number of charges (which determines the effective electric force)
and on size and shape of the molecule (which determines the extent of fluid friction ;
cf. Fig. IV-8). At the isoelectric point no net electric force exists, since the effect of
positive and negative charges cancel each other. On the acid side of this point, the
protein migrates toward the cathode. If the pH exceeds the pl, then the molecules
are negatively charged and migrate toward the anode.

Electrophoresis is a very effective method for separating proteins and for deter-
mining impurities in a protein preparation. It is used primarily as an analytical tool,
but has also been applied to the preparative separation of various proteins.
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Start

Electropherogram

x-Helix with charged
groups in the side chains

Photometer intensity tracing

Fig. IV-8. Schematic representation of electrophoresis. At left, a segment of an a-helix which shows the
location of certain charged groups. At right, three proteins with different charges are applied to the support-
ing medium ; these proteins migrate during a given time (e.g., 15 hours) as far as the arrows indicate. The
“electropherogram” is made visible by staining and evaluated quantitatively by photometry.

Electrophoresis of serum proteins has become an outstanding diagnostic tool in medicine. It is usually
carried out on some inert support (paper or starch gel or acrylamide gel), and the proteins are made visible
by staining. The resulting ‘“‘clectropherogram’ can be evaluated quantitatively. Normally a curve is
obtained as shown in Fig. IV-9. For further description of the fractions see Table IV-2.

Even better separation is achieved by ‘disc electrophoresis,” in which technique two acrylamide gels
with different pH are layered on each other. This results in a concentration of proteins before their separa-
tion and, consequently, in very sharp bands (Fig. IV-9b).

Immunological Differentiation of Proteins. Immunology provides the basis for one
of the most sensitive methods for differentiation and identification of proteins. It
entails the reaction of a protein solution with certain serum proteins of an experi-
mental animal.

When proteins or carbohydrates foreign to an organism called antigens, or also
more complex structures like bacteria or viruses, have penetrated into the organism (or
have been injected), the organism responds by forming antibodies. Antibodies are
proteins that combine in a specific manner with the antigen, i.e., with a protein or
polysaccharide foreign to the body or with determining groups of bacterial cell walls.
In the case of bacterial toxins or viruses, this combination amounts to inactivation of
the antigen. The formation of antibody is the basis for immunity.
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Under certain conditions, the antigen-antibody complexes are insoluble; upon mixing a solution of
antigen with an antibody-containing serum (called simply “antiserum”), the insoluble complex precipitates.
This highly specific reaction is used often for the characterization or determination of certain proteins.
Two ways of carrying this out in practice are gel diffusion and immunoelectrophoresis. In both technigues,
antigen and antibody are allowed to diffuse toward each other in a carrier gel (starch gel or agar). At the
point where the two meet, precipitation occurs, recognizable by a white cloudiness in the gel.

Antibodies constitute the y-globulins of blood plasma. Their chemical structure is discussed in Section 10.
They are formed in the plasma cells found primarily in the spleen, lymph nodes, thymus, and bone marrow.
According to Burnet's theory, there is a large number of different kinds of plasma cells, each determined
genetically to produce one specific antibody protein. An antigen penetrating plasma cells. evidently by
attachment to antibodylike structures on the cell surface and subsequent phagocytosis. stimulates only the
cells that produce the corresponding antibody to divide and to muitiply rapidly. The many daughter cells
of this type of plasma cell then produce and secrete the specific antibody in quantity.

Each antibody molecule has two specific sites of attachment ; the middle portion
evidently lacks specificity. So-called antiserum usually contains different antibodies
which react with different groups or areas on the causative protein, the antigen. This
reaction is highly specific, particularly when carried out quantitatively ; it permits the
most sensitive distinction between closely related proteins. Nevertheless, cross-
reactions can occur; an antiserum to protein A reacts with the closely related protein
B, but not as strongly. This is taken as a sign of close kinship and may possibly be
due to the presence of some identical areas on the protein surfaces.

Antibodies can also be generated against specific chemical groups {e.g.. the benzene-
sulfonyl or iodotyrosyl residue) by attaching such groups to proteins and then using
the modified proteins as antigens. The determining groups are called haptens. Low-
molecular weight substances alone (not bound to protein) cannot elicit the formation
of antibodies. They are nevertheless able to saturate the binding sites of the antibody
and thus can prevent precipitation. These relationships have been employed in
recent years in the development of highly sensitive and specific assay methods. the so-
called radioimmunoassays. A great variety of substances in very small amounts can be
measured quantitatively by these new methods.

9. Classification of Globular Proteins

In the past, globular proteins were classified according to their solubilities and
some of their chemical characteristics. This classification is no longer satisfactory,
especially because the *“‘classes” cannot be defined precisely enough. We want to
distinguish” only among (1) histones, (2) albumins, and (3) globulins.

We have relegated the strongly basic protamines, which in the past were considered
members of a special class of proteins, to the polypeptides because of their relatively
low molecular weight (around 4000).

7 Often additional classes are listed for glutelins. gliadins, and prolamines, which are small groups of
vegetable proteins occurring in grain kernels. There is no reason to grant them special significance by the
establishment of exclusive classes.
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Histones. Basic proteins, histones are found in the cell nucleus, where they are
bound to nucleic acids. It is suspected that histones participate in the regulation of
gene activity. When the amino acid sequence of several histones was elucidated. it
was noted that histones from pea cotyledons and thymus glands differ only in a
few amino acids. Histone molecules can, however, be modified quite specifically by
enzymatic methylation, acetylation, and phosphorylation. The significance of the
latter reactions is not yet clear.

Albumins. These are proteins which dissolve in water and precipitate from
solution only at high ammonium sulfate concentrations (70-100 % of saturation).

Globulins. Slightly soluble in water, globulins dissolve easily in dilute solutions
of neutral salts, and precipitate again when the ammonium sulfate concentration
reaches half-saturation.

In many individual cases, globulins and albumins can not easily be classified.
Furthermore, such a distinction provides very little insight; its value is historical
only.

Complex Proteins. These compounds consist of a protein part and an additional,
nonprotein, “prosthetic’” group. It is rather difficult to maintain the distinction be-
tween proteins which adsorb metals and carbohydrates or incorporate them in small
quantities, and proteins with a definite metal or carbohydrate component. The usual
division of complex proteins comprises the following: (1) metalloproteins; (2)
phosphoproteins ; (3) lipoproteins ; (4) nucleoproteins; (5) glycoproteins; (6) chromo-
proteins.

(Instead of lipoproteins, glycoproteins, etc., the terms lipoproteid, glycoproteid, etc., are sometimes
used.)

Such a heterogeneous combination of components is not always of biological significance. For example,
it is uncertain whether the protein in nucleoproteins possesses any specific functions. On the other hand,
we are well aware of the role of both the protein component and the prosthetic group in many enzymes
(cf. Chapters V and VII).

In some modern textbooks and handbooks proteins are classified according to their
origins: blood proteins, milk proteins, plantseed proteins, etc.; or alternatively, they
are classified by biological properties: enzymatic proteins, hormonal proteins, etc.
Following these principles we shall discuss in some detail blood proteins and use
them as examples for other proteins. Then enzyme proteins will be treated mainly
with regard to their catalytic properties, but without overlooking their protein nature.

10. Plasma Proteins

Blood plasma is the clear liquid which remains as the supernatant after removal
of the erythrocytes by centrifugation. It contains 7-8 % protein, actually a mixture of
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different proteins, including the clotting factors. If plasma (or whole blood) is allowed
to clot, serum is obtained after centrifugation. It differs from plasma essentially in the
absence of fibrinogen (cf. this section below). The red blood pigment, hemoglobin, is
localized inside erythrocytes; its function is discussed in Chapter IX,4.

Separation of Plasma Proteins. In the past, separation of plasma proteins was

carried out by fractional salting-out either with ammonium or sodium sulfate. The
analytical characterization of individual plasmas or sera is now accomplished by

Albumin 59.2%

ay-Globulin  3.9%
a,-Globulin ~ 7.5%
B-Globulin  12.1%
y-Globulin

Fig. IV-9a. Electropherogram of a human serum: below, the stained paper strip; above, the photometric
curve. (By Dr. Knedel)
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Fig. IV-9b. Separation of components of a serum by disc gel electrophoresis. Below, photograph of the

gel after separation. Above, the photometric curve. The globulin fractions clearly can be resolved further.
(By Dr. R. Baier.)
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electrophoresis, usually paper electrophoresis (Turba ; Grassmann and Hannig). In a
normal electropherogram, run at pH 8.6, all proteins migrate toward the anode
(cf. Fig. 1V-8). Prealbumin and albumin travel fastest, followed by the -, «,-, -

+

and ;-globulins. The relative amounts of these fractions permit important clinical
conclusions. The electropherogram of a normal serum with its evaluation diagram
is presented in Fig. IV-9a. Pathological sera deviate considerably from the normal
pattern; “‘para-proteins,” absent in normal sera, occasionally appear.
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Fig. IV-10. Immunoelectrophoresis of a human serum. The serum sample was applied where the circle is.
The trough (the elongated rectangle along the lower edge) was filled with anti-human serum. The place
where a serum protein and antibody meet by diffusion (after electrophoresis of the serum) is marked by a
precipitation band. The numbers correspond to the serum proteins listed in Table IV-2.

A further separation of serum proteins is possible with immunoelectrophoresis.
Electrophoretically separated proteins are allowed to diffuse toward an antiserum;
wherever the protein meets an antibody a precipitation ring develops (cf. Fig. IV-10).
Apart from electrophoretic mobility, the rate of diffusion and the concentration in
plasma govern the position of these precipitation lines. More than thirty serum
components have been distinguished this way ; the main ones are listed in Table IV-2.

Albumin. With 52-62 % of the total protein in plasma, albumin constitutes the
largest fraction. The chief functions of albumin are the regulation of osmotic relation-
ships in blood and the provision of a reserve of protein for the organism. In addition,
albumin easily and reversibly binds various substances, so that it plays the role of a
carrier; in other words, it also has a transport function.

Lipoproteins. Because of their high lipid content (5090 %), lipoproteins are low
in density and during centrifugation in appropriate salt solutions rise to the surface.
The following categories of density are recognized: very low-density lipoproteins
{VLDL, below 1.00), containing about 909 lipid; low-density lipoproteins (LDL,
1.00-1.065), that contain about 209 protein and 809 lipid, have the mobility of
B-globulins, and have a high molecular weight of several million; and finally
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TABLE 1Vv-2

The Chief Proteins of Blood Plasma

Concentration
Molecular Carbohydrate  in plasma
No.? Designation weight (%) (mg/100ml)  Biological function

Albumin fraction

I Prealbumin 61,000 04 1040 Binding of thyroxine
2 Albumin 69,000 0.0 3900-5500 Osmotic regulation;
transport
o,-Globulin fraction
3 Acidic a,-glycoprotein 44,000 41.4 70-110 —
(orosomucoid}
4 o, -Lipoprotein 200.000 1.4 290 770 Transport of fats and
lipids
5 o -Antitrypsin 54,000 124 190- 500  Trypsin inhibitor
o ~-Antichymotrypsin 68,000 227 14 35 Inhibitor for
chymotrypsin
6 2,,-Glycoprotein — 13.0 10 -
o,-Globulin fraction
7 Ceruloplasmin 160,000 8.0 10 40 Transport of copper
8 a,-Macroglobulin 820,000 8.4 130 380  Inhibitor of plasmin and
trypsin
9 Haptoglobin 10,000 19.3 10 220 Binding of free hemo-
globin
f-Globulin fraction
10 p-Lipoprotein 3-20 x 10° 1.8 290-950  Transport of fats and
lipids
11 Transferrin 90,000 5.8 200 450  Binding and transport of
iron in plasma
12 B1.-Globulin — 30 80 140  Complement factor C'3"
Fibrinogen 341.000 5.0 200 600 Clotting of blood (tibrin
precursor)
y-Globulin fraction
13 Immunoglobulin G (IgG) 160,000 29 800 - 1800 . .
or =G globulin (+G) Annbod.y against fore?gn
14 Immunoglobulin A (IgA) 150,000 8.1 120 400 { Proteinsand bacterial
or 7A globulin (7A) antigens
15 Immunoglobulin M (IgM) 960,000 10.9 80 170 Specific antibody re-
or vM globulin (yM) action, e.g., against

1soagglutinins

? See immunoelectrophoresis diagram, Fig. IV-10 above.
» Complement factors are a group of proteins involved in immune reactions and in immunopathology.
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high-density lipoproteins (HDL, above 1.065) with about 509 protein and the
electrophoretic mobility of the «,-globulin fraction, overlapping partially with
albumin.

The various lipoproteins probably are aggregates of three main classes of apo-
proteins that bind lipids (triglycerides, cholesterol, cholesteryl esters, and phospho-
lipids) in varying proportions. Lipoproteins are important because they transport
the water-insoluble fats and lipoid materials in the aqueous medium blood by attach-
ment to a hydrophilic protein layer.

Metalloproteins. Ceruloplasmin contains copper. It is an oxidase catalyzing the
oxidation of Fe*® ions to Fe*® jons. In addition, it acts as a laccase (see Chapter X,6),
although the latter appears to be a nonphysiological attribute. Transferrin (iron
siderophilin) is important for the transport of iron and especially for the new forma-
tion of erythrocytes (cf. Chapter XXI1,7).

Glycoproteins. Most proteins of the globulin fraction are glycoproteins. Acidic
o, -glycoprotein, formerly called orosomucoid, has a particularly high content of
carbohydrate. Several glycoproteins have specific binding functions, e.g., for thyroxine
or cortisol. The physiological role of other glycoproteins is not known well enough.

Immunoglobulins. These constitute the fraction of the y-globulins. Three types are
distinguished. The immunoglobulins G (1gG or yG) with molecular weights around
160,000 and a 39 carbohydrate content comprise the largest portion of the y-globulin
fraction of human serum.

Figure IV-11 schematically shows the structure of a yG-globulin. It consists of four
chains, two identical H-chains of molecular weight around 50,000 and two identical
L-chains of molecular weight around 23,000. Various main types and subtypes are

Binding site

Carbohydrate

L L

Fig. IV-11. Structure of y-globulin. The drawing is schematic, although the Y-shape of the molecule has
been substantiated both by electron microscopy and X-ray structure analysis. The H-chain can be the
y-, a-, or p-type; the L-chain, the x- or A-type.
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known of both the H- and the L-chains. The chains are tied together by disulfide
bridges and secondary valences. L- and H-chains share in the composition of the
binding site specific for the antigen. Binding between antigen and immunoglobulin
is effected by secondary valences. The three-dimensional pattern of reactive groups
on the surface of the protein very likely is responsible for binding.

The determination of the amino acid sequence of several L-chains has revealed that the 220 residues are
grouped in two halves. The C-terminal half is constant, but the N-terminal half is highly variable, i.e,
L-chains of different origin differ in numerous positions. The H-chains also have a variable portion. With
this variability, it is possible in principle to explain the specificity. Each specific antibody possesses the
amino acid sequence required for optimal secondary valence bonds with the antigen. It is still obscure
how these many different sequences are coded genetically.

Besides the immunoglobulins G, there are the immunoglobulins A (IgA or yA) with
the same molecular weight but a carbohydrate content of 7.5%; and the immuno-
globulins M (yM, also called macroglobulins) with molecular weights between
900,000 and 1,000,000 and a 109, carbohydrate content. The latter are hexamers of a
subunit of similar structure as IgG.

Isoagglutinins are also macroglobulins which have an antibodylike specificity
against foreign blood corpuscles, but which are present normally (see Chapter
XVIL3).

In patients with tumors of the spleen and bone marrow, plasma cells are far more abundant. As a result
anomalous proteins, the paraproteins, appear in blood plasma and often even in urine. Paraproteins are
closely related to the immunoglobulins. The so-called Bence Jones proteins have been studied intensively
since they pass the renal filter because of their small molecular weights and since they can readily be isolated
from the urine of patients. They are monomers or dimers of L-chains, of either the x or A-type. Most of their
amino acid sequence is known.

Enzymes. Normal plasma contains only a few esterases in addition to cerulo-
plasmin and the blood clotting enzymes. However, in certain pathological conditions
enzymes from tissue can enter the blood plasma, for example, glutamate-oxaloacetate
transaminase (with cardiac infarction) or lactate dehydrogenase (with several liver
diseases). Hence, enzyme assays in plasma have acquired diagnostic value.

Fibrinogen, Fibrin, and the Clotting of Blood. The clotting of blood when it leaves
the vessels is an important protective feature of the body. It prevents excessive loss of
blood. Numerous factors participate in the process of clotting, as shown in Table IV-3
and in Fig. I'V-12, :

The blood-clotting mechanism is triggered either by factors of the tissue, the ex-
trinsic system, or by factors existing in the blood, the intrinsic system; the latter are
connected with the thrombocytes or platelets. In the extrinsic system, trauma of
tissue releases tissue thromboplastin (factor I11), which converts factor X into its active
form Xa, presumably involving the activation of factor VII. Factor Xa is an enzyme
that catalyzes the conversion of prothrombin (factor II) circulating in the blood into the
active form thrombin. The last conversion is really a limited proteolysis (as are
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TABLE IV-3
Blood Clotting Factors

International designation Name
I Fibrinogen
11 Prothrombin
Ia Thrombin
I Tissue thromboplastin
v Calcium ions
V and VI Proaccelerin, accelerator globulin
VII Proconvertin
VII Antihemophilic globulin (AHG)
IX Christmas factor,

plasma thromboplastin
component (PTC)

X Stuart-Prower factor,
autoprothrombin 1

X1 Plasma thromboplastin
antecedent (PTA)

XII Hagemann factor

X1 Fibrin-stabilizing factor

presumably all activations discussed here), analogous to the conversion chymo-
trypsinogen — chymotrypsin (cf. Chapter VIII,2). Prothrembin and chymotrypsino-
gen are indeed homologous proteins.

Thrombin acts on prothrombin in a type of autocatalysis (cf. Chapter VIII,2), but it
acts primarily on fibrinogen (factor I). Two small peptides are split off the very long,
soluble molecule of fibrinogen (molecular weight, 341,000). The monomer of fibrin
arising from this cleavage polymerizes both end-on-end and side-by-side and thus
produces a clot. Last, the clot is stabilized by factor XIII (fibrin-stabilizing factor).
Unstabilized fibrin is much more susceptible to endogenous fibrinolysis than the
stabilized form. The resulting fibrin clot, together with cellular elements of the blood,
closes the wound.

In theintrinsic system, the clotting process begins with the activation of a neuraminic
acid-containing glycoprotein, the Hagemann factor (factor XII). This activation occurs
in vitro merely by contact with unphysiological surfaces. What releases it in vivo is not
yet known. The activated Hagemann factor (XIla) mobilizes a cascade of successive
activations (see diagram), which again culminates in the activation of factor X and,
subsequently, in the conversion prothrombin — thrombin. Many of these reactions
require as cofactors Ca2® ions and phospholipid proteins released by the blood
platelets (thrombocyte factor 3). The cascade mechanism achieves a tremendous
amplification of the primary effect, by a factor of 10° or more. However, some of the
active factors are very unstable and rapidly become inactivated. This can interrupt
the chain of reactions, critical for the maintenance of homeostatic equilibrium.
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Fig. IV-12. Diagram of blood clotting.

Some details of the scheme presented here are still hypothetical. Many factors have not yet been isolated
as homogeneous proteins and are characterized only by their activities. It is also debated whether factors
VII, IX, and X are really independent protein components of plasma, or whether they are constituent
parts of prothrombin—as suggested by Seegers. According to this suggestion, prothrombin would be a
complex made up of the true thrombin precursor and the still inactive factors VII, IX, and X. Many of the
clotting factors are very similar chemically. In fact, the suspicion arises that they are all homologous
proteins (cf. Section 2) closely related to trypsin.

Clotting may be inhibited or disturbed in several ways. The well-known bleeding
condition hemophilia is caused by the absence (or inactivity) of some plasma factor.
In classic hemophilia A it is factor VIII (antihemophilic globulin); in hemophilia B,
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factor IX (Christmas factor). Because of a deficiency in these factors the transition
prothrombin — thrombin is delayed greatly or even prevented.

One physiological inhibitor of clotting is heparin which is formed in mast cells.
Heparin acts at different steps in the complicated process: First, it inhibits the
formation of factor Xa: second, the activation of prothrombin; third, the enzymatic
activity of thrombin. Many animal poisons (e.g., the blood poison hirudin extracted
from leeches) also inhibit blood clotting. In vitro, clotting is prevented commonly
by binding Ca?® ions (precipitation with fluoride or oxalate; complex formation
with citrate, etc.).

Prothrombin is produced in the liver by a process which requires vitamin K.
The drug dicumarol blocks the action of vitamin K ; consequently little prothrombin
{factors VII, IX, and X) is made available and the clotting time is prolonged.

Fibrinolysis. Physiologically it is of paramount importance that any fibrin clots
appearing in the blood stream can be dissolved again. This is accomplished by the
fibrinolytic system. As was the case with clot formation, we can distinguish three
phases. In the prephase, an activator is released either from the tissue or from the
blood itself. Little is known about this phase. The activator then acts in the first
phase of fibrinolysis on plasminogen (also called profibrinolysin) and converts it to
plasmin (fibrinolysin}. The latter is a protease with very high affinity for fibrin and
capable of splitting fibrin into soluble peptides. The fibrinopeptides act back on the
clotting system. They inhibit thrombin action and the polymerization of the fibrin
monomers. Fibrinolysis thus also contributes to the maintenance of this important
homeostatic equilibrium.

BIBLIOGRAPHY

G. J. Brewer {editor), “Hemoglobin and Red Cell Structure and Function.” Plenum, New York, 1972.

E.S. Lennox and M. Cohn, Immunoglobulins. Annu. Rev. Biochem. 36, 365-406 (1967) : a concise review in
a confusing field.

R. G. Macfarlane, An enzyme cascade in the blood clotting mechanism, and its function as a biochemical
amplifier. Nature (London) 202, 498499 (1964).

H. Muirhead and M. F. Perutz, Structure of hemoglobin. Nature (London) 199, 633-638 (1963); M. F.
Perutz et al., Structure of hemoglobin. Nature (London) 203, 687-690 (1964).

H. Neurath {editor), *The Proteins,” 2nd ed.. 5 vols. Academic Press, New York. 1963-1970.

H. E. Schultze and J. F. Heremans, **Molecular Biology of Human Proteins,” 2 vols. Elsevier, Amsterdam,
1966.

S. N. Timasheff and M. J. Gorbunoff. Conformation of proteins. Annu. Rev. Biochem. 36, 13-54 (1967).



CHAPTER V

Enzymes and Biocatalysis

1. Chemical Nature of Enzymes

The enzymes are a very important group of proteins. All the chemical reactions
in the organism (i.e., metabolism) are made possible only through the actions of the
catalysts that we call “enzymes.” The substance transformed by an enzyme is termed
“substrate.”

Although the German literature still uses both the terms “ferment” and “‘enzyme,” only the latter is
used in the English language, and *‘fermentation™ is restricted to describing bacterial actions. The use of the
word “‘enzyme,” proposed by Kithne in 1878, for soluble “‘ferments’ avoids the historical controversy
concerning “‘formed ferments’’ (yeast and other microorganisms, i.e., intact organisms) and ‘‘unformed
ferments™ (pepsin, trypsin, saccharase). After Buchner’s epoch-making discovery that alcoholic fermenta-
tion is indeed possible outside the living cell, the concept of formed ferment was dropped, and the designa-
tions “‘ferment™ and ‘“‘enzyme’ became synonymous.

Chemically every enzyme known so far is a protein. About one hundred enzymes
have been prepared in pure and crystalline form by the methods of protein chemistry ;
the first of these was urease (Sumner, 1926). Ribonuclease, trypsin, chymotrypsin,
and lysozyme are a few of the enzymes whose structure, i.e., amino acid sequence, have
been analyzed completely ; the sequences of other enzymes are only partially known.
The assumption is that a certain sequence of amino acids at and around the active
site of the enzyme is responsible for the catalytic effect. This theory is supported by
the observation that part of the molecule may be split off some enzymes without loss
of activity. Denaturation abolishes catalytic activity, of course, without changing the
sequence of amino acids.

Many enzymes are complex proteins; they consist of a protein component and a
“prosthetic group.” Some enzymes in their active form bind the prosthetic group in

74
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a reversible manner. In that case the protein portion is called “apoenzyme,”" and the
prosthetic group, “coenzyme’:

—

Coenzyme + Apoenzyme < (Holo-) enzyme

The protein component decides the substrate specificity; it determines which
substances react and which do not. In many cases this same protein component also
determines the direction of the reaction (reaction specificity)—in other words, the
reaction out of the numerous possible ones undergone by the substrate. This point
becomes especially clear in cases where the same coenzyme, i.e., the same prosthetic
group, catalyzes different reactions, as does, for instance, pyridoxal phosphate (see
Chapter VII1.4), or heme (see Chapter 1X,3).

The frequently heard statement “substrate specificity resides in the apoenzyme;
reaction specificity resides in the coenzyme,” needs therefore to be corrected in its
second part, but in any case, coenzymes are involved essentially in enzyme activity as
will be discussed in Chapter VI.

Enzymes have been called catalysts or, loosely speaking, accelerators of reactions.
In order to understand their action we must first ask why chemical reactions really
take place.

2. Chemical Equilibria and Chemical Energetics

Equilibria of Chemical Reactions. A large number of chemical and biochemical
reactions attain a measurable equilibrium among their reactants. Two well-known
examples are given here:

CH,COOH = CH,CO0° 4+ H® (h
CH,COOH + C,H,OH = CH,COOC,H, + HOH (2)

General chemistry teaches that the law of mass action applies to equilibria. For
reaction (1) it may be formulated as follows:

Cenycooe X Cye - K

CCH;COOH

! The apoenzyme, the protein itself, has also been calied a “colloidal carrier.”” This terminology is based
largely on Willstétter’s idea that *‘the molecule of an enzyme consists of a colloidal carrier and an active
group with purely chemical activity.” In Willstdtter’s time (around 1920) this statement nevertheless
represented scientific progress, because it identified the action of enzymes with chemical properties. Today
the concept of a colloidal carrier must be rejected, because it implies that the protein component is inactive,
and we now know that it is not. The “group with purely chemical activity™ is now designated the active
site of the enzyme protein.
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Here, Ccy,coon» Conycooe - and Cye stand for the concentrations (in moles per liter) of the reactants as
they are found when equilibrium is established. In the case of the dissociation of acetic acid the equilibrium
is established nearly instantaneously; the ester formation of reaction (2), for which we can write an ana-
logous concentration equation, takes more time to reach equilibrium. Finally, the state of equilibrium can
be attained from either side of the reaction, i.e., from a mixture of acetic acid and alcohol as well as from
ethyl acetate and water.

Every chemical reaction is, in theory, reversible ; the equilibrium of some reactions,
however, lies too far on one side for the reverse reaction to be detectable.

Chemical Energetics. Let us look at a general equation:

Ccx Cp

A+B & C+D: =
Cy x Cq

K (3)

It is easy to appreciate that the more vigorously the reaction between substance A
and B proceeds, the farther the equilibrium lies to the right, i.e., to the side of C and
D, or in other words, the greater is the equilibrium constant K.2 We can say then that
the reaction mixture possesses a high potential energy and during the course of the
reaction it drops to a lower potential. This energy change is related quantitatively
to the equilibrium constant by the following expression :

AG° = —RTInK 4)

In this expression, R stands for the gas constant 1,987 cal/mole - degree, T for absolute temperature, In
for the natural logarithm, and K for the equilibrium constant at temperature T.

The superscript (°) indicates that the quantity AGP refers to the “standard state,” where the reactants are
dissolved in a pure solvent at a concentration of | mole/liter. It is further supposed that exactly 1 mole of
material is reacted. AG® corresponds to that amount of energy which can be released under these pre-
scribed conditions and is called “free energy,” or more precisely, ** the change of free energy of the system™
during the reaction.

Starting with any arbitrary concentration other than the “standard state,” the value for the free energy
change is calculated from the standard value by the relation:

Ce x CD)

Ca x Cg )

AG = AG® + RTln(

Here, C,, Cp, €tc.. are again the concentration of the reactants. The expression within the parentheses
is the same as is found in the law of mass action, Eq. (3). At equilibrium, i.e., at the concentrations of
equilibrium, AG = 0.

A reaction which releases energy to its surroundings is called “‘exergonic.””? In
this case, the free energy AG bears a negative sign, because, by convention, all quanti-
ties of energy which are lost by a system (in the form of heat or work) are negative.

2 This presupposes an uninhibited reaction. To initiate a reaction, the energy of activation is of decisive
importance (cf. Section 3).

*In contrast, reactions in which energy is taken up by the system are termed endergonic.
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A comparison may be drawn from a business accounting system: expenditures
{released energy) are entered with a negative sign: income (added heat or work) is
given a positive sign.

Every spontaneous reaction is exergonic. In other words, every reaction proceeds
as long as free energy is still decreasing. If no further decrease is possible, then the
state of equilibrium is reached, and AG = 0. This concept is shown in the diagram
below (Fig. V-1).

Again we use ester formation, reaction (2), as an example. The potential energy depends on the concentra-
tions. At the left is the mixture of acid and alcohol with its own potential; at right, ester and water. The
equilibrium mixture has the lowest potential. Hence, either of the two reaction mixtures will approach the
equilibrium mixture with a release of corresponding amounts of energy in an exergonic reaction.

H,C—COOH; C,H5OH

J
AG H,C—C—0—C,Hg: H,0

Free energy G

AG

01Equilibrium ¢ COOH; C,H OH:; H,C—COOC,Hy; H,0

Fig. V-1. Energy diagram of an equilibrium reaction.

The direction of the reaction, therefore, depends on the concentrations, and in many cases it is important
for us to be able to calculate from the standard change of free energy AG® by Eq. (5) the actual free energy
change AG. which depends on the concentrations actually at hand. If this AG is negative, then the reaction
runs from left to right, as usually written: if AG is positive, then it proceeds in the reverse direction.

Physical chemistry teaches that the change of free energy during a chemical reaction is defined by two
other thermodynamic quantities of state:

AG = AH — TAS (6)
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AH means change of heat content* (enthalpy; basically the change of “internal energy™), while AS
means change of entropy content.®

A more detailed explanation of the thermodynamic concepts cannot be included here.® save to mention
that in several processes, such as protein denaturation, the increase in entropy, the rise of molecular
disorder, is the driving force of the reaction.

3. Catalysts and Enzymes

If the equilibrium were always reached quickly there could be neither organic
chemistry nor any life on our planet. The equilibrium of most organic compounds
in the presence of atmospheric oxygen greatly favors the oxidation products CO,
and H,O. If the reactivity of such substances is raised by heating them, they burn.
At room temperature they are metastable; though they are not at equilibrium, they
do not change. Only when a certain amount of energy, the energy of activation, has
been applied will they react with atmospheric oxygen. The same holds true for other
reactions. We must then correct the above diagram of energy levels as shown in
Fig. V-2a. At first some energy of activation must be absorbed (usually from thermal
motion), before the reactants—hydrogen and oxygen in this case—can react to
attain equilibrium and form water. The energy of activation can frequently be
calculated from empirical data. The greater this energy, the less reactive the substances.

There is one way to lower the energy of activation : the addition of a catalyst. An
example may help to explain this. A mixture of oxygen and hydrogen at room tempera-
ture will remain unchanged for a long time because the energy of activation is quite
high. Local heating, as through an electric spark, can initiate the reaction, which is
violent because of the large release of free energy. If instead we introduce a catalyst,
say a platinum sponge, then the reaction starts at room temperature and will finish
quickly, with the release of heat. The catalyst’s job here is to lower the energy of
activation, or in other words, to make the molecules more reactive.

The explanation given, using the formation of water as an example, is also applicable
to biochemical reactions. The vast majority of these reactions become possible solely
through the aid of catalysts, which we call enzymes. Thermodynamically, catalysts
lower the necessary energy of activation of the reaction and thus facilitate reaching
equilibrium. Enzymes achieve this according to the principle of “‘intermediary
catalysis’" initially an enzyme-substrate complex, ES, is formed which, in the reaction
proper, becomes a complex of enzyme and product, EP. The latter complex then
dissociates into enzyme + product, whereby the enzyme is regenerated and free to

* The change in enthalpy differs from change of heat content (developed or absorbed quantity of heat)
only by its sign: AH = —Q,.

5 Entropy is a measure of the lack of molecular order. According to Boltzmann, entropy is a measure of
the probability of a state: S = k- In W. Disordered states always are more probable than ordered ones.
Entropy is expressed in cal/°K or “‘entropy units;” the dimension of T- AS thus becomes cal, or the dimen-
sion of energy.

¢ For an introduction to biochemical thermodynamics, see I. M. Klotz, ““Energy Changes in Biochemical
Reactions.” Academic Press, New York, 1967.
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Fig. V-2. Energy of activation and the function of catalysts.

associate with another substrate molecule. The energy of activation of each of these
steps is considerably smaller than it is for the overall noncatalyzed reaction (cf. Fig.
V-2b). The catalyzed reaction therefore proceeds much faster.

The net amount of free energy (AG) remains unchanged in the process, and as a
result the equilibrium position also remains the same. Catalysis “beyond the state of
equilibrium,” i.e., a shift of equilibrium, is not possible, however. Every reaction,
though catalyzed by an enzyme, proceeds only until equilibrium is reached. This same
equilibrium would have been reached in the presence of some inorganic catalyst, or
even without the aid of a catalyst; the equilibrium is defined alone by the equilibrium
constant K.” This fundamental law of the action of enzyme must never be forgotten.

There is only one possible way to maintain a continuous reaction: two enzymatic
reactions in tandem, in which the second reaction continually uses up a substance—
often present in low concentration—that is being produced by the first reaction. Such
a situation is also known in noenzymatic reactions, e.g., in inorganic chemistry.
Loosely speaking, the equilibrium is “‘shifted” by the removal of the reaction product.
More correctly we say that equilibrium concentrations are never established, simply
because one of the reaction products reacts further and continuously disappears and
has to be resupplied by the first reaction.

In this way even an endergonic (energy-requiring) reaction can proceed in con-
tinous fashion. The subsequent reaction, however, must be exergonicso that the overall

" Were it different, i.e., were an enzyme able to influence the position of equilibrium, one could construct
a perpetuum mobile ; according to the laws of thermodynamics, however, this is not possible.
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AG for both reactions has a negative value, i.e., the combination of reactions must be
exergonic.

4. Dynamic Equilibria and the Steady State

The above-mentioned familiar example of the formation of water also points out
the limits of the equilibrium theory. In biochemistry, this theory is very useful in
explaining energies and the nature of biocatalysis, but it would be a gross mistake to
assume that the organism is anywhere near chemical equilibrium (AG = 0). L. von
Bertalanffy put is succinctly:

“A closed system® at equilibrium neither needs energy for its maintenance. nor can energy be obtained
fromit. The chemical equilibrium for this reason, is unable to produce work. In order for a system to perform
work, it must not be at equilibrium, but rather it must tend toward equilibrium. And in order for the system
to be able to persist in its tendency, it must be kept in a steady state. Such is the situation with the organism,
whose constant capacity for work is insured by the fact that it is an open system.”

In a dynamic equilibrium or steady state, substances flow in continuously and
reaction products escape. It is part of the nature of dynamic equilibria to have trans-
port phenomena at the boundaries of the system. Along with other parameters, the
transport phenomena determine the steady state concentrations of individual
substances within a system. Evidently the organism fulfills these conditions: food
and oxygen are taken up; CO, and waste products are eliminated. The organism is
truly an open system and can develop and maintain itself only as an open system, i.e.,
a system in exchange with its environment. Different laws apply for an open system at
dynamic equilibrium than for a closed system at true equilibrium. The theory behind
this is very complicated and has not yet been developed completely; we will not
discuss it further save for one point: in a closed system a catalyst, or an enzyme, does
not disturb the position of equilibrium. In an open system, in contrast, an enzyme is
very well able to regulate the steady state concentration of a reacting substance.
For example, the substrate concentration may drop because more substrate is turned
over than is supplied from the environment whenever there is more enzyme present.
Furthermore, the system 1s capable of developing forces to counteract disturbances
of the steady state.

A very good example from biochemistry is the respiratory chain, which in a limited
way represents a system in dynamic equilibrium. It depends on steady state concen-
trations of the various redox systems. It will be discussed further in Chapter X 4.

In summary, it is impossible to comprehend the action of enzymes and to experi-
ment with biochemical systems and their energetics without a firm foundation in
chemical equilibria. In many experimental situations, the enzyme governs the arrival

® In physical chemistry, the expression “‘system™ is used for that segment of the universe which is being
studied at the time. A closed system exchanges with its environment neither matter nor energy; material
transport and exchange of energy is the mark of an open system.
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at equilibrium, but not its position. In contrast, the organism, like its own individual
cells, must be considered as an open system which normally maintains a dynamic
equilibrium. In a dynamic equilibrium, steady state concentrations will always be
established differently from those dictated by a true chemical equilibrium. which is
governed by thermodynamics. Hence, reactions tending toward equilibrium take
place continuously. and it is these reactions which provide the energy necessary for the
organism’s vital processes.

5. Energetic Coupling and Energy-Rich Compounds

For thermodynamic reasons endergonic reactions proceed neither spontaneously
nor through enzymatic catalysis. An endergonic reaction has to be coupled with
another reaction which is sufficiently exergonic to let the sum of AG for both be
equal to zero or be negative (cf. this section). The most important mechanism of
coupling is the formation of an energy-rich (hence, very reactive) intermediate com-
pound. The same principle is employed in organic chemistry when acid chlorides are
prepared for the synthesis of amides and esters (cf. Chapters 1.2 and IL,1). In bio-
chemistry, this energy-rich “*activated’ component is very often adenosine triphosphate
abbreviated as ATP:

NH,

¥ N

IR 289

SNTN CH,—0—P—0—P—0—P—OH
OH OH OH

ATP

Let us consider for example the formation of glucose 6-phosphate, i.e., an ester of
phosphoric acid.? In the reaction between H;PO, and the alcohol group of glucose
AG® = 43 kcal/mole, and at equilibrium one would find only minute amounts
of glucose 6-phosphate. If phosphoric acid is, however, first raised to a high energy
level by being attached to adenosine diphosphate (ADP) to give the triphosphate (ATP),
then the transfer of phosphate from ATP to glucose becomes exergonic (AG® =
—4kcal/mole) and runs nearly to completion. Here phosphoric acid had to be
bound first in an energy-rich way, which we can formalize!°:

ADP + P = ATP + H,0 AG = +7 keal
The reaction requires an energy expenditure of 7 kcal/mole, which has to be provided

by some other exergonic reaction. This may come, e.g., from the transport of electrons
in the respiratory chain (Chapter X,5). In the following diagram the necessary energy

9 This reaction is discussed in more detail in Chapter XV.7.
10 The phosphate radical. symbolized in the text by P, will appear as ® in the drawings.
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is provided by the oxidation of glyceraldehyde to glyceric acid:

®—Glyceric acid ATP Glucose

(P)-Glyceraldehyde ADP Glucose-6-(P)

® inorg.

Here the adenylic acid system is subjected to a cyclic process: ATP is consumed,
but regenerated through a coupled reaction. The decisive feature is that the coupling
mechanism is a chemical reaction. In our example, the phosphate group is transferred
with the help of an enzyme from ATP directly onto glucose. The regeneration of ATP
similarly proceeds over a corresponding intermediate reaction. We frequently en-
counter this type of interrelationship in the study of metabolism: the living cell is
comparable to a chemical machine which converts chemical energy in a variety of
ways and tries to maintain it in the form of chemical energy as long as possible. For
this purpose several versatile “‘energy carriers,” such as ATP, acyl-coenzyme A, and
others, are of particular importance, since they can exchange energy among various
reactions (cf. also Chapter VI).

At this point we must warn of a possible misunderstanding. Although chemical
energy (free energy of chemical reactions) is measured and expressed in kcal units, it is
nevertheless not identical with heat energy. The organism is incapable of utilizing
heat energy applied to it ; to maintain the operations of life the organism depends on
chemical energy in the form of food.'! Chemical energy is easily converted to heat,
but not the reverse. One ought to be aware of the confusion arising from the use of the
same units (kcal) for different forms of energy.

Chemical energy which is released from ‘“‘combustion’ processes of the cell is
largely trapped in the form of these energy-rich bonds and then used in a great
variety of tasks. The number of ATP molecules produced is sometimes taken as a
measure of the useful energy from biochemical exergonic processes.

Group Transfer Potential and the *“Energy-Rich Bond.” Bonds such as ester, acid
anhydride, and similar ones are described as ‘‘energy-rich” because their hydrolysis
releases relatively large quantities of energy (more than about 5kcal/mole). The
choice of the term “‘energy-rich bond” is unfortunate because it leads to confusion
with the physiochemical concept of “bond energy.” The latter refers to the free
energy of breakdown of a compound into its component atoms or radicals. Such
molecular cleavages are strongly endergonic; the cleavage of a primary valence bond
requires 50-100 kcal/mole; that of a secondary valence bond (e.g., a hydrogen bond),

11 Plants are able to utilize the radiation energy of sunlight for biochemical reactions. This process, of
course, makes life on this planet possible. No other forms of energy described in physics are used profitably.
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about 5-8 kcal/mole. Furthermore, the strongly exergonic hydrolysis of “‘energy-
rich” compounds is categorically avoided in the cell. Instead, parts of molecules
are transferred—the phosphate group in the above example. It is thus more appro-
priate to employ the term group transfer potential, and in formulas to mark those
groups that are bound in such a manner with the squiggle sign instead of the single
bond. This symbol will be used regularly in this text to designate groups that are
transferred easily (i.e. in exergonic reaction). For the sake of comparing the group
transfer potentials of metabolites such as ATP, acyl-CoA, and other “energy-rich”
compounds, it has become conventional to refer to one common reaction partner,
namely water. In effect, the free energies of hydrolysis are compared. The values for
several important compounds have been compiled in Table V-1.

TABLE V-1
Standard Free Energy of Hydrolysis of Some Energy-Rich Compounds

AG°
Compound (kcal/mole)

Adenosine triphosphate, ATP (—+ADP + orthophosphate) 7.0¢
Adenosine triphosphate, ATP (- AMP + pyrophosphate) 8.6
Pyrophosphate (—2 orthophosphate) 6.7
Creatine phosphate 10.2
Phosphoenolpyruvate 12.7
3-Phosphoglvceryl 1-phosphate { — 3-phosphoglvcerate + orthophosphate) 13.6
Acetyl-coenzyme A (Chapter V1,7) 82
Aminoacyl-AMP (Chapter V11,6) 7.0

%1t can be estimated that in the cell the cleavage of ATP releases not 7 but 9-10kcal per
mole of available chemical energy. (See above discussion.)

These *‘standard energies’” are merely theoretical values; the energy actually
available to the cell depends fundamentally on the ratio of concentrations of reactants.
For the cleavage of ATP, for example, under physiological conditions the energy
amounts to 9 to 12 kcal/mole.!?

The estimation of this value involves the following consideration: Applying equation (5) in Section 2
above to the hydrolysis of ATP, we get

[ADP?®][HPO,*®)]

AG = AG® + RTI
G G° + n (ATP®S]

Physiological concentrations are of the order of magnitude of 107*M for ADP and ATP, and
1072M for phosphate.!? In the special case where [ADP] = [ATP] these two values cancel, and with

'2See R. C. Phillips, P. George, and R. J. Rutman, “Thermodynamic data for the hydrolysis of adenosine
triphosphate as a function of pH, Mg?® ion concentration, and ionic strength. J. Biol. Chem. 244, 3330-3342
(1969).

13 The abbreviation *‘M” stands for the unit of concentration “molarity,” i.e., moles per liter. See also
Chapter XXI.
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[HPO,?®] = 1072M we obtain
AG = —7000 + 198 x 310 x (2.3 x log 107 2%) = —9820 cal/mole

If the ratio ADP/ATP changes to 1:10, then AG shifts even more, by 1.4 kcal/mole in this case. If the pH
deviates from 7.0, then that too leads to a correction, because it affects the ionic relationships of the phos-
phates. For many biochemical reactions, the pH value is a separate term in the equation.

6. Specificity of Enzyme Catalysis

Reaction Specificity. The foregoing discussion of the role of enzymes has
emphasized that enzymes cannot shift the equilibrium; rather they accelerate the
establishment of equilibrium or, in cases of very sluggish reattions, they make the
reactions possible. In this way the enzyme is also capable of selecting a single reaction
from a number of possible reactions and catalyzing that one alone. The energy of
activation is depressed enough to restrict the attainment of equilibrium exclusively
to this particular reaction. This phenomenon is called ‘‘reaction specificity” of the
enzyme. The enzyme catalyzes only one out of numerous thermodynamically possible
conversions of a substance. (The same applies, incidentally, for many inorganic
catalysts employed by the chemical industry.) Another enzyme with another reaction
specificity initiates another reaction. Here is an example:

o
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R—C—COOH + NH,
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decarboxylase

R—CH,—NH, + CO,

NH,
Va4 |
R—C=COOH + HOOC—CH,~C—COOH
H

Amino acid oxidase oxidatively deaminates the amino acid at the left (one of
many); the enzyme specifically catalyzes this particular reaction as described
extensively in Chapter VIIL7. Another possible reaction, decarboxylation, does not
occur. The catalysis of CO, loss requires a different enzyme, and a third reaction,
transamination, requires a third enzyme assisting in the exchange of functional
groups (the keto group of oxaloacetic acid with the amino group). Obviously each
of the three enzymes possesses a characteristic reaction specificity ; this is true for all
enzymes,

The last two enzymes happen to use the same coenzyme (pyridoxal phosphate,
Chapter VIIL4). The reaction specificity therefore depends on the protein com-
ponent, not on the coenzyme (cf. Chapter VI,1). This selectivity of reactions by the
enzymes is of prime importance for life processes in general.
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The following mechanism furnishes a likely (but still incomplete) explanation of
reaction specificity : Enzyme and substrate form a weak bond from which the reaction
on the substrate may then proceed. The kind of bond and/or steric arrangement
between enzyme and substrate prepares for the specific reaction. In bimolecular
reactions, two substrates must be bound simultaneously to the enzyme surface to
allow the substrates to react with each other. Frequently, one of the reaction partners
1s a coenzyme (see Chapter VI).

Substrate Specificity. The principle of selection operates furthermore in the
binding of the substrate to the enzyme. Certainly not every substance which might be
able to undergo a particular reaction is bound. In the example of the amino acid
decarboxylase, a few amino acids are bound tightly, some loosely, and others not at all.
The latter do not react, i.e., their decarboxylation is not catalyzed. This kind of
selectivity is called ‘‘substrate specificity.” It is especially characteristic for optical
antipodes (mirror-image isomers). Usually only one of the two isomers reacts, or at
least one antipode reacts much faster.

The extent of substrate specificity varies from enzyme to enzyme. A few hydrolases
are relatively nonspecific, others require substrates containing certain groups (group
specificity; e.g., f-galactosidase and «-glucosidase, which cleave all p-galactosides
and a-glucosides, respectively; cf, Chapter XVIIL,3). Other enzymes react very
specifically with one substrate only ; closely related substances may be bound by the
enzyme but are not brought to reaction and thus behave as inhibitors (for example,
p-aminobenzoate and p-aminosulfonate or -sulfonamide in the biosynthesis of folic
acid).

The metabolism of fluoroacetate, CH,F—COO?®, illustrates this point nicely. Fluoroacetate is very
similar to acetate, CH; —COO®, and is converted just like the latter to the CoA derivative, in which form
it condenses with oxaloacetate to fluorocitrate (cf. Chapter X1,1). Both the activating enzyme and the
condensing enzyme, citrate synthase, treat fluoroacetate like acetate itself. Aconitase, on the other hand,
the next enzyme in the citric cycle, i very strongly inhibited by fluorocitrate. Fluorocitrate is bound by the
enzyme surface (thus replacing citrate) but cannot undergo the reaction (hence competitive inhibition,
Section 8). Aconitase appears to be an enzyme of higher specificity than citrate synthase. The great toxicity
of fluoroacetate, therefore, is explained by its blocking of the citrate cycle.

Isoenzymes. These are very similar chemically and physically and catalyze the
same reaction, but they possess different, genetically determined primary structures.
They can be separated from each other by ordinary means of protein chemistry,
such as electrophoresis. Often they differ in properties that are important for the
regulation of activity; the biological function of the multiple forms may be found in
this observation. :

This phenomenon has been studied thoroughly especially in the case of the five
forms of lactate dehydrogenase, which can be separated by electrophoresis. These
five isoenzymes can be reduced to two genetically determined subunits A and B.
The enzyme molecule invariably consists of four subunits. Thus the five combinations
A,,A;B,A,B,, AB,,and B, are possible. If theisoenzymes A, and B, areisolated and
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broken down to their subunits and if the mixture 1s allowed to reaggregate, then a
mixture of all five isoenzymes is obtained, as demonstrated by electrophoresis. The
relative proportions of isoenzymes of lactate dehydrogenase vary from organ to
organ. It i1s not yet known what determines the kind of aggregation.

7. Enzyme Kinetics

Chemical kinetics deals with velocities of reactions. As discussed above, enzymes
{or catalysts in general) alter the velocities of reactions. Thus we can take the reaction
velocity achieved as a measure of the amount and activity of an enzyme. The rate
(= velocity) of a reaction is defined as the conversion of a substance per unit of time:;
the conventional unit for enzyme-catalyzed reactions is micromoles per minute.
The amount of enzyme that converts 1 micromole of substrate in 1 minute under
optimal conditions is called one unit of enzyme.'+

Enzyme units are determined even in impure enzyme preparations. Indeed, they
are important control parameters during the isolation and purification of enzymes.
The purer a preparation of an enzyme, the more units per milligram of protein will
be found.

The simplest case of a chemical reaction is the irreversible change of substance A to substance B. An
example of this is the radioactive decay of a nuclide. The following relationships apply for the reaction rate
dc/dt and the amount present at time £:

de
——=k-c; C=Cn-€
dr °
{¢, concentration ; ¢,. concentration at t = 0 k, rate constant.)

It can be seen that the rate is always proportional to the amount present. Another helpful concept is
half-life, the time required for one-half of a given amount to decay it is a constant for each radioactive
isotope. By analogy, the biological half-life stands for that time during which one-half of a certain substance
is broken down or eliminated. Many biological reactions follow this simple exponential law.

In a bimolecular reaction A + B—> AB, the rate of reaction is a function of the concentrations of both
reaction partners. The equation in this case becomes

——=k-c,-q
dl A B
Most reactions are reversible and tend toward attainment of equilibrium. In the state of equilibrium,
the forward and backward reactions proceed equally fast (dynamic equilibrium). Applying these boundary
conditions to a simple case, €.g.. a dissociation
ky

AB :_—‘ A+B

1

then we obtain the familiar law of mass action:

e ko

CaB k_,

'*In a new proposal of nomenclature the amount of an enzyme is to be expressed in “catal” units. One
catal effects the conversion of 1 mole of substrate per second. In practice, microcatals would be used (i.e.,
the turnover of 1 umole/second); 1 pcat is equivalent to 60 enzyme units.
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Michaelis” Theory. If indeed our assumption holds true that enzyme and its
substrate form a complex,

Enzyme + substrate = enzyme-substrate complex. or
E+S & ES (7)

then we can again formulate the relationship of the law of mass action,

[E]IS]_

According to the fundamental precepts of “‘catalysis of intermediates,” the enzymatic reaction itself can
proceed only via the complex. The products are formed this way:

ES 2 P, +P,+E 9)

This reaction is assumed to run practically to completion {presupposing the likely situation that the reaction
is exergonic and the equilibrium lies far to the right). At the same time, the catalyst is being regenerated.
Michaelis and Menten then supposed that this last reaction {9) is rate limiting, i.e., that it runs much slower
than the formation of the enzyme-substrate complex. The speed of the overall reaction, which is directly
measurable, is therefore proportional to the concentration of enzyme-substrate complex {ES], and con-
versely, the speed of the reaction can be taken as a measure of the ES concentration.

Equation (8) can be interpreted as follows : Starting with a given amount of enzyme,
if the substrate concentration is raised gradually, more and more enzyme will be
converted into the complex ES and the rate of reaction will increase until finally
virtually all the enzyme is in the form of ES. The enzyme is then saturated; at this
point the reaction rate is maximal. This relationship is represented graphically in
Fig. V-3.

Reaction velocity
nl—
=~
H
T
[}
[}

D b

Substrate concentration [S]

Fig. V-3. Dependency of reaction rate on substrate concentration (at constant enzyme concentration).

Michaelis Constant. The saturation concentration differs from enzyme to enzyme,
and for any one enzyme it differs from substrate to substrate. In contrast to maximal
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velocity, it cannot be read easily from the graph. But the situation is better defined
by choosing as a point of reference the half-maximal velocity. According to our
hypothesis, at this point half of the entire enzyme is in form of the ES complex and the
other half as free E, since the reaction rate should be proportional to the ES concentra-
tion. In Eq. (8) the terms E and ES cancel, leaving

K

[S]al half-maximal velocity = m

To express this in words: That substrate concentration at which half-maximal
reaction velocity is reached equals the dissociation constant of the enzyme-substrate
complex. This constant is named the “Michaelis constant,” K,,, after the originator
of the theory. Its dimensions are those of substrate concentration (moles/liter);
when [S] = K,, the enzyme is only half saturated.

A large Michaelis constant means that a high substrate concentration is necessary
to attain half saturation; the enzyme possesses a low affinity for the substrate in
question. It will preferentially bind another substrate whose Michaelis constant
is smaller and probably bring that substrate to reaction, too. Michaelis constants
usually range between 10~ 2 and 10~ 3 moles/liter.

It is relatively easy to determine the Michaelis constant, K,,,, experimentally (i.e., to find the concentration
of substrate at which half-maximal reaction velocity is attained). We are assuming that the reaction velocity
v is proportional to the concentration of ES:

v =k, [ES] (10)

Maximal velocity, V,,,., is reached when the enzyme is saturated with substrate—in other words, is
present virtually entirely in the form of the ES complex. Designating the total amount of enzyme as E, , then
we obtain

Vmax = kZ[El]

Rearrangement of Eq. (8) results in

(€1 - (BS)(8) _
[ES]

_[E)[8)

(ES) = K, + [S]

(n
and the substitution of Eq. (10) yields

_KalE 18] _ Vo [S)
K.+ (S] K,+[S]

(12)

This expression contains, with the exception of K,,, only easily measurable variables, the reaction rate

v at a given substrate concentration and the rate V,,,, achieved at saturation of the enzyme. These measure-

ments then permit the calculation of K, . The evaluation is simplified greatly if the reciprocal of Eq. (12)
is used instead (procedure of Lineweaver and Burk):

1 K, +[S] 1 K

1 1

0 Ve 8 v Ve 81 Vi (13)

Since 1/v and 1/[S] are the variables, the equation to the right represents the function of a straight line.
y = ax + b. By plotting 1/v against 1/(S], V,,,, and K,, are found easily from the coordinate intercepts
(see Fig. V-4).
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<|—

Fig. V4. Determination of ¥, and K,, from the Lineweaver-Burk plot of enzyme kinetics found
experimentally.

The Michaelis constant determined in this way (= [S]atv = 1/2 ¥,,) is a dynamic value. More rigorous

calculation shows that the rate constant k, must be included:
ke Ky k_,
"k k,

For this reason a distinction is made between Michaelis constant K,, and the substrate constant K_,
which is defined by Eq. (8) or kinetically by the expression immediately above. If k, is very small, i.e., the
reaction according to Eq. {9) is rate determining (the essential premise of Michaelis and Menten), then the
term k, becomes insignificant compared to k_, and K and K, become numerically identical. This is true
for many enzyme reactions.

Molecular Activity. Many enzymes have thus far been isolated in pure and
crystallized form. In these cases, the molecular activity can be determined ; it is defined
as the number of molecules of substrate transformed per minute per molecule of
enzyme (or the number of umoles of substrate per umole of enzyme, i.e., the number
of enzyme units per umole of enzyme). The term “‘turnover number’ has also been
applied to this definition (and similar ones). For the calculation of molecular activity,
the activity of the pure enzyme and i1ts molecular weight must be known. A large
molecular activity indicates a rapid reaction. Very large molecular activities have
been found in the cases of catalase (5 x 10°) and acetylcholinesterase (3 x 10°).
The usual values range from several thousand to ten thousand molecules of substrate
per enzyme molecule per minute—still rather rapid turnover rates.

8. Conditions for Enzyme Activity

Enzymes manifest their highest activity only under optimal conditions. Hence this
1s one of the requirements for the calculation of molecular activity. Saturation with
substrate and coenzyme, when applicable, is not enough. The enzyme must also be
in an optimal milieu of ionic strength and often in the presence of activators.
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Temperature is just as important for the speed of enzymatic reactions as it is for
uncatalyzed reactions; a temperature rise of 10° accelerates the rate of reaction two-
to fourfold, but the phenomenon quickly reaches a limit because of the heat lability
of the proteins ; some enzymes are damaged irreversibly even at 40 to 50°, and only a
few continue to be active above 60°.

pH Optimum. Since enzymes are proteins, their properties are greatly affected by
the pH of the solution. The majority of enzymes exhibit their specific catalytic action
only at one particular range of pH values. The most favorable H® concentration is
called the “pH optimum.” This is related to the state of dissociation of the acidic and
basic groups at the active site of the enzyme (on occasion also of the substrate).
Charged groups often are involved in binding the substrate or in an acid—base type
of catalysis. In more acidic or basic pH regions, these groups loose their charge and
consequently their participation in catalytic action ceases.

The dependence of activity on pH may be more or less striking and is usually ex-
pressed in the form of a curve, by plotting enzyme activity (e.g., micromoles converted
per unit time) versus pH (Fig. V-5). For most enzymes the optimal pH is in the neutral
or slightly acidic region. Extreme pH optima occur with several digestive enzymes,
e.g., pepsin (1.5-2.5), trypsin (7.5-10), and pancreatic lipase (8.0).
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Fig. V-5. Dependency of enzyme activity on pH.

Activators. Many enzymes require certain ions for their activity. Amylases need
CI® ions; enzymes turning over ATP nearly always require Mg?®. Numerous
peptidases are activated by Mn?®, Zn?®, or Co?®. Occasionally, divalent ions can
replace one another. The mechanism by which ions exert their influence, however, is
known only in a few cases.

“Poisoning™ of Enzymes. Many enzymes can be poisoned more or less specifically
by different substances, i.e., they are completely and irreversibly inactivated. A good
example is the inhibition of cytochrome oxidase with cyanide (CN®); several other
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heavy metal-containing enzymes are also poisoned by CN®. Irreversible inactivation
of so-called SH enzymes is accomplished by the reaction with iodoacetamide or
N-ethylmaleimide. Diisopropylfiuorophosphate reacts with enzymes that have a
serine residue at the active site. Such a serine residue is blocked through the formation
of a phosphate triester with the diisopropylphosphate group. This specific marking
of the active site has greatly aided the elucidation of the mechanism of action of
enzymes. Similarly, the specific poisoning of certain enzymes in a natural cluster of
enzymes has helped significantly in the investigation of reaction sequences.

Reversible Inhibition and Types of Inhibition. The reversible inhibition of enzymes
is an important aspect of the regulation of metabolism. We can distinguish different
types of inhibition, formally characterized by deviations from the Lineweaver-Burk
diagram of enzyme kinetics. In “‘competitive inhibition” (Fig. V-6a) the ordinate
intercept 1/V, ., remains unchanged, while the slope of the plot increases. In ‘‘non-
competitive inhibition™ (Fig. V-6b) the abscissa intercept 1/K,, is constant, but slope
and 1/V,,, become greater (i.e., V,, decreases). Finally, “substrate inhibition”

ax max

(Fig. V-6¢) results in a nonlinear Lineweaver-Burk diagram.
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Fig. V-6. Types of inhibition illustrated with Lineweaver-Burk plots. (a) Competitive inhibition. (b) Non-
competitive inhibition. {c) Substrate inhibition. In (a) and (b) the bottom straight line stands for a reaction
without inhibitor, the middle line with some’inhibitor, and the top line with more inhibitor. In (c) the broken
line indicates normal enzyme kinetics without substrate inhibition.

Competitive Inhibition. When another organic molecule competes with the proper
substrate for binding at the active site of the enzyme competitive inhibition occurs.
Generally this presupposes a structural similarity between inhibitor and substrate.
If the inhibitor is present in sufficiently high concentration it can displace the substrate
entirely and thus block the reaction. An increase of substrate concentration conversely
displaces the inhibitor. This competition also follows the law of mass action. The
extent of inhibitor binding may be expressed by the inhibitor constant

_ [E]- (0]

K= T
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(in analogy to the substrate constant K ). In the Lineweaver-Burk plot (Fig. V-6a)
one recognizes a shift in the apparent Michaelis constant ; the abscissa intercept is

Noncompetitive Inhibition. When an inhibitor affects the active site in such a way
that the substrate can still be bound but the rate of reaction is slowed down non-
competitive inhibition occurs. One example is the reversible binding of a reactive SH
group by copper or mercury compounds. This situation is of little significance for the
regulation of metabolism.

Substrate and Product Inhibition. The dependency of activity on substrate
concentration represented in Fig. V-2 does not apply in all cases. Some enzymes react
more slowly with very high substrate concentrations, i.e., the rate decreases again.
This phenomenon is called substrate inhibition. The explanation seems to be that
more than one molecule of substrate attaches to the protein, thereby interfering with
the reaction. In similar fashion, the product of the reaction in higher concentrations
can inhibit as well, for the product is the substrate for the reverse reaction. With
high concentrations of product the reverse reaction is favored ; but, even when the
reaction cannot reverse, for thermodynamic reasons (unfavorable equilibrium posi-
tion), the product often is bound to the enzyme and thus prevents access of the sub-
strate. Product inhibition therefore kinetically resembles competitive inhibition.

Allosteric Inhibition. Here the inhibitor molecule (or. more generally, the
effector substance) is structurally different from the substrate molecule and is bound
to the enzyme protein at a site distant from the substrate. Consequently, the inhibition
cannot be reversed by high substrate concentrations. As a mechanism, it is thought
that the reversible binding of the inhibitor alters the conformation of the protein,
thereby, making it more difficult for the substrate to bind and, in the extreme case,
preventing it from binding (increase of Kg), or actually decelerating catalysis itself
{decrease of V_,,). The allosteric effector alters both the 1/V,,,, intercept and the slope
in the Lineweaver-Burk plot.

ax

Enzymes that are subject to allosteric inhibition frequently consist of several subunits which can interact
with each other. This “*cooperative effect™ results in a sigmoid (S-shaped) curve of substrate binding even
in absence of an inhibitor. The sigmoidicity can be characterized quantitatively by the so-called Hill
coefficient n in the equation

v _[S]n
V.—-v K

max m

An allosteric inhibitor can shift the entire curve toward greater substrate concentrations and reinforce
the sigmoid effect. One example of such cooperative effects is the oxygen binding curve of hemoglobin
(see Fig. 1X-2).
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Allosteric inhibition is of great physiological significance in the feedback inhibition
found in long metabolic reaction sequences. The accumulation of the end product
slows down the whole reaction sequence by inhibiting an earlier step and finally
brings it to a halt. As the end product is consumed, synthesis resumes because allosteric
inhibition is reversible (see also Chapter XI1X,6).

9. The Mechanism of Enzyme Catalysis

In modern organic chemistry, reaction mechanisms are explained on the basis of
the electron theory of the chemical bond. In principle, this explanation should also
apply to enzymatic transformations. The difference is that in the reactions catalyzed
by proteins reactive groups, especially those at the ‘‘active site,” participate in the
reactions.

The study of the mechanisms of action of enzymes calls for a combination of various methods. The
chemical blocking of certain groups (cysteine, serine, and others) often yields information about the
nature of the active site. The effect of pH on the kinetics of catalysis can be related to dissociable groups.
The geometry of the active site can be probed with chemical analogs of the substrate. The most useful
information, however, is obtained from the total X-ray structure analysis, i.e., the complete resolution of
the chain conformation of the enzyme molecule and the enzyme-substrate complex.

Very often enzymatic reactions are assisted by coenzymes or prosthetic groups. The chemical structure
of these cofactors is discussed in the following chapter. They are low-molecular weight substances whose
reactivity can be explained by modern electron theory (cf. Chapter VIIL4).

Mechanism of Action of Lysozyme. Lysozyme is a hydrolase that cleaves chains of
carbohydrates (“‘mureins,” cf. Chapter XVIL7). It is the first enzyme whose three-
dimensional structure has been elucidated completely (Phillips et al). From the
structure of lysozyme and that of the enzyme—substrate complex (a noncleavable
substrate analog substitutes for the real substrate) the essential characteristics of
catalysis can be gleaned.

As illustrated on the reverse of the foldout chart (in back of this book), the protein
has a deep groove ready to accept the substrate. When the substrate molecule is
thus in place, part of the peptide chain shifts (e.g., Trp-62 by 0.75 A) and forms a bond
with it. This corresponds exactly to Koshland’s *‘induced fit”’ postulate. All together
a large number of secondary valence bonds between substrate and the reactive groups
of the protein have been detected ; atoms of the peptide bonds also participate.

In the key step one carbohydrate ring is distorted from its chair form to a strained,
largely planar conformation. The energy for this distortion is supplied by neighboring
secondary valence bonds. The change of conformation of the substrate energetically
favors the cleavage of the C—O—C linkage. At this point, a H® from a —COOH
group (Glu-35) approaches the oxygen atom of the glycosidic linkage and the bond
is broken. The remaining carbonium ion (at C-1 of the strained ring) is stabilized by
the —COO® group of Asp-52. Following the dissociation of the first fragment, a
water molecule attacks the carbonium ion. The addition of OH® completes the
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hydrolysis, and the second fragment dissociates from the enzyme, which is now free
to accept another substrate molecule.

The reaction sequence described here for lysozyme probably includes a few
generally applicable principles of enzyme action. A “groove” for the substrate is also
a feature of the structures of ribonuclease and chymotrypsin. Substrate molecules
are bound through secondary valences. Charged groups and proton donors and
acceptors commonly cooperate in catalysis. The spatial arrangement is crucial in
reactions between two or more substrate molecules. This is particularly striking in
instances where first a coenzyme (= ‘‘auxiliary substrate”) is bound and then the
substrate.

Two-Step Mechanism. The reaction on the enzyme protein may also proceed in
two steps. A reactant (or part of it) at first is bound to the protein by primary valence
bonds, and only in a second step does the formation of the product proceed from the
intermediate complex. The reaction with aldolase follows this type of mechanism,
as shown schematically in Fig. V-7.

The diagram can be read in both directions, since the reaction is reversible. We can start with the cleavage
of fructose 1,6-bisphosp