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Author’s preface

This book was written, as all student textbooks should be, with the requirements of
the student firmly in mind. It is intended to provide an introduction to enzymology,
and to give a balanced, reasonably detailed account of all the various theoretical and
applied aspects of the subject which are likely to be included in a course (strangely
enough, something rarely attempted in enzymology books at this level). Further-
more, some of the later chapters may serve as a bridge to more advanced textbooks
for students wishing to proceed further in this area of biochemistry.

The book is intended mainly for students taking degree courses which have a
substantial biochemistry component. In addition, large portions may be of value to
students on non-degree courses (e.g. in applied biology or medical laboratory
sciences), or even those on M.Sc. or other advanced courses who are appoaching the
subject of enzymology for the first time (or for the first time in many years).

No previous knowledge of biochemistry, and little of chemistry, is assumed; most
scientific terms are defined and placed in context when they first appear. Enzymology
inevitably involves a certain amount of elementary mathematics, and some of the
equations which are derived may appear somewhat complicated at first sight;
however, once the initial biochemical assumptions have been understood, the
derivations usually follow on the basis of simple logic, without involving any difficult
mathematical manipulations. Numerical and other problems (with answers) are
included, to test the student’s grasp of certain points. These problems use hypotheti-
cal data, although the results are sometimes based on findings reported in the
biochemical literature.

If the size of a book is to be kept reasonable, some things of value have to be left
out. The chief aim of this particular book is to help the student understand the
concepts involved in enzymology (hence the title!); it is not a reference book for
practising enzymologists, so no comprehensive tables of data or long, finely detailed
accounts are included. Instead, an attempt has been made to give a perspective of
each topic, and examples are quoted where appropriate. Credit has been given
wherever possible to those responsible for the development of the subject, but many
names deserving of mention have been excluded for reasons of space. Individual
scientific papers have not been referred to, but at the end of each chapter is a list of
relevant books and review articles, from which references to the original papers may
be obtained.

As with any book at this level, certain topics have been presented in a simplified
(possibly even over-simplified) form. However, an effort has been made to avoid
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giving a distorted account of any topic. It is hoped that this book can provide a
foundation for those wishing to pursue more advanced studies, and that nothing
learned from it will have to be ‘un-learned’ later. A slight exception to this may be in
the use of symbols: experience has shown that symbols vy and V,,,« help students to
understand some of the basic concepts, so these are adopted here, whereas the
Enzyme Commission recommended v and V for general use.

I must record my immense debt to my teachers: in particular to Dr (later
Professor) Malcolm Dixon, for awakening my interest in enzymology, and to Dr
Peter Sykes, for demonstrating that organic chemistry is a science and not just a list of
reactions. I am also grateful to Drs Barnett Levin, Victor Oberholzer and Ann
Burgess, who introduced me, albeit indirectly, to the applications of enzymology in
medicine. My thanks are due to Dr Walter Morris and the late Mr Gerald
Leadbeater, for giving me the opportunity to teach enzymology, and to my
predecessors in my present post, whose legacy of notes proved useful when I began
teaching. I am indebted to my colleagues, Drs Terry Vickers, Clive Williams,
Richard Olsson, Martin Griffin and Bernard Scanlon, and my research student
Mohammed Ameen, whose advice has been of great value in the preparation of this
book. For the same reason, thanks are due to Dr Alan Wiseman and the publishers.
Finally, I am extremely grateful to my wife, Jan, who has been involved throughout
and who typed the bulk of the manuscript.

Any errors of fact or interpretation which may have inadvertently crept into the
book are, of course, entirely my own responsibility, and I would be obliged if I could
be informed about them.

1980 T.P.

For this second edition I have corrected errors and revised and updated the text and
illustrations. In particular, more has been included about oligomeric enzymes,
HPLC, nmr and immunoassay techniques, while reference to some obsolete pro-
cedures has been omitted. Several extra problems have also been added. In addition
to those people acknowledged above, I would like to thank the following for their
help and encouragement: my Head of Department, Professor Keith Short; Deputy
Head, Dr Clive Mercer; colleague, Dr Ken Pallett; and research associates Susan
Price and Ian Hunter. I am also grateful to the staff of the Trent Polytechnic Science
Library.

1985 T.P.

The revisions for the third edition have been along the same lines as those for the
second, reflecting, in particular, developments in molecular biology and analytical
techniques. Sections on indirect determination of protein primary structure, site-
directed mutagenesis, dry-reagent techniques, and enzymes and recombinant DNA
technology have been introduced. I would like to thank, in addition to those
mentioned above, my colleagues Drs. Ellen Billett, Sandra Kirk and Jon Leah, as
well as correspondents who have pointed out errors in the previous edition.

1990 T.P.
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An introduction to enzymes

1.1 WHAT ARE ENZYMES?
Enzymes are biological catalysts. They increase the rate of chemical reactions taking
place within living cells without themselves suffering any overall change. The
reactants of enzyme-catalysed reactions are termed substrates and each enzyme is
quite specific in character, acting on a particular substrate or substrates to produce a
particular product or products ‘

component called a cofactor, many enzyme proteins lack catalytlc activity. When this
is the case, the inactive protein component of an enzyme is termed the apoenzyme,

and the active enzyme, including cofactor, the holoenzyme. The cofactor may be an
organic molecule, when it is known as a coenzyme, or it may be a metal ion. Some
enzymes bind cofactors more tightly than others. When a cofactor is bound so tightly
that it is difficult to remove without damaging the enzyme it is sometimes called a
prosthetic group.

To summarize diagrammatically:

/ORGANIC MOLECULE
/INACTTVE PROTEIN (APOENZYME) + COFACTOR (COENZYME)
ENZYME\<—-————(HOLOENZYME)-—~——————+
ACTIVE PROTEIN METAL ION

As we shall see later, both the protein and cofactor components may be directly
involved in the catalytic processes taking place.

1.2 A BRIEF HISTORY OF ENZYMES
Until the nineteenth century, it was considered that processes such as the souring of
milk and the fermentation of sugar to alcohol could only take place through the
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action of a living organism. In 1833, the active agent breaking down the sugar was
partially isolated and given the name diastase (now known as amylase). A little later,
a substance which digested dietary protein was extracted from gastric juice and called
pepsin. These and other active preparations were given the general name ferments.
Liebig recognized that these ferments could be non-living materials obtained from
living cells, but Pasteur and others still maintained that ferments must contain living
material. ‘

While this dispute continued, the term ferment was gradually replaced by the
name enzyme. This was first proposed by Kiihne in 1878, and comes from the Greek,
enzumé (£vloun) meaning ‘in yeast’. Appropriately, it was in yeast that a factor was
discovered which settled the argument in favour of the inanimate theory of catalysis:
the Biichners, in 1897, showed that sugar fermentation could take place when a yeast
cell extract was added even though no living cells were present.

In 1926, Sumner crystallized urease from Jack-bean extracts, and in the next few
years many other enzymes were purified and crystallized. Once pure enzymes were
available, their structure and properties could be determined, and the findings form
the material for most of this book.

Today, enzymes still form a major subject for academic research. They are
investigated in hospitals as an aid to diagnosis and, because of their specificity of
action, are of great value as analytical reagents. Enzymes are still widely used in
industry, continuing and extending many processes which have been used since the
dawn of history.

1.3 THE NAMING AND CLASSIFICATION OF ENZYMES
1.3.1 Why classify enzymes?
As we have seen in the previous section, there is a long tradition of giving enzymes
names ending in ‘-ase’. The only major exceptions to this are the proteolytic enzymes,
whose names usually end with ‘-in’, e.g. trypsin.

The names of enzymes usually indicate the substrate involved. Thus, lactase,
catalyses the hydrolysis of the disaccharide lactose to its component monosacchar-
ides glucose and galactose:

Ci2H204; + H;0 = CeHy, 06 + CoHy, O

lactose glucose galactose

The name lactase is a contraction of the clumsy, but more precise, lactosase. The
former is used because it sounds better but it introduces a possible trap for the
unwary because it could easily suggest an enzyme acting on the substrate lactate.
There is nothing in the name of this enzyme or many others to indicate the type of
reaction being catalysed. Fumarase, for example, by analogy with lactase might be
supposed to catalyse a hydrolytic reaction; but, in fact, it hydrates fumarate to form
malate:

-0,C.CH = CH.CO; + H,0 = ~0,C.CHOH.CH,CO;

fumarate malate
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The names of other enzymes, e.g. transcarboxylase, indicate the nature of the
reaction without specifying the substrates (which in the case of transcarboxylase are
methylmalonyl-CoA and pyruvate). Some names, such as catalase, indicate neither
the substrate nor the reaction (catalase mediates the decomposition of hydrogen
peroxide).

Needless to say, whenever a new enzyme has been characterized, great care has
usually been taken not to give it exactly the same name as an enzyme catalysing a
different reaction. Also, the names of many enzymes make clear the substrate and
the nature of the reaction being catalysed. For example, there is little ambiguity
about the reaction catalysed by malate dehydrogenase: this enzyme mediates the
removal of hydrogen from malate to produce oxaloacetate:

"0,C.CH.CH,.CO5 + NAD* = "0;CL.CH,.CO; + NADH + H*
OH 0

malate © oxaloacetate

However, malate dehydrogenase, like many other enzymes, has been known by
more than one name.

So, because of the lack of consistency in the nomenclature, it became apparent as
the list of known enzymes rapidly grew that there was a need for a systematic way of
naming and classifying enzymes. A commission was appointed by the International
Union of Biochemistry, and its report, published in 1964 and updated in 1972, 1978
and 1984, forms the basis of the present accepted system.

1.3.2 The Enzyme Commission’s system of classification

The Enzyme Commission divided enzymes into six main classes, on the basis of the
total reaction catalysed. Each enzyme was assigned a code number, consisting of four
elements, separated by dots. The first digit shows to which of the main classes the
enzyme belongs, as follows:

First digit  Enzyme class Type of reaction catalysed

1 Oxidoreductases Oxidation/reduction reactions

2 Transferases Transfer of an atom or group between two
molecules (excluding reactions in other
classes)

3 Hydrolases Hydrolysis reactions

4 Lyases Removal of a group from substrate (not by
hydrolysis)

5 Isomerases Isomerization reactions

6 Ligases The synthetic joining of two molecules,

coupled with the breakdown of
pyrophosphate bond in a nucleoside
triphosphate
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The second and third digit in the code further describe the kind of reaction being
catalysed. There is no general rule, because the meanings of these digits are defined
separately for each of the main classes. Some examples are given later in this chapter.

Enzymes catalysing very similar but non-identical reactions, e.g. the hydrolysis of
different carboxylic acid esters, will have the same first three digits in their code. The
fourth digit distinguishes between them by defining the actual substrate, e.g. the
actual carboxylic acid ester being hydrolysed.

However, it should be noted that isoenzymes, that is to say, different enzymes
catalysing identical reactions, will have the same four figure classification. There are,
for example, five different isoenzymes of lactate dehydrogenase within the human
body and these will have an identical code. The classification, therefore, provides
only the basis for a unique identification of an enzyme: the particular isoenzyme and
its source still have to be specified.

It should also be noted that all reactions catalysed by enzymes are reversible to
some degree and the classification which would be given to the enzyme for the
catalysis of the forward reaction would not be the same as that for the reverse
reaction. The classification used is that of the most important direction from the
biochemical point of view or according to some convention defined by the Commis-
sion. For example, for oxidation/reduction involving the interconversion of NADH
and NAD™ (see section 11.5.2) the classification is usually based on the direction
where NAD™ is the electron acceptor rather than that where NADH is the electron
donor.

Some problems are given at the end of this chapter to help the student become
familiar with this system of classification.

1.3.3 The Enzyme Commission’s recommendations on nomenclature

The Commission assigned to each enzyme a systematic name in addition to its
existing trivial name. This systematic name includes the name of the substrate or
substrates in full and a word ending in ‘-ase’ indicating the nature of the process
catalysed. This word is either one of the six main classes of enzymes or a subdivision
of one of them. When a reaction involves two types of overall change, e.g. oxidation
and decarboxylation, the second function is indicated in brackets, e.g. oxidoreduc-
tase (decarboxylating). Examples are given below.

The systematic name and the Enzyme Commission (E.C.) classification number
unambiguously describe the reaction catalysed by an enzyme and should always be
included in a report of an investigation of an enzyme, together with the source of
enzyme, e.g. rat liver mitochondria.

However, these names are likely to be long and unwieldy. Irivial names may,
therefore, be used in a communication, once they have beeq itnroduced and defined
in terms of the systematic name and E.C. number. Trivial néfkefébre also inevitably
used in everyday situations in the laboratory. The Enzyme Commission made
recommendations as to which trivial names were acceptable, altering those which
were considered vague or misleading. Thus, ‘fumarase’, mentioned above, was
considered unsatisfactory and was replaced by ‘fumarate hydratase’.
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1.3.4 The six main classes of enzymes

Main Class 1: Oxzdé)reductases

These enzymes_ catalyse the transfer H atoms, O atoms or electrons from one
substrate to another. The second digit in the code number of oxidoreductases
indicates the donor of the reducing equivalents (hydrogen or electrons) involved in
the reaction. For example,

Second digit Hydrogen or electron donor

~alcohol (>CHOH)

aldehyde or ketone (>C=0)

—CH.CH-

primary amine (<CHNH, or —CHItIHg,)

secondary amine (>CHNH-)

NADH or NADPH (only where some other redox catalyst is
the acceptor)

NN B W =

The third-digit refers to the hydrogen or electron acceptor, as follows:

Third digit Hydrogen or electron acceptor
1 NAD™* or NADP*
2 Fe** (e.g. cytochromes)
3 0,
99 An otherwise unclassified acceptor

Trivial names of oxidsoreductases include oxidases (transfer of H to O,) and
dehydrogenases (transfer of H) to an acceptor other than O,). These often indicate
the identity of the donor and/or acceptor.

Here are some examples:

L-lactate: NAD* oxidoreductose (E.C. 1.1.1.27) (trivial name lactate dehydro-
genase) catalyses:

CH; CH.CO; + NAD" = CH;.£.CO7 + NADH + H*
OH

L-lactate pyruvate

Note that it is the alcohol group of lactate, rather than the carboxyl group, which is
involved in the reaction and this is indicated in the classification.
threo-Dyisocitrate: NAD™ oxidoreductase (decarboxylating) (E.C. 1.1.1.41) (trivial
name isocitrate dehydrogenase) catalyses:

"0,C.CH; CH.CH.CO3 + NAD" = “0,C.CH,.CH. C.CO; + NADH + H" + €O,
'02C OH

threo-Ds-isocitrate 2-oxoglutarate
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D-amino acid: oxygen oxidoreductase (E.C. 1.4.3.3) (trivial name D-amino acid
oxidase) catalyses:

R.CH.CO; + H,0 + O, = R.C.CO; + *NH, + H,0,
o Il
NH,

D-amino acid oxo acid
Note that this enzyme is less specific than most and will act on any D-amino acid.

Main Class 2: Transferases
These catalyse reactions of the type:

AX+B=BX+A,

but specifically exclude oxidoreductase and hydrolase reactions. In general, the
Enzyme Commission recommends that the names of transferases should end ‘X-
transferase’, where X is the group transferred, although a name ending ‘trans-X-ase’
is an acceptable alternative. The second digit in the classification describes the type
of group transferred. For example:

Second digit Group transferred

1 1-carbon group
2 aldehyde or ketone group (>C=0)
3 acyl group (-C—R)
|
6]
4 glycosyl (carbohydrate) group
7 phosphate group

In general, the third digit further describes the group transferred. Thus,

E.C. 2.1.1 enzymes are methyltransferases (transfer -CH;) whereas
E.C. 2.1.2 enzymes are hydroxymethyltransferases (transfer -CH,OH) and

E.C. 2.1.3 enzymes are carboxyl- or carbamoyl-transferases (transfer -C-OH or
_C-NH,). |
I 0
o

Similarly, E.C. 2.4.1 enzymes are hexosyltransferases (transfer hexose units) and
E.C. 2.4.2 enzymes are pentosyltransferases (transfer pentose units).

The exception to this general rule for transferases is where there is transfer of
phosphate groups: these cannot be described further, so there is opportunity to
indicate the acceptor.

E.C. 2.7.1 enzymes are phosphotransferases with an alcohol group as acceptor,
E.C. 2.7.2 enzymes are phosphotransferases with a carboxyl group as acceptor,
E.C. 2.7.3 enzymes are phosphotransferases with a nitrogenous group as acceptor.
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Phosphotransferases usually have a trivial name ending in ‘-kinase’.
Some examples of transferases are:

Methylmalonyl-CoA: pyruvate carboxyltransferase (E.C. 2.1.3.1) (trivial name:

methylmalonyl-CoA carboxyltransferase, formerly transcarboxylase) which cata-
lyses the transfer of a carboxyl group from methylmalonyl-CoA to pyruvate:

CH3.(]IH.COSC0A + CH;.CO.CO; = CH;.CH,.COSCoA + (IJHz.CO.COQ
CO; CO;
methylmalonyl-CoA pyruvate propionyl-CoA oxaloacetate

ATP: D-hexose-6-phosphotransferase (E.C. 2.7.1.1) (trivial name: hexokinase)
which catalyses:

CsHy05.CH,0H + ATP = CgHy05.CH,0PO%~ + ADP

D-hexose D-hexose-6-phosphate

This enzyme will transfer phosphate to a variety of D-hexoses.

Main Class 3: Hydrolases
These enzymes catalyse hydrolytic reactions of the form:

A—-X + H,O0 = X-OH + HA.
They are classified according to the type of bond hydrolysed. For example:

Second digit Bond hydrolysed

1 ester
2 glycosidic (linking carbohydrate units)
H
|
4 peptide (—C—N-)
I
(0]
5 C—N bonds other than peptides

- The third digit further describes the type of bond hydrolysed. Thus,

(@)

E.C.3.1.1. enzymes are carboxylic ester (—C—O—) hydrolases,
o

E.C. 3.1.2 enzymes are thiol ester (—C—S—) hydrolases,
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E.C. 3.1.3 enzymes are phosphoric monoester (—O—PQ3 ™) hydrolases,
-0

E.C. 3.1.4 enzymes are phosphoric diester (—O—P—0—) hydrolases

o
For example, orthophosphoric monoester phosphohydrolase (E.C. 3.1.3.1) (alka-
'line phosphatase) catalyses:

0 O
| |
R—O—ll'l*—O’ + H,0 = R-OH + HO—IPl—O'

organic phosphate inorganic phosphate

Alkaline phosphatases are relatively non-specific, and act on a variety of substrates

at alkaline pH.
The trivial names of hydrolases are recommended to be the only ones to consist

simply of the name of the substrate plus ‘-ase’.

Main Class 4: Lyases
These enzymes catalyse the non-hydrolytic removal of groups from substrates, often
leaving double bonds.

The second digit in the classification indicates the bond broken, for example,

Second digit Bond broken
1 C-C
2 Cc-0
3 C-N
4 C-S

The third digit refers to the type of group removed. Thus, for the C—C lyases:

Third digit Group removed

1 carboxyl group (i.e. CO,)
2 aldehyde group (—CH=0)
3 ketoacid group (—C.COj5)
' |
O

For example, L-histidine carboxy-lyase (E.C. 4.1.1.22) (trivial name: histidine
decarboxylase, catalyses:

.
CoN;Hy CH; CHNHY = C5N,H; CH; CHy NH; + CO;
Co;

histidine histamine
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(Note the importance of the hyphen in the systematic name, because carboxy-lyase
and carboxylase do not necessarily mean the same thing: carboxylase simply refers to
the involvement of CO, in a reaction without being specific.)

Also classified as lyases are enzymes catalysing reactions whose biochemically
important direction is the reverse of the above, i.e. addition across double bonds.
These may have the trivial name synthase or, if water is added across the double
bond, hydratase, as discussed earlier in the example of fumarate hydratase (fumar-
ase); the systematic name of this particular enzyme is L-malate hydro-lyase (E.C.
4.2.1.2).

Main Class 5: Isomerases
Enzymes catalysing isomerization reactions are classified according to the type of

reaction involved. For example:

Second digit Type of reaction

1 Racemization or epimerization (inversion at an asymmetric
carbon atom)

2 cis-trans isomerization

3 intramolecular oxidoreductases

4 intramolecular transfer reaction

The third digit describes the type of molecule undergoing isomerization. Thus,
for racemases and epimerases:

Third digit Substrate

1 amino acids
2 hydroxy acids
3 _ carbohydrates

An example is alanine racemase (E.C. 5.1.1.1) which catalyses:

L-alanine = D-alanine

Main Class 6: Ligases A
These enzymes catalyse the synthesis of new bonds, coupled to the breakdown of
ATP or other nucleoside triphosphates. The reactions are of the form:

X+ Y+ ATP =X — Y + ADP + P,
or X+ Y+ ATP = X — Y + AMP + (PP),

The second digit in the code indicates the type of bond synthesized. For example:

Second digit' Bond synthesized
1 C-0

2 C-S
3 C-N
4 Cc-C
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The third digit further describes the bond being formed. Thus,

0
|

E.C. 6.3.1 enzymes are acid-ammonia ligases (amide, —C—NH,, synthetases) and

E.C. 6.3.2 enzymes are acid—amino acid ligases (peptide, —C—N—, synthetases).
H

An example is L-glutamate: ammonia ligase (E.C. 6.3.1.2) (trivial name: gluta-
mine synthetase) which catalyses:

O=C.CH,.CH, CH.CO; + ATP + NH, = O=C.CH,.CH,.CH.CO; + ADP + P,

"O * NH3 NH2 * NH 3
L-glutamate L-glutamine
SUMMARY OF CHAPTER 1

Enzymes are proteins which catalyse, in a highly specific way, chemical reactions
taking place within the living cell. Often a further, non-protein, component called a
cofactor is required before an enzyme has catalytic activity.

Enzymes have been used for many centuries, although their true nature has only
become known relatively recently, and they are still of great importance in scientific
research, clinical diagnosis and industry.

Because of the lack of consistency and occasional lack of clarity in the names of
enzymes, an Enzyme Commission appointed by the International Union of Bio-
chemistry has given all known enzymes a systematic name and a four-figure
classification. These, together with the source of the enzyme concerned, should be
quoted in any report.

‘FURTHER READING

Dixon, M., Webb, E. C., Thorne, C. J. R. and Tipton, K. F. (1979), Enzymes, 3rd
edn., Longman (Chapters 1 and 5).

Enzyme Nomenclature. Recommendations (1984) of the Nomenclature Committee
of the International Union of Biochemistry. Published by Academic Press.
Corrections and additions listed in European Journal of Biochemistry (1986),
157 (pp. 1-26) and (1989), 179 (pp. 489-553).

PROBLEMS

1.1 Give the systematic names and the first three digits in the E.C. classifications of
the enzymes catalysing the following reactions:

(Note: it should be possible to deduce the classification and make a reasonable -
attempt at the systematic name from the information given in Chapter 1.)
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.
(a) R.ﬁO.CHz.CHZ.f:J(cria)3 +H,0= R.ﬁO‘ + HOCH,.CH,N(CH,);

acyl choline acid anion choline
(b) H,N.COPO%" +‘H31tI(CH2)3.(%H.CO; = HzN.ﬁ.NH.(CH2)3.(|3H.CO; +P
¢ *NH,4 0 *NH,

carbamoyl L-ornithine citrulline
phosphate

H

.

(c) ATP + ﬁaN.gH.co; + H3I:I.(|3H.CO§ = H;N.CH.CN.CH.CO; + ADP + Py
CH, CHs CH,O CH,

D-alanine D-alanine D-alanyl-alanine
(d) CH,OH CH,OH
(E=O + NADH + H' = (IJHOH + NAD®
CH,OH CH,O0H
dihydroxyacetone glycerol

(e) CH,0P03"

C=0

| CH,0P02- HC=0
CHOH | |

| = C=0 + CHOH
CHOH | | .
| CH,OH CH,OPO?
CHOH

D-glyceraldehyde-3-phosphate
CHZOPog' dihydroxyacetone phosphate
D-fructose-1,6-bisphosphate

(f) NADH + 2 ferricytochrome bs = NAD™* + 2 ferrocytochrome b,

(g) UDP-galactose = UDP-glucose
(glucose and galactose are aldohexoses differing in configuration at C4).

1.2 Give the E.C. classification of the enzyme catalysing the following reactions:
(This question has been designed to encourage the student to become familiar with
the Enzyme Commission’s report and can only be answered satisfactorily by
reference to this report or to a detailed account of it.)

(a) CHs.C.CO7 + ATP + CO, + H,0 = "0;C.CH,.C.CO; + ADP + P,

pyruvate oxaloacetate

(b) H,S + 3NADP* + 3H,0O = sulphite + 3NADPH
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(c) ATP + AMP = ADP + ADP
(d) HC=0 CH,0H
CHOH = (=0

I
CH,0P03~ CH,0P0O%}"
D-glyceraldehyde-3-P
dihydroxyacetone-P

H |
(e) Haﬁ.CHz.ﬁ.N.CHz.CO; + H,0 = H,N.CH,.CO; + H,N.CH,.COj

glycylglycine glycine glycine

(f) Endohydrolysis of a-1,4 glucan links in polysaccharides containing 3 or
more a-1,4 linked D-glucose units.

@), 02 . H, C0;
HyN.CH.(CHp)s NH.CNHCH + H,0 = HN.CH(CHp), NHCNH + G
Co; "NH, CH, Co; *NH, £
CO; 0,C H

L-argininosuccinate L-arginine fumarate
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The structure of proteins

2.1 INTRODUCTION
Since all enzymes are proteins, a knowledge of protein structure is clearly a
prerequisite to any understanding of enzymes.

Proteins are macromolecules (i.e. large molecules) with molecular weights of at
least several thousand. They are found in abundance in living organisms, making up
more than half-the dry weight of cells. Two distinct types are known: fibrous and
globular proteins.

Fibrous proteins are insoluble in water and are physically tough, which enables
them to play a structural role. Examples include «-keratin (a component of hair,
nails and feathers) and collagen (the main fibrous element of skin, bone and tendon).
In contrast, globular proteins are generally soluble in water and may be crystallized
from solution. They have a functional role in living organisms, all enzymes being
globular proteins.

Unlike polysaccharides and lipids, which may be hoarded by cells solely as a store
of fuel, each protein in a cell has some precise purpose which is related to its shape
and structure. Nevertheless, should the need arise, proteins may be broken down,
either to provide energy or to supply raw materials for the synthesis of other
macromolecules.

All proteins consist of amino acid units, joined in series. The sequence of amino
acids in a protein is specific, being determined by the structure of the genetic material
of the cell (see section 3.1), and this gives each protein unique properties. Some
proteins are composed entirely of these amino acid building blocks and are termed
simple proteins. Others, called conjugated proteins, contain extra material, which is
firmly bound to one or more of the amino acid units. For example:

Conjugated protein Extra component present
nucleoprotein a nucleic acid
lipoprotein a lipid
glycoprotein an oligosaccharide
haemoprotein an iron protoporphyrin
flavoprotein a flavin nucleotide

metalloprotein a metal.
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As we have already seen (section 1.1), enzymes may be either simple or
conjugated proteins.

2.2 AMINO ACIDS, THE BUILDING BLOCKS OF PROTEINS
2.2.1 Structure and classification of amino acids

Amino acids, by definition, are organic compounds which contain within the same

molecule an amino group (—NH, or >NH) and a carboxyl group ( C< 8H>
Thus they have properties of both bases and acids.

The amino group in all but one of the twenty amino acids commonly found in
proteins is a primary one (—NH,), the exception being proline, which contains a
secondary amino group ( > NH). The carbon atoms of organic molecules containing
a carboxyl group may be identified with Greek letters as follows:

y-carbon atom
l a-carbon atom

¥
—(C—C—C—C—(=CO,H)

T B-carbon atom
d-carbon atom carboxyl group

All the amino acids commonly found in proteins are «-amino acids, since the
amino group is on the a-carbon atom. The general formula is:

H
H,N—C—C , or, more conveniently, H,N.CHR.CO,H
~
R OH

The symbol R represents the rest of the molecule, often called the side chain. The
amino and carboxyl groups attached to the a-carbon atom are termed the a-amino
and a-carboxyl groups, drst-mgulsh them from similar groups which may be present
as part of the side.chain' Prohne whose a-amino group forms part of an imino ring, is
an imino acid with a- formula sllghtly different from the general one given above (see
Fig. 2.1). »

The «-amino acids may ‘have polar or non-polar side chains. A polar molecule or
group has a degree of ionic character and is hydrophilic, i.e. it is quite soluble in
water because its structure may be stabilized by hydrogen bonding in aqueous
solution. Polar groups may be acidic, basic or neutral. A non-polar molecule or
group is entirely covalent in character and is hydrophoebic, i.e. it is relatively
insoluble in aqueous solvents but more soluble in organic solvents such as diethyl
ether. The side chains of the amino acids commonly found in proteins, classified
according to their polar or non-polar characteristics, are shown in Fig. 2.1.
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Non-polar side chains Polar side chains
—R Amino acid —R Amino acid
—CH, Alanine (Ala) Negative charge
at pH 7 40
--CH.CH, Valine (Val) —CH,C__ Aspartic Acid (Asp)
(|3H o or Aspartate
3
20 o
~CH2(lIH.CH, Leucine (Leu) —CH;,CH,C\0 Glutamic Acid (Glu)
” or Glutamate
CH, Positive charge
atpH 7 + )
«(IDH.CHZCH, Isoleucine (Ile) —(CH,),NH, Lysine (Lys)
CH, ‘

—(CH)), NHﬁ. NH, Arginine (Arg)

. +NH,
—CH, Phenylalanine (Phe)
Uncharged

atpH 7
—CH2T© Tryptophan (Trp) —H Glycine (Gly)
N —CH,OH Serine (Ser)
H
. —CH.CH, Threonine (Thr)
—CH,CH,—S—CH,; Methionine (Met) |
OH
—CH,SH Cysteine (Cys)
CH.CO; Proline (Pro) )
ﬁ/ —CH, OH Tyrosine (Tyr)
H, ,
0}
(complete structure) -—CH,C// Asparagine (Aspn)

0
—CH,CH,c7_ Glutamine (Glun)
NH

—CH, ;J Histidine (His)

Fig. 2.1 — The side chains of the twenty amino acids commonly found in the proteins. (Several
polar side chains contain ionizable groups, the degree of ionization being pH-dependent (see
section 2.3.2). Only the form which predominates at pH 7 is shown in the figure.)

LS

It will be seen that the side chain of histidine contains an imidazole ring, while that
of tryptophan includes a double-ringed structure called an indole. One of these rings
is an aromatic benzene ring, so tryptophan,in common with _phenylalanine and
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tyrosine, may be called an aromatic amino acid. In tyrosine the aromatic ring is
linked to —OH to form a phenolic group. Glutamic acid and aspartic acid contain a
carboxyl group in their side chains, which is converted to an amide group in
glutamine and asparagine. The side chains of lysine and arginine contain amino
groups, which in the case of arginine forms part of a guanidine structure. The R
groups of valine, leucine and isoleucine have a branched-chain aliphatic hydrocarbon
structure while proline, as mentioned previously, is an imino acid. Methionine and
cysteine contain sulphur, which in the case of cysteine is present as part of a
sulphydryl (—SH) group. Cysteine is readily oxidized to form the dimeric compound
cystine, the two component cysteine units being linked by a disulphide bridge.

HgN.(llH.CozH

| cystine
SI y

il
H,N.CH.CO,H

Thus, amino acids with a considerable variety of side chain characteristics are
found in proteins. As we shall see later, this explains the range of properties shown
by these macromolecules.

2.2.2 Stereochemistry of amino acids

Each carbon atom in a molecule can form four single covalent bonds with other
atoms. These are often represented at right angles to each other on a single plane, as
in Section 2.2.1. However, it must be realized that this is done entirely for
convenience, since a page of a book is two-dimensional and thus lends itself to a two-
dimensional representation of structure. In fact the four bonds are evenly distributed
in three-dimensional space, which means they point to the four corners of a regular
tetrahedron, each bond forming an angle of 109° with each of the other-bonds.

If we consider the bonds involving the a-carbon of an amino acid, we see that two
different spatial arrangements, or stereoisomeric forms, are possible: the structure
depicted in Fig. 2.2(a) cannot be superimposed on that in Fig. 2.2(b) by rotation of
the molecules. The a-carbon atom is covalently linked to four different atoms or
groups, so it is asymmetric; no plane drawn through this carbon atom can divide the
molecule into two parts in such a way that each half is the exact mirror image of the
other. As a consequence of this, two mirror image forms of the complete molecule
can exist. Such forms are termed optical isomers, since one will usually rotate the
plane of polarized light passing through it to the right, and the other to the left.

The molecule shown in Fig. 2.2(a) is defined as a D-amino acid and the one in Fig.
2.2(b) as an L-amino acid. This says nothing about how each isomer will.affect the
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plane of polarized light, a property which has to be determined by experiment. Thus
L-alanine is found to rotate polarized light to the right, but L-leucine rotates it to the
left.

COH COMH

e ]
7 NHy H,N VHR

H

{a) (b)

Fig. 2.2 — Three-dimensional arrangements about the a-carbon atom for (a) a b-amino acid

and (b) an L-amino acid. A bond coming out of the plane of the page towards the reader is

indicated by a thickening of the line; one going away from the reader is represented by a
narrowing of the line.

All the common amino acids, with the exception of glycine, exist as optical
isomers. Glycine does not have an asymmetric carbon atom since in this case there
are two hydrogen atoms attached to the a-carbon (R=H). Threonine &and isoleucine
possess two asymmetric carbon atoms, but thls extra complication need not concern
us here.
If amino acids are synthesized by an uncatalysed chemical process, a racemic
mixture (one containing equal amounts of L- and D-isomers) is produced, the
isomeric forms being almost indistinguishable from a chemical point of view.
However, proteins are built almost exclusively of L-amino acids, and most naturally
occurring amino acids are in this same isomeric form. The explanation is that protein
biosynthesis (see section 3.1) and most other metabolic processes are mediated by
enzymes which are specific for a particular isomeric form of the substrate (see section

4.1); this is essential for ensuring the high’ degree of three-dimensional organization
which is found in structures within cells. It is presumably evolutionary chance which

has determined that life as we know it is based on L- rather than D-amino acids.’

2.3

2.3.

coo
THE BASIS OF PROTEIN STRUCTURE ™ A

1 Levels of protein structure

Eny
(AL

Four separate levels of protein structure can be determlned these are the primary,
secondary, tertiary and quaternary structures.
- The primary structure is the sequence of amino acids making up the protein: a
peptlde bond connects the a-carboxyl group of each amino acid to the a-amino group
of the next in the chain.
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I
'H;N.CHR'CO,H + H,N.CHR".CO,H - H2N.CHR'.C—E.CHR".C02H + H,0

~—_———

peptide
bond

Since a molecule of water is lost when two free amino acid molecules undergo this
reaction, only their residues are linked.' A molecule consisting of two amino acid
residues joined by a peptide bond is called a dlpeptlde Several residues linked in this
way form an oligopeptide, while a chain of many amino acid residues is termed a
polypeptide. The covalent backbone-of such a structure consists of «-carbon atoms
linked by peptide bonds, the R groups sticking out from the chain. Each peptide
chain has one free amino end (the N-terminus) and one free carboxyl ‘end (the C-
terminus); all the other a-amino and a-carboxyl groups present are involved in
peptide bonds. For example:

N-terminus ‘ C-terminus
H,N.CHR'.CONH.CHR".CONH.CHR".CONH.CHR"".CO,H
~——— ) ——— e’

N-terminal C-terminal
amino acid residue amino acid residue

Proteins may contain one or more polypetide chains, each one having a specific
primary structure.

Although a two-dime ;19%1 representation of a polypeptide chain can give the
impression that the%acﬁé’bone 1s'linear, it should be understood that this is not so. The
even distribution in three-dimensional space of the single covalent bonds about the
carbon and nitrogen atoms in the backbone means that no two bonds emerging from
the same atom will be diametrically opposite each other (see section 2.2.2).
Molecules may rotate freely about single covalent bonds, so an unlimited number of
arrangements of a polypeptide chain in space are possible. However, some of these
will be more stable than others, so are more likely to exist. Secondary structure refers
to regular, repeating patterns formed by the backbone of at least part of a
polypeptide chain and stabilized by hydrogen bonding.

Certain amino acids cannot be accommodated in these regular arrangements, so
the secondary structure is disrupted -wherever they occur. Again the possibility of
free rotation about a bond at each point of disruption suggests that a great number of
different structures could result, but in fact each polypeptide chain is found to have a
single, characteristic, three-dimensional structure. This is termed the tertiary struc-
ture and, once formed, it may be stabilized by bonding between amino acids which
find themselves in close proximity. It should be noted that amino acids which are
widely separated in the primary structure may be close together in space, because of
the twists of the polypeptide chain.

Several identical or non-identical polypeptide chains may then be linked together
to form the actual protein. The complete three-dimensional structure, including the
interactions between the component polypeptide chains, is termed the quaternary
structure.
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2.3.2 Bonds involved in the maintenance of protein structure

A single covalent bond is formed by the sharing of a pair of electrons between two
atoms,.each atom contributing one electron to the pair. By means of such a sharing
arrangement, involving one or more covalent bonds, an atom can achieve an
arrangement of electrons round its nucleus identical to that of an inert gas and thus
become chemically stable. Two atoms of given identity, when linked by a single
covalent bond, are located a characteristic distance apart, this distance being known
as the bond length. If two atoms share two pairs of electrons between them, then a
double covalent bond is formed: In this case the bond length is less than for the
equivalent single bond. Molecules can rotate about single covalent bonds but not
about double covalent bonds, which are more rigid.

The primary structure of a protein consists. of amino acid residues linked by
covalent peptide bonds. Covalent disulphide bridges (—S—S-), linking cysteine
residues, are often involved in the maintenance of tertiary structure. In a very few
instances, disulphide bridges may also link the separate polypeptlde components of a
protein (see sections 3.1.4 and 5.1.2). . o e

An alternative way by which an atom might achieve stablllty by obtaining the
same electron structure as an inert gas is for it to gain or lose a number of electrons,
i.e. to form an ion. Ions which are formed by loss of electrons from an atom will have
\._a net positive charge and are called cations while those formed by the addition of
electrons will have a negative charge and are termed anions. The magnitude of the
charge will depend on the number of electrons transferred.

An electrostatic interaction occurs between each pair of ions in the same medium.
The force (F) between two ions A and B in dilute solution is given by Coulomb’s law:

ZAZB€2
~ Dr?

where Z, is the number of unit charges carried by ion A, Zg the number carried by

‘ion B, e is one unit of electronic charge, r is the distance between the two ions and D
is the dielectric constant of the medium. Ions with like charge repel each other while
those of opposite charge attract.

Thus the tertiary and quaternary structures of proteins could involve electrostatic
linkages between amino acids with side chains of opposite charge, between, for
example, lysine and glutamic acid. In fact in an aqueous environment it is energeti-
cally more favourable for a charged group to form linkages with surrounding water
molecules rather than with another charged group in the protein. However such
linkages do occur in hydrophobic regions of proteins (see below) and so could play an
important role in the stabilization of the three-dimensional structure.

It often happens that covalent bond formation does not lead to an equal sharing of
a pair of electrons between two atoms; the electrons may be associated with one of
the components more than the other, producing a slight separation of charge
between the atoms, called a dipole effect. The atom having the greater association
with the shared pair of electrons will have a partial negative charge and can thus form
weak electrostatic linkages, as can the other atom, which will have a partial positive
charge.
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The most important example of this phenomenon is the hydrogen bond. The
oxygen atoms of —OH or -C=0 groups have a slight negative charge, while the
hydrogen atoms of >NH or —OH groups have a slight positive charge. Hence a
weak electrostatic linkage can be formed between the oxygen atom in one group and
the hydrogen atom in another, e.g. —C=0----H—O—. The bond energy involved is
small, but sufficient to add stability to a structure.

All the water molecules present in an aqueous medium link by means of hydrogen
bonding to produce a huge three-dimensional network. Hydrogen bonds can be
formed between groups in polypeptides and the surrounding water molecules, as
well as between different components within polypeptide chains. Such bonds can
help to stabilize the secondary, tertiary and quaternary structures of proteins.

Although the arrangement of electrons about an atom may, on average, be
symmetrical, the constant fluctuations in electron distribution mean that the arrange-
ment is likely to be asymmetrical at any given instant. Hence a dipole exists, however
momentarily, and this induces a corresponding effect in all neighbouring atoms,
causing them to attract each other. This is true of all atoms, even those of inert gases.
However, when two atoms come into very close proximity, the repulsion between
their respective clouds of surrounding electrons is greater than the induced attrac-
tion. There is an optimal distance between two non-bonding atoms, known as the van
der Waals contact distance, when the forces of attraction and repulsion are equal.
These forces are known as London dispersion forces and the weak linkages resulting
from dipole effects are sometimes termed van der Waals bonds. These play an
important part in governing which three-dimensional structure is taken up by a
protein.

Non-polar, or hydrophobic bonds also have a considerable influence on protein
structure. These bonds are not formed as a result of any direct interaction between
atoms and may be best considered from the point of view of the complete protein/
solvent mixture. The network of hydrogen bonds linking water molecules to each
other confers great stability, so the most stable structure for a protein in aqueous
solution will be that which gives the greatest possibility of hydrogen bonding between
the protein molecule and the surrounding water molecules. Non-polar side chains of
amino acids cannot form hydrogen bonds, so the contact between these and the
water molecules must be minimized. Two such side chains in close proximity will
tend to come even closer, forcing out all water molecules from between them so that
a single non-polar region is formed from the two originally present. Many non-polar
side chains may be incorporated into a single non-polar zone, creating a hydrophobic
micro-environment that is quite different from the micro-environments in other parts
of the protein molecule.

In the case of metalloenzymes a further type of bond, the co-ordinate bond, needs
to be mentioned. Like the covalent bond, this involves the sharing of a pair of
electrons between two atoms, but in this case both electrons come originally from the
same atom. A metal atom can accept pairs of electrons in this way from donor
groups, or ligands, until it has the required number of electrons at a particular level.
(A ligand is simply something which binds, the word having the same Latin root as
the name of the group of enzymes called ligases.) The electrons which may be lost by
ametal atom to form an ion are at a different level from those involved in co-ordinate
bond formation, so the two processes are quite distinct.
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The bonds involved in the maintenance of protein structure will be discussed
further, in the light of experimental evidence, in section 2.5.2. In general, the three-
dimensional structure taken up by a protein will be that which is energetically most
favourable, taking into account all possible interactions involving the types of bond
discussed in the present chapter.

2.4 THE DETERMINATION OF PRIMARY STRUCTURE
2.4.1 The isolation of each polypeptide chain

The first step in the determination of protein structure is to find out how many
different types of polypeptide chain are present in the intact protein. Since each
polypeptide chain has an N-terminus and a C-terminus, this should be the same as
finding out how many different N-terminal or C-terminal amino acids are present. In
view of the possibility that two otherwise dissimilar polypeptide chains might have,
for example, the same amino acid at the N-terminal, it is usually best to determine
the number of different N-terminal amino acids and the number of different C-
terminal amino acids; if these are not the same, the larger of the two numbers would
be taken to indicate the number of different polypeptide chains present. Another
reason for doing this is the possibility that a terminal amino acid might be buried
within the protein molecule and thus not be accessible to the reagents used.

The identity of N-terminal amino acids can be determined by the use of 1-fluoro-
2,4-dinitrobenzene (Sanger’s reagent) and of dansyl chloride. Both of these reagents
form addition compounds with free amino groups. In a polypeptide chain, the only
free «-amino group belongs to the N-terminal amino acid. Hence, after treatment of
a protein with one of these reagents, and subsequent complete hydrolysis to the
constituent amino acids (e.g. 6 M HCI at 105°C for 24 h), the only «-N-substituted
amino acids present will be those originally at an N-terminus.

With Sanger’s reagent the reaction sequence is:

NO,
0,N @ F + H,N.CHR'.CONH.CHR".CO —— NH.CHR".CO,H
1-fluro-2,4- polypeptide
dinitrobenzene

(FDNB)
mild alkali

@ NH.CHR/ CONH CHR".CO —— NH.CHR".CO,H + HF

6 M HCl,105°C, 24 h

o,N@ NH.CHR’.CO;H + H,N.CHR".CO,H +

«-N-2,4-dinitrophenyl
amino acid
(o-N-DNP amino acid)

+ H,N.CHR".CO,H.
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The «-N-DNP amino acids can be identified by paper or thin layer chromato-
graphy, or by high performance liquid chromatography (HPLC), using a-N-DNP
amino acids of known identity as markers. These compounds are yellow, so there is
no need to use staining reagents. Amino groups present in the side chains of amino
acids (e.g. of lysine) will also react with Sanger’s reagent, but the products can be
distinguished chromatographically from «-N-DNP amino acids, so no confusion will
result.

The procedure with dansyl chloride is very similar to the above:

CH, CH
NV
N

©© + H,N.CHR'.CONH.CHR".CO
polypeptide

SO,Cl
dansy! chloride

NH.CHR".CO,H

CH; CH
03 s

N
\ 4
SO,NH.CHR.CONH.CHR".CO —— NH.CHR".CO,H + HCl

CH, CH, 6 M HC1,105°C, 24 h
N\ /
N

00 |

SO,NH.CHR'.CO,H + H,N.CHR".CO,H +

«-N-dansyl amino acid

+ H,N.CHR"CO,H.

Dansyl amino acids are highly fluorescent and hence can be identified in very
small quantities, e.g. by HPLC.

The C-terminal amino acids may similarly be identified by treating the protein
with a reagent which attacks free carboxyl groups, e.g. with the reducing agent
sodium borohydride. This requires preliminary esterification of the carboxyl groups
and protection of the free amino groups by acetylation, neither of these processes
being shown in the following simplified scheme:
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H,N.CHR'.CONH.CHR".CO NH.CHR"CO,H
l NaBH,
H,N.CHR'.CONH.CHR".CO NH.CHR"CH,OH

l 6M HC1,105°C, 24 h
H,N.CHR'.CO,H + H,N.CHR".CO,H +

+ H,N.CHR".CH,OH

«-amino alcohol

Only C-terminal amino acids will be converted to o-amino alcohols. Side chain
carboxyl groups (e.g. in glutamic and aspartic acids) will also be reduced, with the
subsequent production of amino alcohols, but these will not be a-amino alcohols, so
can be distinguished by chromatography.

By means of these techniques, the N-terminal and C-terminal amino acids in a
protein can be identified, enabling the number of different polypeptide chains
present to be deduced. The linkages between the various polypeptide chains may
then be broken in a variety of ways. Disulphide bridges may be cleaved by treatment
with performic acid, each cystine unit being oxidized to two cysteic acid units without
the breakage of any peptide bonds.

performic | |
| acid
CIH.CH2_S_S—CH2.CH EE— CH.CHz.SO3H + HO3S.CH2.CH
cystine residue cysteic acid cysteic acid

residue residue

Performic acid also oxidizes methionine and tryptophan residues, if these are
present, so an alternative approach is to cleave the disulphide bridge by reduction,
e.g. with mercaptoethanol and then alkylate the sulphydryl groups produced to
extremes of pH, at high salt concen _gmns, orin presence of reagents Stich as area or
guanidine hydrochloride.

Each of the polypeptide chains known to be present can then be separated from
the others by chromatographic or electrophoretic techniques, as described in section
16.2.2. Hence a pure specimen of each polypeptide chain may be obtained.

A great many enzymes consist of a number of identical polypeptide chains linked
only by non-covalent bonds (see section 5.2): this is indicated by the finding of only a
single N-terminal and a single C-terminal amino acid, by the failure to separate any
polypeptide chains from any others after the breaking of non-covalent linkages, and
by demonstrating that a several-fold decrease in molecular weight occurs when these
linkages are broken (see section 16.3).

2.4.2 Determination of the amino acid composition of each polypeptide chain

The molecular weight (relative molecular mass, M,) of the polypeptide should first
be determined, using such techniques as gel filtration or ultracentrifugation (see
section 16.3). The polypeptide is then completely hydrolysed to its component amino
acids and the concentration of each determined.
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A common procedure for the quantitative determination of amino acids is ion
exchange chromatography. The sample is applied to a cation exchange column, e.g.
sulphonated (—SO,0 ™) polystyrene, and buffers of increasing pH and salt concentra-
tion are pumped through. In general, amino acids with acidic or neutral polar side
chains are eluted from the column before those with basic or non-polar side chains,
largely according to their relative attraction for the charges on the ion exchange
resin, conditions being chosen so that each amino acid is eluted separately. Traditio-
nally, glass columns have been used, but recent developments in HPLC technology
has led to the use of stainless steel columns. The column eluate is mixed with a
reagent such as ninhydrin, which reacts with most amino acids to give a blue—purple
colour, the absorbance being measured at 570 nm.

0
I

C. OH
N/
@ et H,N.CHR.CO,H -
ﬁ/ OH
0

0]
Il

ninhydrin C\ OH
@ C/ + NH,; + CO, + RCHO
VAR
(|3| H
0

hydrindantin

I i

C OH HO\ C

C/ OH H

1l I

0)

ninhydrin hydrindantin

0 0
Il 1l
C\ /C
<
OH 0]

Ruheman’s purple

The imino acid, proline, reacts differently, giving a yellow colour, the absorbance
usually being measured at 440 nm. Hence, if the colour produced is monitored
continuously at both 570 nm and 440 nm, and if the instrument has been precali-
brated with amino acid standards, it is possible to determine the concentration of
each amino acid present. As an alternative to ninhydrin, more sensitive fluorimetric
reagents, such as o-phthalaldehyde (OPA), may be employed

Reversed-phase HPLC, where the stationary phase is a Cg or C;3 hydrocarbon,
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may be used to analyse pre-derivatized (e.g. DNP or OPA) amino acids in less than
30 minutes, with mixtures of aqueous and organic solvents as the moving phase.

Before the results of amino acid analysis are interpreted, the type of hydrolysis
used needs to be taken into consideration. Acid hydrolysis (6M HCI, 105°C, 24 h)
leads to complete breakdown of the polypeptide chain to amino acids, but some
tryptophan is lost in the process. Also, the amides glutamine and asparagine are
hydrolysed to the corresponding acids, liberating ammonia. Measurement of the
ammonia produced gives the total amount of amide initially present.

Hydrolysis of the amides also occurs if alkali is used instead of acid. Such alkaline
hydrolysis, e.g. with 5 M NaOH, again leads to total breakdown of the polypeptide.
Under these conditions there is complete recovery of tryptophan, but only partial
recovery of several other amino acids, including cysteine, cystine, serine and
threonine. Thus the results of both acid and alkaline hydrolysis are required to
determine the total concentration of all amino acids present, and even then only the
combined amide content can be assessed. With this proviso, these results, and those
of the molecular weight determinations, can be used to give a reasonable estimate of
the number of molecules of each amino acid in the polypeptide.

2.4.3 Determination of the amino acid sequence of each polypeptide chain
The N-terminal amino acid of a polypeptide may be identified by the use of Sanger’s
reagent or dansyl chloride, as described in section 2.4.1. However, an even more
valuable reagent is that of Edman, since it allows extra information to be obtained.
Edman’s reagent (phenylisothiocyanate) forms an addition compound with a free
amino group under alkaline conditions, so will attach itself to the a-amino group of
the N-terminal amino acid of a polypeptide chain, exactly like the other reagents
mentioned. Its special property is that if the conditions are then made mildly acidic,
the addition compound formed between the reagent and the N-terminal amino acid
will become detached from the polypeptide chain without any other peptide bond
being broken.

©N=C=S + H,N.CHR'.CONH.CHR".CO NH.CHR".CO,H
polypeptide

phenylisothiocyanate

OH

v
@ NH.ﬁ.NH.CHR'.CONH .CHR".CO ——— NH.CHR".CO,H

H* (in organic solvent)

]
C—CHR
@-N\ | + H,N.CHR".CO —— NH.CHR".CO,H
C—NH

phenylthiohydantoin
(PTH) amino-acid
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The PTH amino acid, and thus the original N-terminus, can be identified by
chromatography, while the rest of the polypeptide chain remains intact to be
investigated further. The procedure can be repeated to reveal the new N-terminal
amino acid (that with side chain R"), and so on. Protein sequencers involving
separation of PTH amino acids by reversed-phase HPLC became commercially
available some years ago (e.g. the Beckman System 890M).

The C-terminal amino acid may be identified by the use of a reducing agent
(section 2.4.1), but an alternative approach employs carboxypeptidase enzymes,
which cleave peptide bonds sequentially, starting from the C-terminus. The order in
which particular free amino acids appear in solution after treatment gives the
sequence from this end.

Thus, in theory, it is possible to start at either the N-terminus or the C-terminus of
a polypeptide chain and determine the entire amino acid sequence. However, in
practice, the size and complexity of such chains increase the problems of analysis.
For this reason, long polypeptide chains are usually split into smaller, more
manageable, units by the use of specific reagents before sequence analysis is
attempted. These reagents include cyanogen bromide and a variety of proteolytic
enzymes (i.e. enzymes which cleave peptide bonds). Consider the following polypep-
tide chain:

H

H,N NH.CHR'.C-N.CHR".CO —— CO,H

|
0

The peptide bond shown, which represents any peptide bond in the molecule, may be
broken by a specific reagent if R’ or R” has a specific identity. For example, it is
hydrolysed by the enzyme trypsin, at pH 7-9, where R’ is a lysine or arginine side
chain, or by the enzyme chymetrypsin, again at pH 7-9, where R’ is a phenylalanine,
tryptophan or tyrosine side chain. Other proteolytic enzymes have a less clearly
defined specificity (section 5.1.3). Cyanogen bromide (CNBr) cleaves the bond where
R’ is the side chain of methionine, by the following reaction:

CIHz.CHz SCH;

H,N NH.CH.ﬁ—NH.CHR".CO —— CO,H
0
lCNBr
C|H2CH2
H,N

NH.CH.ﬁ—o + H,N.CHR".CO —— CO,H + CH,SCN

Thus, action by any one of these reagents on a polypeptide chain produces a number
of peptide fragments, which may be separated from each other by chromatography
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or electrophoresis techniques. Then, since each fragment is relatively small, it is
usually possible to determine its complete amino acid sequence by use of the
methods discussed above, or by mass spectrometry.
The next task is to find the order in which the peptide fragments join together to
. form the complete polypeptide. Partial hydrolysis is again performed on a sample of
intact polypeptide, this time using a different specific reagent; the resulting peptide
fragments are separated as before and the amino acid sequence of each is deter-
mined. Overlapping sequences between the first and second sets of peptide fragments
enable the complete primary structure to be deduced, as in the following example.
A peptide consisting of 11 amino acid residues is known to have alanine at its N-
terminus. Hydrolysis by trypsin gives the following three peptide fragments (each
depicted conventionally with the N-terminus to the left):

Pro-Trp-Gly-Arg  Ala-Glu-Phe-Asp-Lys  Thr-Ser
Hydrolysis by chymotrypsin also gives three fragments:
Gly-Arg-Thr-Ser  Ala-Glu-Phe  Asp-Lys-Pro-Trp

The complete sequence may be deduced by starting with the known N-terminus and
looking for overlaps between the fragments, as follows:

Ala-Glu-Phe chymotrypsin fragment
Ala-Glu-Phe-Asp-Lys trypsin fragment

Asp-Lys-Pro-Trp chymotrypsin fragment
Pro-Trp-Gly-Arg trypsin fragment

Gly-Arg~Thr-Ser chymotrypsin fragment
Thr-Ser trypsin fragment

Ala-Glu-Phe-Asp-Lys-Pro-Trp-Gly-Arg-Thr-Ser complete sequence

The amides, glutamine and asparagine, are easily hydrolysed to their respective acids
and may thus be wrongly identified in the determination of amino acid sequence. The
result may be checked by subjecting intact polypeptide to partial hydrolysis by
proteolytic enzyme under the mildest possible conditions, in order to minimize
hydrolysis of any amide present, and then quickly investigating the peptide frag-
ments for the presence of amide.

This may be done by electrophoresis, or by performing complete hydrolysis on a
fragment and determining the ammonia produced. For example, the fragment Ala-
Glun-Phe would not leave the origin on electrophoresis at neutral pH, whereas Ala-
Glu-Phe would move towards the anode. The first of these fragments would yield one
molecule of ammonia on complete hydrolysis, but no ammonia would be produced
by hydrolysis of the other.



46 " The structure of proteins [Ch.2

Once the complete primary structure of a polypeptide has been determined, the
amino acid residues may be numbered, always starting with the N-terminus as
residue number 1 and working sequentially from this.

2.4.4 Determination of the positions of disulphide bridges

Since the amino acid sequence of a polypeptide chain is most conveniently deter-
mined if the peptide bonds of the backbone are the only covalent bonds present
which link amino acid residues, the procedures discussed above usually commence
with the splitting of all inter- and intra-chain disulphide (see section 2.4.1); therefore
they can give no indication as to which particular cysteine units are linked by each
disulphide bridge. In order to elucidate this, it is necessary to start again with a
sample of intact protein.

Partial hydrolysis is performed to break some of the peptide bonds without
disturbing any of the disulphide bridges. However, under certain hydrolysis con-
ditions, disulphide bridges may be cleaved and reformed, not necessarily reconnect-
ing the original partners. This is minimized by using 5 M H,SO, for partial hydrolysis
or by using the enzyme pepsin at pH 2: pepsin breaks the peptide bonds between a
wide range of amino acids, but particularly those between two hydrophobic residues.

The peptide fragments formed may be separated from each other as before, and
each is then treated with performic acid. Those peptides containing a disulphide
bridge will break into two smaller fragments as the —S—S—bond is oxidized, enabling
the fragments to be separated and the sequence of each determined. Thus the
sequence of amino acids around each end of a particular disulphide bridge is made
known and, by reference to the previously worked out primary structures, the
position of the bridges in the intact protein can be deduced.

2.4.5 Some results of experimental investigation of primary structure

The general approach described above was first used by Sanger, who in 1953
elucidated the complete primary structure of insulin, an achievement which was
rewarded with the Nobel Prize. Insulin was found to consist of two polypeptide
chains: an A chain, of 21 amino acid residues, and a B chain, of 30 residues; the
chains are linked by two disulphide bridges and there is also an intra-chain disulphide
bridge in the A chain (see section 3.1.4).

The first enzyme to have its complete amino acid sequence determined was
bovine pancreatic ribonuclease A, the result of work by Smyth, Stein and Moore
(1963) and others. This enzyme consists of a single polypeptide chain of 124 amino
acid residues, with four intra-chain disulphide bridges being present.

In general, work on a variety of globular proteins have revealed that these usually
incorporate all 20 amino acids without there being any recurring features in the
primary structure. The amino acid sequence is absolutley specific, so that an error of
synthesis resulting in one amino acid residue being out of place can affect the
functioning of the protein.

Let us consider the example of haemoglobin, an iron-containing protein which
occurs in erythrocytes (red blood cells) and acts as a carrier for oxygen and carbon
dioxide. Haemoglobin consists of four polypeptide chains: two « chains (each of 141
amino acid residues) and two f chains (each of 146 residues). Well over one hundred
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different abnormal structures, resulting from genetic mutations, have been
described in humans: some of these mutations are harmless, the abnormal haemo-
globin molecule functioning as well as the normal one, but some affect the patient
very severly indeed. In sickle-cell anaemia, where the erythrocytes are sickle-shaped
and are broken down more easily than normal, the abnormality is at position 6 (from
the N-terminus) of the B chain of haemoglobin, where valine is present instead of
glutamate. Normal haemoglobin molecules obtained from different species also
show some differences in primary structure, these being fewer the more closely
related the species. Haemoglobin has been investigated in more detail than most
proteins because it is readily available in large amounts, but the same general
conclusions have been found with other globular proteins.

Fibrous proteins, on the other hand, often contain only three or four different
amino acid residues, and recurring sequences of amino acids are frequently found.
For example, fibroin, the protein in silk, consists of only glycine, serine and alanine
residues, the glycine residues occurring alternately throughout the molecule. Hence
it has not yet proved possible to specify the complete primary structure for a fibrous
protein.

2.4.6 Indirect determination of primary structure

Increasingly, primary structure is being deduced from a knowledge of the structure
of the genetic material containing the information for the synthesis of the protein in
question. At this stage of the book we have not considered enough relevant factors to
be able to discuss this further, but details are given in section 20.4.

2.5 .THE DETERMINATION OF PROTEIN STRUCTURE BY X-RAY
CRYSTALLOGRAPHY

2.5.1 The principles of X-ray crystallography
Crystals, including those of globular proteins, consist of repetitions of a basic
structural component called a unit cell, which may be a single molecule or a
symmetrical arrangement of several molecules. Thus each atom in a crystal must lie
in a specific position with regard to all other atoms in the crystal, enabling the
structure to be determined by X-ray diffraction analysis. This consists of directing a
beam of X-rays of a single wavelength at a crystal and studying the characteristics of
the emerging rays. Most rays pass straight through the crystal without being affected,
but those which come into contact with an atom in the crystal are scattered by the
clouds of electrons surrounding it. More precisely, these electrons act as secondary
sources of X-rays, which then radiate out from the atom in all directions. The
intensity of the X-rays leaving an atom of high electron density, such as a heavy
metal, is much greater than for those leaving an atom of low electron density, such as
hydrogen. Thus, areas of high electron density can be said to scatter X-rays more
strongly than areas of low electron density, but it should be realized that in each case
the radiation emerges from the scattering centre with spherical symmetry.

X-rays, like other forms of electromagnetic radiation, are best regarded as waves
of characteristic length and amplitude (Fig. 2.3); the intensity of a ray is proportional
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to the square of its amplitude. If two rays of identical wavelength are directed along a
common path so that they are exactly in phase, i.e. the crests and troughs of the
waves correspond exactly, then they will combine to give a ray of the same
wavelength and phase, but greater amplitude (Fig. 2.3(a)). The amplitude, and
hence intensity, obtained under these conditions will be the maximum that can be
obtained by combination of these two rays. If the two rays are one quarter of a cycle
out of phase (Fig. 2.3(b)), the intensity of the combined ray will be about one quarter
of the maximum possible value, and the phase of the combined ray will be a
combination of the phases of its component rays. If the two rays are exactly half a
cycle of phase (Fig. 2.3(c)), the waves will cancel out and the intensity of the
combined ray will be zero.
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Fig. 2.3 — The combination of rays of identical wavelength (1) and amplitude (€2) when
directed along a common path, where component rays are (a) exactly in phase, (b) one quarter
of a cycle out of phase, and (c) half a cycle out of phase.
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The scattered X-rays emerging from a crystal can combine in this way: rays
emerging at certain angles to the incident ray will combine to give rays of maximum
intensity, while those emerging at other angles will cancel each other out. The results
can be observed by placing a photographic plate behind the crystal to register the
impact of emerging rays. In general, development of the plate will show a spot at the
centre, due to the undeflected X-rays, which of course will all be in phase; this is
surrounded by a pattern of other spots, corresponding to the angles where emerging
rays combine to give intensity maxima. The overall effect is known as a diffraction
pattern.

Before discussing X-ray crystallography in more detail, let us consider why we
cannot observe the atoms in a molecule by the use of optical or electron microscopy.
Vision consists of two processes: beams of light (another form of electromagnetic
radiation) which strike an object are scattered by the atoms exactly as discussed



Sec. 2.5] The determination of protein structure 49

above, and these scattered rays are brought back together (focused) by the lens in the
eye to produce an image of the object on the retina. A magnified image may be
produced by the use of further lenses (optical microscopy), enabling features to be
clearly distinguished (resolved) which are too close to be seen separately by the
unaided eye. The limit of resolution in microscopy depends on the wavelength of the
type of electromagnetic radiation used and the focusing properties of the instrument.
With optical microscopy, the limit of resolution is about half the wavelength of the
light used. Hence individual atoms, which are separated in a molecule by distances in
the order of 1-2 A (1 A=0.1 nm), cannot be resolved by an optical microscope, since
the wavelength of visible light is in excess of 4000 A. Electron microscopes give much
greater resolving power than optical microscopes, but despite the very low wave-
lengths of electron beams, individual atoms still cannot be visualized because of the
generally poor performance of the electromagnetic lenses used in electron’
microscopy.

X-rays similarly have wavelengths much smaller than those of light rays; in fact
they are of the same order of magnitude as inter-atomic distances. However, no
procedure has yet been devised for focusing X-rays, so no image can be produced.
Nevertheless, the detailed structure of a crystal scattering X-rays can be deduced.
from the diffraction patterns obtained.

Each unit cell in a crystal may contain many atoms in a complex arrangement, but
let us for the moment consider it simply as a region of high electron density which can
act as a scattering centre for X-rays. Thus the crystal consists of a regular arrange-
ment of major scattering centres, each corresponding to a unit cell, as shown in Fig.
2.4.

incident =~ A

beam Q = ~<
R— \ Ig" ~

U

Fig. 2.4 — An incident beam of X-rays striking a crystal at an angle 9 to planes of scattering
centres ABC and DEF. Rays are scattered with spherical symmetry, only those emerging at an
angle ¢ to the planes of scattering centres being shown (see text for discussion).
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First of all let us look at the plane of scattering centres containing A, B and C,
which is inclined at an angle 6 to the incident beam of X-rays. Some rays will be
scattered by the electron-dense regions in the plane, while most will pass straight
through. Each scattered ray has the same wavelength and phase as the incident ray,
so in respect of these properties can be regarded as simply being deflected. Rays will
be scattered in all directions, so some will emerge at an angle ¢ to the plane. Those
leaving A and B at the same angle to the incident beam will reach a given point having
travelled exactly the same distance through space (so that distance QU A =distance
RBT) only when ¢$=6. This is known as the reflection condition since the phenome-
non of reflection at a planar surface is also characterized by these angles being equal.
Therefore, all rays reflected by the scattering centres on the plane ABC, i.e. all those
emerging at an angle such that =0, will be exactly in phase and will combine to give
a ray of maximum intensity.

Now let us consider a second plane of scattering centres, containing D, E and F,
which is parallel to the plane ABC and separated from it by a distance d. Rays leaving
B and E in the same direction can never reach a given point having travelled the same
distance through space, since distance PES must be greater than distance RBT.
However, if the difference in distance (d;+d,=d sin 0+d sin ¢) is exactly a whole
number of wavelengths, the emerging waves will still be exactly in phase. Hence,
waves which emerge at the same angle to the incident beam from scattering centres
on different but parallel planes will combine to give a ray of maximum intensity if
n\=d sin 8+d sin ¢, when n is a whole number, A is the wavelength of the rays, and
the other terms are as defined in Fig. 2.4.

So, to summarize, all the scattering centres in a single plane will combine to give a
diffracted ray of maximum intensity at the angle where the reflection condition is
met, while centres in different planes will combine to give rays of maximum intensity
at angles where nh=d sin 6Xd sin ¢. If these two conditions are put together, rays
emerging from all the scattering centres on any number of parallel planes a distance d
apart will combine to give an intensity maximum where nA=2d sin 0. This was first
stated by the Braggs (father and son) in 1913 and is known as the Bragg condition.

Thus it can be seen that regular repeating units are essential for the establishment
of clear diffraction patterns, since patterns from different scattering centres may
reinforce each other under these conditions. Crystals are rotated in a beam of X-rays,
allowing time in each position for the investigation of the diffraction pattern, until
the pattern obtained indicates that planes of scattering centres are inclined at a
suitable angle to the incident beam for reinforcement to take place. A clear
diffraction pattern may be obtained without rotating the specimen if this is not a
single crystal but is composed of separate regions of repeating units set at random
angles to each other, and thus to the incident beam; this is often the case where the
specimen is a powder of fine crystals or a natural fibre.

In general, the greater the repeating distances within a specimen, the closer are
the intensity maxima on the photographic plate. If clear diffraction patterns can be
obtained with a crystal in three different orientations, then the dimensions of the unit
cell and the arrangement of unit cells within the crystal can be deduced from those
maxima nearest the centre, which correspond to the largest repeat distances.

If we now turn our attention to the structure of the molecule or molecules making
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up the unit cell, we must immediately realize that not all the atoms in a complex
molecule can lie on the same plane. Hence, although we have hitherto considered a
unit cell to be a single scattering centre lying on a specific plane, in fact it may consist
of a large number of component scattering centres (atoms), some of which lie at
various distances in front of the plane and some at various distances behind the
plane. This inevitably affects the diffraction patterns obtained.

If the intensity (and hence amplitude) and the phase is known for each X-ray
causing a spot in the diffraction pattern, then a three-dimensional contour map
showing the distribution of electron density within the unit cell can be drawn up using
a mathematical procedure called Fourier synthesis. From this, the structure of the
molecule can be deduced. The intensity of an X-ray can be determined from a
photograph of a diffraction pattern or measured directly using a geiger counter;
however there is no direct way of determining the phase. This has been called the
phase problem.

The phase problem can be overcome in either of two ways. A model may be built
of a possible molecular structure and the theoretical diffraction patterns this would
give are compared to those actually obtained. This may be useful in explaining
certain repeating features, but otherwise the number of possible structures of a
complex molecule is too immense to enable this method to be very successful if
employed alone. The alternative method is that of isomorphous replacement,
introduced by Perutz in 1954. A heavy metal atom, such as mercury or uranium, is
attached to a specific site of each molecule in the crystal without altering the three-
dimensional structure of the molecule. The heavy metal atoms, being regions of very
high electron density, will cause appreciable changes to the amplitude and phase of
the rays producing a diffraction pattern. If the intensities of the spots are compared
to those of the spots in the original diffraction pattern, it is possible to deduce the
location of the substituted atoms within the unit cells. The contribution of rays from
the heavy metal atoms to each spot in the diffraction pattern may then be calculated,
in terms of both phase and amplitude. This enables two possible solutions of the
phase problem to be obtained for each spot, one where the phase of the original ray is
in advance of that of the ray from the substituted atom, and one where it is an equal
distance behind. Which of the alternative solutions is correct may be determined by
substituting with a heavy metal atom in a different place, or possibly several different
places. Thus it is possible to deduce the complete structure of a molecule.

Low resolution analysis (to about 5A), showing the main features of the
molecular structure but not the fine detail, may be performed using only the spots
near the centre of the diffraction pattern. For high resolution analysis, showing the
complete structure of the molecule, all the spots must be used. Apart from the extra
labour involved, which usually necessitates the use of computers, high resolution
analysis is hindered by the fact that the outermost spots in a diffraction pattern are of
lower intensity than those nearer the centre. Also, isomorphous replacement almost
inevitably introduces some changes, however slight, in the three-dimensional struc-
ture and this becomes more significant the higher the resolution attempted. Finally,
hydrogen atoms are extremely weak scatterers of X-rays, so are very difficult to
pinpoint by these techniques.

It has often been found advantageous to use the model-building and isomorphous
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replacement techniques to complement each other. Low resolution studies indicate
the general shape of the molecule and, from this data, models can be built to help
elucidate the fine structure.

X-rays are commonly obtained by accelerating electrons released from an
incandescent tungsten filament against a copper target. This produces rays of
approximate wavelength 1.5 A.

As regards to current developments, X-rays selected from the electromagnetic
radiation emitted by highly expensive devices called synchrotrons or electron storage
rings are of higher intensity than those from a conventional source. This is
advantageous for the structural determination of proteins of high molecular weight
and of those proteins whose crystalline structure is unstable over the relatively long
periods required for exposure to weak radiation. Another possibility is the use of
neutron beams, which are scattered by atomic nuclei rather than electrons. Thus they
may be employed for high resolution analysis, since they are scattered strongly by
hydrogen atoms. Also, they cause very little radiation damage to macromolecules,
enabling irradiation to be carried out for far longer periods than is possible with
X-rays.

2.5.2 Some results of X-ray crystallography

In 1939, Pauling and Corey and their co-workers began a systematic investigation of
the three-dimensional structures of amino acids, dipeptides and other molecules to
provide data with a view to the eventual elucidation of protein structure. X-ray
diffraction analysis soon showed that the C—N bond length on a peptide bond was
shorter than would be expected for a single covalent bond. Therefore, some degree
of double bond character must be present, the actual structure being between the two
extremes shown below:

(0] (0
Il [

H H

A consequence of this partial double bond character is that rotation about the bond is
restricted and all of the atoms involved lie in the same plane. Two isomeric
arrangements are possible: the trans form (as shown above), with the oxygen and
hydrogen atoms diametrically opposed, and the cis form, with these atoms adjacent.
In fact, only the trans isomer is found, a more detailed representation of this being
given in Fig. 2.5.

The most significant factor accounting for the stability of the trans form is the
spacing between the a-carbon atom and the oxygen atom (2.8 A), which is only
marginally less than the van der Waals contact distance between these atoms (3.4 A),
so repulsion is slight (see section 2.3.2). In the unstable cis form the two «-carbon
atoms would be adjacent to each other, separated by a distance (2.8 A) much less
than the van der Waals contact distance between two carbon atoms (4.0 A), so
repulsive forces would be great.
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Fig. 2.5 — The dimensions of the peptide bond.

Pauling and Corey and their colleagues also noted that, in crystals, there is a high
degree of hydrogen bonding between oxygen atoms in one peptide bond and
nitrogen atoms in another. The distance between such atoms is often about 2.9 A,
much less than the van der Waals contact distance between non-bonded oxygen and
nitrogen atoms, thus indicating the presence of the hydrogen bond. Furthermore,
the N—H- - -O linkage is usually approximately linear.

On the basis of these findings they suggested various theoretical types of
secondary structure which might be found in proteins. In particular, both right- and
left-handed o-helices seemed consistent with the available data, but the arrangement
of London dispersion forces was more favourable in the former structure.

Astbury had already used X-ray scattering to demonstrate regular features in the
structures of several fibrous proteins, and in some cases these were found to be
consistent with the postulated right handed «-helix. The main features of the X-ray
diffraction pattern of a-keratin (Fig. 2.6(a)) show a periodicity of 5.2 A along the
axis of the fibres, which is the distance between each turn of the «-helix (Fig. 2.6(b)),
and a periodicity of 9.7 A at right angles to this, presumably the distance between
adjacent a-helices. '

An «o-helix contains approximately 3.6 amino acid residues per turn. This results
in each peptide oxygen and nitrogen atom being in a suitable position to form
hydrogen bonds with the corresponding atoms in the next turn of the helix (Fig.
2.6(b)); these hydrogen bonds are all approximately parallel to the axis of the helix.

Other types of secondary structure have also been demonstrated. If a-keratin is
stretched under humid conditions it is converted to B-keratin, which has characteris-
tic periodicities of 3.3 A along the axis of the fibre and 4.7 A and 9.7 A perpendicular
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Fig. 2.6 — (a) The main features of the X-ray diffraction pattern of a-keratin, indicating an
a-helix structure, and (b) a polypeptide chain in the form of a right-handed a-helix (N.B. the
a-hydrogen atom has been omitted from the diagram to minimize congestion).

to this, evidence of a more extended form of secondary structure called a B-pleated
sheet. Again, hydrogen bonds can be formed between oxygen and nitrogen atoms in
different peptide bonds, but in this instance they are perpendicular to the axis of the
fibre. The structure is unstable in keratin but not in other fibrous proteins such as silk
fibroin. Keratin is said to form parallel p-pleated sheets, since the N-termini of
adjacent polypeptide chains lie in the same direction, whereas silk fibroin forms anti-
parallel B-pleated sheets, the N-termini of adjacent chains being in opposite direc-
tions (Fig. 2.7). Anti-parallel B-pleated sheets may also be formed by the doubling-
back of a single polypeptide chain. _

The stability of these a-helix and B-pleated sheet structures depends on the
nature of the amino acid side chains present, large or charged ones tending to be
disruptive. Hence fibrous proteins, which usually consist only of amino acids with
small and uncharged side chains, have well-developed secondary structures. Proline,
because of the restricted rotation resulting from its ring structure, is another amino
acid which cannot form part of an a-helix or B-pleated sheet, but it is incorporated
into the unique triple-helix structure of the fibrous protein collagen.

The first globular protein to have its three-dimensional structure elucidated by X-
ray crystallography was sperm whale myoglobin. This close relative of haemoglobin
is a single polypeptide chain of 153 amino acid residues. Despite its relatively small
size, over 10000 diffraction spots had to be accurately analysed to give a resolution to



Sec. 2.5] The determination of protein structure 55

R
T o
R Co
0 / "-H
‘C\ H ;C \NL /
N N, c Co — N..
/c ~0.\(:/ H_‘_o N/ 0 zﬂ\ H...
SN c&y Sce= T, Yo'
. 0 ‘e R ", v
. k\

Fig. 2.7 — A section of anti-parallel B-pleated sheet (N.B. as with Fig. 2.6, the a-hydrogen
atom has been omitted from the diagram).

2 A. Shortly afterwards, the structural analysis of haemoglobin itself was completed:
each of the four component polypeptide chains was found to have a tertiary structure
almost identical to that of myoglobin. Kendrew, for his work on myoglobin
structure, and Perutz, for his studies on haemoglobin, were rewarded with the Nobel
Prize in 1962. The structure of lysozyme, an enzyme from egg white consisting of 129
amino acid residues in a single chain, was given by Blake and Phillips and colleagues
in 1965. :

These and other studies on globular proteins have shown that a limited degree of
secondary structure is usually present. Lysozyme, for example, has about 25% of its
amino acids in a-helical zones and some in sections of B-pleated sheet (Fig. 2.8).

pleated sheet
region

substrate-
binding
cleft

Asp-101

Fig. 2.8 — A simplified representation of the three-dimensional structure of egg white

lysozyme, as revealed by the X-ray diffraction studies of Phillips,and colleagues (1965). Only

the backbone of the polypeptide chain is shown, and a-helical Yegions are represented by

cylinders. The amino acid side chains would fill up most of the awvailable space within a

molecule, but a clearly-defined cleft for the binding of substrate is apparent. The positions of
certain important amino acid residues are indicated.
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The amino acids at the positions where the secondary structure is disrupted are,
as expected, those with large side chains, e.g. proline and leucine, or those with
charged side chains where two or more with like charge are close together. The
molecules are very compact, with space for very few water molecules within the
interior. Most of the amino acids with non-polar side chains are found within the
interior of the molecule, where they are unlikely to come into contact with water,
-while those with polar side chains are usually exposed to the solvent.

2.6 THE INVESTIGATION OF PROTEIN STRUCTURE IN SOLUTION

X-ray diffraction analysis is not suitable for the investigation of proteins in solution,
since the molecules are not fixed in a regular arrangement. However other tech-
niques may be used to give information as to the structures of proteins in solution, in
particular as to the degree of secondary structure present.

There will be differences in both the infrared and ultraviolet spectra between a
polypeptide chain in an a-helix conformation and one existing as a random coil (i.e.
one without regular, repeating three-dimensional features): these are due to the
presence or absence of hydrogen bonding between atoms in different peptide bonds.
Also, since a right handed «-helix is an asymmetric structure, there will be
differences in optical rotation between a polypeptide in such a conformation and one
consisting of the same amino acid residues in a random coil.

Such investigations have helped to demonstrate that polypeptide chains can exist
as o-helices in solution. Such a structure is most readily formed if all amino acid side
chains present are small and uncharged, as is the case with polyalanine, a synthetic
polypeptide consisting entirely of L-alanine residues. If all the side chains are large,
as with polyisoleucine, no a-helix is formed. In the case of synthetic polypeptides
with ionizable side chains, e.g. polyglutamic acid, the structure in solution varies
with pH. At acid pH, the glutamic acid side chains are uncharged (see section 3.2.2)
and an o-helix is formed. However at alkaline pH the side chains all have a negative
charge; these repel each other and the «-helix is disrupted, as shown by optical
rotation measurements. The reverse effect is found with polylysine, whose side
chains are uncharged at alkaline pH but have a positive charge at acid pH. Today,
direct measurements of optical rotation are rarely carried out, as similar information
can be obtained more easily by the use of circular dichroism spectroscopy, which
measures the differential absorption of right and left circularly polarized light over a
range of wavelengths.

Spectrophotometry (see section 18.1.3) may give useful information about
protein structure since peptide bonds, aromatic and imidazole side chains and
disulphides all give absorbance bands in the ultraviolet range which may vary
according to the conformation of the protein and the micro-environment of the
absorbing group. Spectrofluorimetry (see section 18.1.4) too may be of value, for
example in investigations of the fluorescence of tryptophan side chains. All data
obtained by such investigations and those using techniques such as nuclear magnetic
resonance (nmr) and electron spin resonance (esr) spectrometry is consistent with the
assumption that three-dimensional structures found in protein crystals may also
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occur in solution (see section 10.2). The nmr technique gives currently the best
structural information about proteins in solution while esr, which detects unpaired
electrons, is particularly useful for the investigation of metal ions in enzymes.

SUMMARY OF CHAPTER 2

Proteins consist of L-amino acid residues linked by peptide bonds. The sequence of
amino acids in each polypeptide chain constitutes the primary structure of the
protein. This can be determined by a systematic use of chemical procedures.
Regular, repeating three-dimensional features constitute the secondary structure.
This is largely uninterrupted in fibrous, structural proteins but disrupted at many
points in globular, functional proteins, including enzymes. The overall three-
dimensional structure of each polypeptide chain is termed the tertiary structure.
Proteins may consist above or more polypeptide chains, the complete structure being
called the quaternary structure.

The three-dimensional structure of proteins in fibres and crystals may be
determined by X-ray diffraction analysis. The structures found in crystals may also
occur in solution.
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PROBLEMS

2.1 A peptide consisting of 18 amino acid residues, with glycine at the N-terminus,

gave the following four peptide fragments on digestion with trypsin:
Ser-Phe-Val-Leu-Lys - Ala-Phe-Ser-Lys v
Gly-Ala-Thr-Arg . Ile-Trp-Glu-Thr-Ser
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Hydrolysis of the intact peptide with chymotrypsin gave the following four
fragments:

Ser-Lys-Ile-Trp Gly-Ala-Thr-Arg-Ser-Phe
Glu-Thr-Ser Val-Leu-Lys-Ala-Phe ¥

On fresh hydrolysis of the peptide with chymotrypsin, the fragment initially identi-
fied as Glu-Thr-Ser remained at the origin on electrophoresis at neutral pH.
Deduce the primary structure of the peptide.

2.2 A series of investigations were carried out on two peptide chains originally
linked by one or more disulphide bridges. The N-termini of the peptides were found
to be valine and proline.

The disulphide bridges were cleaved by performic acid, two cysteic acid
(Cys.SO3H) residues being formed from each cystine residue initially present.
Subsequent hydrolysis with trypsin gave the following five fragments:

Val-Ser-Lys Gly-Cys.SO3H-Phe-Ile-Ala
Pro-Arg Glu-Trp-Cys.SO;H-Gly
Cys.SO;H-Leu-Tyr-Cys.SOs;H-Arg

Hydrolysis of the original peptides with pepsin, following treatment with performic
acid, also gave five fragments:

Val-Ser-Lys-Cys.SO;H-Leu Ile-Ala
Pro-Arg-Gly-Cys.SOs;H-Phe Trp-Cys.SO;H-Gly
Tyr-Cys.SOs;H-Arg-Glu
A sample of the original specimen was hydrolysed with pepsin without first treating it
with performic acid. The fragments produced were then separated from each other.

One of these fragments, on subsequent treatment with performic acid, split further
to give the following:

Val-Ser-Lys-Cys.SO;H-Leu
Trp-Cys.SO3;H-Gly

What can be deduced from these results?
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The biosynthesis and properties of proteins

3.1 THE BIOSYNTHESIS OF PROTEINS

3.1.1 The central dogma of molecular genetics
As we have seen in section 2.4.5, the amino acid sequence of each globular protein in
a given species is absolutely specific. This implies that the biosynthesis of proteins is
under genetic control and hence connected with nucleic acid structure and function.
Nucleic acids are macromolecules composed of sequences of mononucleotides.
Each mononucleotide consists of a nitrogenous base, a pentose sugar and a
phosphate group, the sugar—phosphate component forming the recurring unit in the
backbone of a polynucleotide (or nucleic acid) chain:

base base base

—pentose —phosphate —pentose—phosphate —pentose —phosphate —.

In a molecule of ribonucleic acid (RNA), the pentose is always ribose; in deoxyribo-
nucleic acid (DNA) it is 2’-deoxyribose. (The number given to an atom in the pentose
unit of a nucleotide is conventionally followed by an oblique’ dash, e.g. 2, to
distinguish it from the number of an atom in the nitrogenous base.) The purine bases
adenine and guanine, together with the pyrimidine bases cytosine and uracil (Fig.
3.1), are found in RNA. A small number of methyl-derivatives of these compounds
may also be present. In DNA, only the purine bases adenine and guanine and the
pyrimidine bases cytosine and thymine (Fig. 3.1) are present.
Covalent glycosidic bonds link the C1’ atom of each pentose with either the N9
atom of a purine or the N1 atom of a pyrimidine, the base—pentose unit being termed
“a nucleoside. The common nucleosides forming part of RNA are adenosine,
guanosine, cytidine and uridine, and of DNA are deoxyadenosine, deoxyguanosine,
deoxycytidine and deoxythymidine, the names being derived from those of the bases
present. Thus mononucleotides may be regarded as nucleoside—phosphates and
named accordingly, e.g. adenosine 5'-monophosphate (AMP).
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Fig. 3.1 — The structures of purine and pyrimidine bases found in nucleic acids.

The structures of the polynucleotide chains in RNA and DNA are indicated in
Fig. 3.2. It can be seen that the linkages of the phosphodiester backbone involve both
atoms C3' and C5'. The only C3’ atom not involved in such a linkage is at one end of
the chain (termed the 3’ end) and the only free C5’ atom is at the other end (the 5’
end).

It was clearly established by about 1950 that DNA is a store of inherited
information, since the total amount and the base composition of DNA in a cell are
constant and are not affected by environmental factors. In eukaryotic cells, e.g. cells
of higher animals and plants, DNA is located in the nucleus where, in association
with protein, it forms the chromosomes (see Fig. 14.3). Prokaryotic cells, e.g. simple
micro-organisms, are much smaller than eukaryotic cells and possess no membra-
nous organelles or nucleus, the single molecule of DNA, largely free from protein,
being tightly coiled in a nuclear zone.

The central dogma of molecular genetics, formulated by Crick in 1953, is that the
genetic information in a cell is the sequence of bases in DNA. The DNA in a cell can
replicate itself exactly, prior to cell division, so that each daughter cell has the
identical genetic information to the parent cell. RNA is synthesized using DNA as a
template, so the information contained in the base sequence of DNA is transcribed
into the base sequence of RNA. Three different types of RNA molecule are known:
messenger RNA (mRNA), transfer RNA (tRNA) and ribosomal RNA (rRNA), the
last-mentioned being associated with protein in the structures called ribosomes,
which are found in the cytoplasm of cells. Protein biosynthesis involves all three
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HC 0O Base

DNA

Fig. 3.2 — The structures of the polynucleotide chains in RNA and DNA.

types of RNA, including mRNA, whose base sequence is translated into the amino
acid sequence of the polypeptide chain. Thus, the flow of genetic information
towards its expression as protein structure, according to the central dogma of
molecular genetics, may be summarized as follows:

replication

transcription translation
@\JA — > RNA —— protein

3.1.2 The double-helix structure of DNA

In 1953 Crick and Watson proposed a structure for the DNA molecule consistent
with experimental evidence obtained by Chargaff, Franklin and Wilkins: Chargaff
(1950) had shown that the amount of adenine (A) present in a DNA molecule was
exactly the same as that of thymine (T), whilst the guanine (G) content was exactly
equal to the cytosine (C) content; Franklin and Wilkins (1952), in X-ray diffraction
studies on pure DNA fibres, had demonstrated a 3.4 A periodicity along the axis.
According to Crick and Watson, these features could be explained if the DNA
molecule consisted of two antiparallel polynucleotide chains arranged in a double-
helix about a common axis; the hydrophilic sugar-phosphate backbones form the
outer surface of the molecule, the hydrophobic bases being directed towards the
inside.
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The adenine bases in each chain are always paired with thymine bases in the other
chain, guanine and cytosine bases being similarly paired (Fig. 3.3(a)). The distance
between the backbones is just sufficient to accommodate a purine-pyrimidine unit
linked by hydrogen bonds, only A-T and G—C pairs having suitable complementary
groups to accomplish this (Fig. 3.3(b)). Pyrimidine molecules are planar and purines
approximately so, and the hydrogen-bonded base pair arrangement is such that their
planes are perpendicular to the axis of the double helix and occur at a repeat distance
of 3.4 A along it. This model quickly gained general acceptance and Crick, Watson
and Wilkins were awarded the Nobel Prize in 1962.
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Fig. 3.3 — (a) The double-helix structure of DNA, proposed by Crick and Watson. The
structure is stabilized by hydrogen bonding between complementary purine and pyrimidine
bases in the two helices. Hydrogen bonds can be formed as shown in (b).

The central dogma of molecular genetics (section 3.1.1) can easily be explained in
terms of the double-helix structure of DNA. In DNA replication, each strand of
double-helix acts as a template, an entire new complementary strand being synthe-
sized alongside; thus, two identical DNA molecules result from the molecule initially
present, each possessing in its double-helix one of the original strands and one newly
synthesized strand. In transcription, a section of one of the DNA strands acts as a
template for the synthesis of a complementary strand of RNA, which is then released
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from the template; the synthesis of RNA is sequential, one nucleotide at a time
adding to the 5’ end, the process being catalysed by RNA polymerase. Translation,
which is of particular relevance to the subject of this book, is discussed in the next
section.

3.1.3 The translation of genetic information into protein structure
Before amino acids can be incorporated into a protein, they must first be activated by
linkage to a molecule of tRNA.

amino acid+tRNA+ATP=aminoacyl-tRNA + AMP+(PP), '

The reaction is catalysed by an aminoacyl-tRNA synthetase and proceeds via an
enzyme-bound AMP-amino acid complex. These enzymes are highly specific,
governing which amino acids can be activated (only L-amino acids) and to which
tRNA molecule they can be linked. As a result of this, each tRNA molecule is
specific for a particular amino acid.

The base sequences of several tRNA molecules have been elucidated by Holley
(1965) and others, using a systematic sequencing procedure similar in principle to
that described for the analysis of peptides (section 2.4.3) but, of course, using
different enzymes and reagents. X-ray crystallography studies have also been carried
out; the results show that tRNA molecules have a characteristic structure maintained
by hydrogen bonding between complementary bases (A---U, G---C) at certain
points (Fig. 3.4). All molecules have a—C—C—A sequence at the 3’ terminus, added
in the cytoplasm after transport of the rest of the molecule from the nucleus, where it
is synthesized.

-« amino acid
| binding site

3’ end

~~ anticodon

Fig. 3.4 — A simplified, two-dimensional representation of tRNA.

The amino acid binds to the terminal 3'-OH of the tRNA by an ester linkage.
'Diametrically opposite this, in an exposed position, is a sequence of three bases
termed the anticodon. Each molecule of tRNA has a unique antidocon and, as we
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have seen, will bind only one particular amino acid. Here then is the clue to the

genetic code, the link between the base sequence of nucleic acids and the amino acid

sequence of proteins. ‘

. _The three bases constituting the anticodon are complementary to a triplet of -
bases, called a codon, in mRNA. The structure of mRNA, governed by the structure

_of a section of DNA, consists of a sequence of such codons and thus specifies the

amino acid sequence of a polypeptide chain. By adding synthetic polyribonucleo-
tides of known composition to cell-free protein-synthesizing systems from E. coli and
investigating the structure of the polypeptide chains synthesized, Nirenberg,
Khorana and Ochoa (1961-1966) were able to decipher the entire genetic code (Fig.
3.5). This is very much the same for all known forms of life, only extremely minor
variations having been discovered. A

First position Second position Third position
(5' end) U C A G (3'end)
U Phe Ser Tyr Cys U

Phe Ser Tyr Cys C

Leu Ser Terminate Terminate A

Leu Ser Terminate Trp G

C Leu Pro His Arg U
Leu Pro His Arg C

Leu Pro Glun Arg A

Leu Pro Glun Arg G

A Ile Thr Aspn Ser U
Ile Thr Aspn Ser C

Nle Thr Lys Arg A

fMet/Met Thr Lys Arg G

G Val Ala Asp Gly U
Val Ala Asp Gly C

Val Ala Glu Gly A

Val Ala Glu Gly G

Fig. 3.5 — The genetic code.

Protein synthesis is initiated by the presence of mRNA, whose initiating codon
binds to a peptidyl binding site (P-site) of a ribosome sub-unit in the presence of
various factors, stimulating assembly of the intact ribosome. The initiating codon is
AUG or, less commonly, GUG. In prokaryotic cells, where protein synthesis has
been investigated in the greatest detail, these code for N-formylmethionine (fMet) at
the start of a sequence but for methionine and valine respectively elsewhere,
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different tRNA molecules being involved. In the cytoplasm of eukaryotic cells the
initial amino acid is methionine (without the formyl group), which agaiff is not
carried by the same tRNA molecule as other methionine residues in the chain.

In prokaryotic cells, initiation results in the P-Siteibein;g occupied by N-formyl-
methionine-tRNA, whose anticedon pairs with the initiating codon of the mRNA.
The overall process is accompanied by the hydrolysis of GTP to GDP and P;, which
provides the energy required. Although the code is always read in the 5'—3'
direction, the initiating codon is not necessarily at the 5 terminus of the mRNA; the
intervening bases possibly act as a further component of the initiation process.

When this process is complete, the next codon after the initiating one (reading
towards the 3’ end)-lies in close proximity to-an aminoacyl binding site (A-site) in the
ribosome. The elongation cycle commences when the appropriate aminoacyl-tRNA
enters this site, its anticodon pairing with the codon of the mRNA (Fig. 3.6(a)); this
process also is linked to the hydrolysis of a molecule of GTP. A peptide bond is then
formed between the a-carboxyl group of the amino acid in the P-site and the «-amino
-group of that in the A-site, the dipeptide formed being held by the tRNA in the A-
site (Fig. 3.6(b)). This reaction is catalysed by a peptidyl transferase enzyme, which is
an integral part of the ribosome. Various elongation factors are also required.

Translocation then takes place, the uncharged tRNA leaving the A-site and being
replaced by the entire contents of the P-site, the mRNA also moving to maintain its
pairing with the tRNA anticodon. Once again, energy for this process is provided by
the hydrolysis of GTP. Translocation brings a new codon into association with the
vacated A-site, which is then filled by the appropriate aminoacyl-tRNA (Fig. 3.6(c)).
A peptide bond is formed as before, the growing peptide chain being held by the
tRNA in the A-site (Fig. 3.6(d)) prior to a further translocation step.

5' '
— —_AUGGCUAGC_ _ _CGCUAA_ _ _3 ___AUGGCUAGC. _ _CGCUAA_ _ _
. Ifq r‘]Iv-A'site |q|q
P-site fMet_Ala Alla
a fMet b
- _Auclc’i?]UAcc_ ~-CGSUAA___  ___AUGGCUAGC -__CGCUAA_ __
Ala Ser S(ler
|
fMet Al'a
c) . fMet d)

Fig. 3.6 —Stages during the synthesis of a polypeptide chain at a prokaryotic ribosome (see text

for detail). In the cytoplasm of eukaryotic cells, the initiating codon codes for Met rather than

fMet. In either case, removal of the N-terminal residues by deformylase and/or aminopeptidase

enzymes after translation would result in a polypeptide chain of outline structure
Ala—Ser————Arg.
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This cyclic sequence of events continues, an appropriate amino acid being added
to the peptide chain for each codon in the mRNA. During each turn of the cycle, the
peptidyl-tRNA waits in the P-site for the next aminoacyl-tRNA to fill the A-site, this
being the basis for the naming of these sites.

Eventually a termination codon is reached, when release factors cause the
mRNA and the complete polypeptide chain to leave the ribosome; the last amino
acid to be added to the peptide chain is the C-terminus. When no longer associated
with a mRNA molecule, each ribosome breaks down into its sub-units. However, as
long as the mRNA remains intact, it can recombine with a ribosome sub-unit and
initiate the process once again.

3.1.4 Modification of protein structure after translation

Each polypeptide chain synthesized in bacteria by translation of the message carried
by mRNA has N-formylmethionine as the N-terminus. The formyl group does not
appear in the final protein, being removed by the action of a deformylase. The
resulting methionine residue may also be quickly removed, by an aminopeptidase, as
may several other amino acid residues near the N-terminus. Even more modifica-
tions, e.g. the attachment of prosthetic groups, may take place before the polypep-
tide chain folds to take up its correct tertiary structure. It is likely that generally
similar processes take place in all organisms, including eukaryotic ones, although the
details may differ.

The section of DNA which carries the information for the synthesis of a single
protein is called a gene; that for the synthesis of a single polypeptide chain may be
termed a cistron. Eukaryotic cistrons include untranslated sequences (introns)
interspersed with expressed sequences (exons), the RNA complementary to introns
being discarded at the transcription stage, when that complementary to the exons is
linked together (spliced). If a protein consists of more than one polypeptide chain, it
might be assumed that more than one cistron is responsible for its synthesis.
However, this is not necessarily so, particularly where the polypeptide chains are all
identical. Even if they are not, it is possible that the protein could be synthesized
originally as a single polypeptide chain and subsequently cleaved in one or more
places. For example, the hormone insulin is synthesized as the inactive polypeptide
proinsulin and subsequently activated by enzymic cleavage. The process may be
represented diagrammatically as shown below.

Some proteolytic enzymes, e.g. chymotrypsin and trypsin, may similarly be
synthesized as inactive polypeptides, the active enzyme being produced by cleavage
of peptide bonds (see section 5.1.2).

cleavage rS =S
T — CO;H

S-Sy A chain
H,N Lr—]—r- CO,H (21residues)

S B chain

S S
S S
H,N H,N —b———1— CO,H (30 residues).
discarded
cleavage protein

proinsulin (30 residues) insulin
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3.1.5 Control of protein synthesis

Various mechanisms are present within the living cells to prevent the unnecessary
synthesis of protein. Molecules of mRNA have a relatively short life, being broken
down by ribonucleases; therefore, a continuing requirement for the protein in -
question necessitates further synthesis of mRNA. On the other hand, if there is no
further requirement for the protein, transcriptional control may prevent mRNA
synthesis.

The first control system to be investigated in detail was that of the lactose operon
of Escherichia coli. This micro-organism can utilize lactose as its sole source of
glucose, the enzymes f-galactosidase, galactoside permease and galactoside transace-
tylase being produced in large amounts. Galactose permease is required for the
transport of lactose across the bacterial cell membrane, while B-galactosidase
catalyses its subsequent hydrolysis to glucose and galactose; the precise physiological
function of the third enzyme, galactoside transacetylase, is not known. If the
organism is grown in the presence of the source material, lactose, synthesis of these
enzymes may be induced; if grown in presence of the catabolic end-product, glucose,
synthesis is repressed.

In 1961 Jacob and Monod, after a study of mutants unable to produce one or
more of these enzymes, came to the conclusion that all three are normally synthe-
sized together under the control of a regulator gene (i) and an operator gene (0);
these are both involved in the induction process. Catabolite repression is achieved at
a promoter site (p), which otherwise stimulates the binding of RNA polymerase to
the DNA template in readiness for transcription to take place. The i, p and o sites are
adjacent to the actual structural genes for the synthesis of B-galactosidase (z),
permease (y) and transacetylase (a), the whole unit being termed the lactose operon
(Fig. 3.7). Later work, especially that of Gilbert and Miiller-Hill, has confirmed this
model and enabled many of the details of the mechanism to be elucidated. The
promoter is the site of binding of a complex formed between 3’, 5'-cyclic AMP
(cAMP) and a catabolite gene activator protein (CAP), which stimulates the binding
of RNA polymerase to the adjacent o site. The synthesis of the CAP is the
responsibility of yet another gene. Glucose inhibits the synthesis of cCAMP so, in the
presence of glucose, the cCAMP-CA P complex is not formed, and RNA polymerase
cannot be bound. The i gene is responsible for the synthesis of a repressor protein
which binds tightly to the o site, thus preventing binding of RNA polymerase, and

cAMP CAP

cAMP-CAP
! structural genes —»

[ i | TeJo} = T v T a7

l !

’_'\/W Y RNA
I mRNA lactose 1 ac? J
repressor p-galactosidase permease transacetylase

Fig. 3.7 — The lactose operon of E. coli.
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hence transcription of the z, y and a genes. This repressor protein has four sub-units,
each with a binding site for allolactose, a metabolite of lactose. The presence of
lactose results in the formation of some allolactose, which becomes attached to the
repressor protein and prevents it from binding to the operator. For transcription to
take place, the cAMP-CAP complex must bind to the p site, but the repressor
‘protein must not bind to the o site.

In the presence of both lactose and glucose, repressor protein binding does not
take place but neither does promoter activation. In the absence of both lactose and
glucose, the promoter is activated but the operator is repressed. In the absence of
lactose and the presence of glucose, both of the negative influences are at work. In
none of these situations does transcription of the lactose operon occur: it takes place
only when the organism really requires the enzymes in question, i.e. when lactose is
present and glucose is not otherwise available. Jacob and Monod were awarded the
Nobel Prize in 1965, partly for their work in the elucidation of the lactose operon.

A similar control mechanism is found with the tryptophan operon of E. coli, the
enzymes for tryptophan synthesis not being produced in the presence of this amino
acid. In this example the metabolic end-product, tryptophan, acts as a co-repressor:
only a tryptophan-repressor complex can bind to the operator to prevent
transcription.

In general, transcriptional control of protein synthesis is very important in micro-
organisms, but some degree of translational control, i.e. control of the rate of the
translation process, may also be present. A similar situation exists in eukaryotic cells,
where hormones may be involved as agents of transcriptional control. For example,
- there is evidence that glucocorticoids, e.g. cortisol, bind to specific parts of DNA in
mammalian liver, increasing the rate of synthesis of mRNA. Glucocorticoids have
long been known to mobilize amino acids for glucose synthesis in the liver, and it
seems that the mechanism of action involves increasing the production of the
enzymes involved, e.g. tyrosine aminotransferase, by increasing the rate of tran-
scription. Glucocorticoids act only on cells which contain a specific receptor protein
in the cytoplasm (i.e. on liver cells and those of peripheral tissue such as muscle,
adipose and lymphoid tissue): this receptor protein is essential for binding the
glucocorticoid and assisting its transport from the cytoplasm into the nucleus of the
cell. Other steroid hormones operate in a similar fashion, as do thyroid hormones.

All cells in the same organism are the carriers of identical genetic information and
therefore have the potential to synthesize the same range of proteins. In general, it
seems likely that transcriptional control in eukaryotes is important in differentiation,
i.e. in determining which types of protein may or may not be synthesized by cells of a
particular kind. Translational control is less well understood, but it is known, for
example, that haem is an agent of translational control in the synthesis of
haemoglobin.

3.2 THE PROPERTIES OF PROTEINS

3.2.1 Chemical properties of proteins
The chemical properties of proteins are largely those of the side chains of the
constituent amino acids. Thus arginine side chains, each containing a guanidine
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group, can react with a-naphthol in the presence of an oxidizing agent such as sodium
hypochlorite to produce a red colour: this is the Sakaguchi reaction. Similarly,
tryptophan side chains, being indoles, can react with glyoxylic acid in the presence of
concentrated sulphuric acid to produce a purple colour: this is the Hopkins-Cole
reaction.

Tyrosine side chains, each possessing a phenolic group, can undergo a variety of
reactions. If treated with mercuric sulphate and sodium nitrate and then heated, a
red complex is produced by the Millon reaction. They also undergo the Folin-
Ciocalteu reaction if treated with tungstate and molybdate, a blue colour being
formed.

All of these procedures, particularly the last mentioned, can be used for the
quantitative estimation of proteins, the intensity of the colour produced being
dependent on the number of reacting groups present. However, it is usually
necessary to assume that the protein being estimated has an average distribution of
amino acid residues, and no reacting groups other than those in the protein must be
present.

An alternative method for the quantitative estimation of protein is the biuret
reaction: treatment with cupric sulphate in alkali gives a purple complex; the reacting
unit in this case is the peptide bond, so free amino acids do not react. The widely used
Lowry method for protein determination combines the biuret and Folin—Ciocalteu
procedures. Bicinchoninic acid may also be used to detect cuprous ions formed
during the biuret reaction, an intense purple complex being formed. A further
method for protein analysis makes use of the fact that tyresine and tryptophan side
chains absorb light at 280 nm.

As will be seen later (Chapters 10 and 11), functional groups in amino acid side
chains play an important role in the catalytic activity of enzymes. Many agents can
inactivate enzymes by binding to these functional groups: for example, heavy metal
ions (e.g. Ag™) bind strongly to the sulphydryl groups of cysteine residues and thus
may act as poisons to a great many enzymes.

E-SH+Ag*—>E—S—Ag+H*

enzyme

3.2.2 Acid-base properties of proteins

According to the definitions given by Bronsted and Lowry in 1923, which are
particularly applicable to acid-base reactions in dilute aqueous solution, an acid is a
proton donor and a base is a proton acceptor. The equation for the dissociation of an
acid, e.g. acetic acid, is as follows:

CH;COOH=H"* + CH;COO"
The equation for the protonation of a base, e.g. ammonia (NH3), can be written in
the same form, if looked at from the point of view of the dissociation of the

corresponding conjugate acid (NH}):

NH; =H* + NH,.
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Thus, any acid-base reaction can be written in the form:

HA=H"+A"

where HA is an acid, or proton donor, and A~ is a base, or proton acceptor. A weak
acid has a high affinity for its protona and dissociates only partially at most pH values,
whereas a strong acid has a low affifiity for its protein and dissociates readily. Thus,
the strength of an acid (which has nothing to do with its overall concentration) is
indicated by its dissociation constant K. For the acid HA, the dissociation constant
at a particular temperature is given by:

[H]A]
= HA]

K, should really be called the apparent dissociation constant since the terms in square
brackets are usually taken to be the experimentally determined concentrations. To
obtain the true thermodynamic dissociation constant, allowance would have to be
made for departures from ideal behaviour. Also, to be strictly accurate, the
expression K, should involve [H,O] and [H;0*]. However, if investigations are
performed in dilute aqueous solution, water will always be present in great excess, its
concentration not being measurably affected by the reactions taking place. There-
fore, these terms may be ignored, provided the aim is simply to compare systems
which are all in dilute aqueous solution.
The expression for K, may be rearranged to give:

(1] K,.[HA]
-~ [AT]
Taking the negative logarithm of both sides:

K,.[HA]
—log[H"]=— 10g10<W)

[HA]
= —logy K, 10810<[A ]>

—1 K. +1 E
0810 K4 T 10810 [HA]
By definition, —log;o[H*]=pH, and —log;oK, = pK,.

[A7]
Hence, pH = pK, +log;o [ITIX] .

This is known as the Henderson-Hasselbalch equation; it gives the relationship
between the pH and the degree of ionization of any ionizable species HA (Fig. 3.8).

When the pH is equal to the pK, value, exactly half of the molecules present are
in the dissociated form, i.e. [HA] =[A~]. If strong acid (e.g. HCI) is added to this
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Fig. 3.8 — Titration curve for the ionizable species HA, as predicted by the
Henderson-Hasselbalch equation.

solution, one mole of A ™ is converted to HA for every mole of acid added. Similarly
one mole of HA is converted to A~ for every mole of strong base (e.g. NaOH)
added. Therefore, if a known amount of strong acid or base is added to a known
amount of HA, the new value of [HA] and [A ] can easily be calculated, and the
resulting pH obtained from the Henderson—-Hasselbalch equation.

If the solution where pH = pK is treated with 0.5 moles of HCI for every mole of
HA present (including that present in the dissociated form), then the HA will be fully
protonated. Addition of 0.5 moles of NaOH per mole of HA will return the system to
its initial position, and addition of a further 0.5 moles of NaOH per mole'of HA will
result in complete deprotonation. To return once more to the initial position,
0.5 moles of HCl are required for every mole of HA present. The pH changes taking
place throughout this process are indicated in Fig. 3.8. [

It can be seen that the pK, value is characterized by a point of 1nﬂect10n on the
curve. Therefore, any ionizable group can be.titrated against strong acid or alkali
and, from the graph of pH against titre obtained, the pK, value of the group can be
determined. If two groups are present which i 1omze over completely different pH
ranges (e.g. the o- carboxyl and a-amino groups of free amino acids), a graph of pH
against titre will show two separate ionization curves, enabling the pK, value of each
group to be determined with ease. However, if two groups are present which ionize
over approximately the same pH range, then the graph of pH against titre obtamed
will be a composite of two ionization curves and accurate determination of ‘the pK,
values will be difficult. If several ionizable groups are present, the situation will be
even more complicated.
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The groups contributing to the acid-base properties of proteins are the ionizable
side chains of aspartate, glutamate, histidine, cysteine, tyrosine, lysine and arginine
residues, together with N-terminal ow-amino groups and C-terminal a-carboxyl
groups; all other a-amino and «-carboxyl groups present are, of course, involved in
peptide bonds and thus not free to ionize. The pK, values of all these groups are
given in Fig. 3.9; however, it must be pointed out that the values given are only
approximate ones, since the actual values depend to a considerable extent upon the”
environment within the protein (see section 10.1.5).

. ) Approximate
Ionizable group Dissociation reaction pK,
a-carboxyl —COOH = H* + —COO~ 3.0
aspartyl carboxyl —CH,COOH = H* + —CH,COO" 3.9
glutamyl carboxyl —CH,CH,COOH = H* + —CH,CH,COO" 4.1
s AN
HN NH N NH
histidine imidazole —cH, L1 =H"+ —cH, L__| 6.0
a-amino —NH; ='H* + —NH, 8.0
cyteine sulphydryl —CH,SH = H* + —CH,S 8.4
tyrosyl hydroxyt @OH = H* + @O' 10.1
lysyl amino —(CH,),NH; = H* + —(CH,),NH, 10.8
arginine guanidine —(CH,),NH.(I'T‘.NH2 = H* + —(CHQ),NH.(F'.NH2 12.5
*NH, NH

Fig. 3.9 — The ionizable groups which contribute to the acid-base properties of proteins,
shown with their approximate pK, values. These can vary by several pH units according to their
environment within the protein.

The overall titration curve for a protein will show the superimposed effects of all
the ionizations present. For example, if a solution of ribonuclease is taken to acid pH
and then titrated against NaOH, the observed graph of pH against titre can be
analysed to show that all the ionizable groups known to be present, i.e. one «-
carboxyl, ten side chain carboxyl, four histidine imidazole, six tyrosyl hydroxyl, one
«-amino, ten side chain amino and four arginine guanidine groups, have contributed
to the overall effect.

If we now return to Fig. 3.8 we can see that the change in pH brought about by the
addition of a given amount of strong acid or base reaches a minimum value where
pH =pK,: in other words, the buffering capacity of an ionizable group is greatest
where the pH is near its pK, value. Proteins (excluding fibrous proteins which are
largely insoluble) can act as buffers, their buffering capacity being greatest near the
pK, value of their most abundant ionizable side chain. Thus, haemoglobin is able to
play an important buffering role in erythrocytes (red blood cells), since it contains a
relatively large amount of an amino acid (histidine) whose side chain has a pK, value
near the intracellular pH.
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Fig. 3.8 also shows that the total electrical charge present depends on the degree
of dissociation of ionizable groups and hence on pH. Therefore, most proteins will
have a net positive charge at low pH values and will travel towards the cathode on
electrophoresis. Conversely, at high pH values most proteins will have a net negative
charge and travel towards the anode on electrophoresis. The pH at which there is no
net charge on the molecule (i.e. at which there is an equal balance between positive
and negative charges) is termed the isoelectric point: a protein having a relatively
high content of basic amino acids will have a relatively high isoelectric point, one
having a high content of acidic amino acids will have a low isoelectric point.

Globular proteins often function correctly only when certain ionizable side chains
are in a specified form, making their usefulness pH-dependent. Each enzyme,
therefore, has a characteristic pH optimum and is active over a relatively small pH
range; in many cases a bell-shaped plot of activity against pH is obtained (Fig. 3.10).
This is discussed in more detail in section 10.1.5.

T activity

pH optimum

pH
-_—

Fig. 3.10 — A bell-shaped plot of activity against pH, which is obtained for many enzymes.

3.2.3 The solubility of globular proteins

Solubility in aqueous solvents is enhanced by the formation of weak ionic inter-
actions, including hydrogen bonds, between solute molecules and water. Therefore,
any factor which interferes with this process must influence solubility. Electrical
interactions between solute molecules will also affect solubility, since repulsive
forces will hinder the formation of insoluble aggregates. In general, the solubility of a
globular protein in an aqueous solvent is influenced by four main factors: salt
concentration, pH, the organic content of the solvent and the temperature.
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Addition of a small amount of neutral salt to a solution can increase the solubility
of a protein. The added ions can cause small changes in ionization of amino acid side
chains and can also interfere with interactions between protein molecules, the
overall effect being to increase interactions between solute and solvent. This
phenomenon, known as salting-in, depends solely on the ionic strength of the salt
solution. (The ionic strength is the value obtained by multiplying the concentration
of each ion by the square of its charge, adding together the results obtained for the
different ions present and dividing by two: i.e. ionic strength = $%[A]Z%.) Thus,
divalent ions such as Mg?* and SO3 ™ are relatively more effective than monovalent
ions such as Na* and Cl~. At very high salt concentrations, the abundance of
interactions between the added ions and water decreases the possibilities for
protein—water interactions, often resulting in the protein being precipitated from
solution (Fig. 3.11). This is termed salting-out.

solubility
of protein

concentration
of neutral salt

—_—

Fig. 3.11 — The effect of neutral salt concentrations on protein solubility. The phenomena of
salting-in, at low salt concentration, and salting-out, at high salt concentration, may be
observed.

Some cations, e.g. Zn?>* and Pb?*, have a more direct action on protein
solubility, linking with protein anions to form insoluble complexes. Proteins may also
be precipitated by treatment with various acids, e.g. trichloroacetic, perchloric,
picric or sulphosalicylic acids, which form acid-insoluble salts with protein cations.
Such techniques are often used to remove proteins from solutions prior to the
analysis of other substances.

At extremes of pH, the pattern of charges carried by the ionizable side chains will
be very different from that under normal conditions, so the compact tertiary
structure will usually be disrupted, a more random structure being formed: this
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process is termed denaturation. Since the tertiary structure of an arct?ve glo.bu.lar
protein is characterized by the majority of hydrophobic groups being hidden inside
the molecule, disruption will bring these into contact with the aqueous solvent and
the solubility of the protein will decrease considerably. Reversion to the original
conditions will sometimes, but not always, result in the protein refolding into the
tertiary structure required for functional activity: although this structure is likely to
be the most favourable one from the point of view of energy, its re-establishment
may be extremely slow because of the tangles produced during denaturation.

The solubility of each globular protein will also decrease markedly over a very
narrow pH range around its isoelectric point (Fig. 3.12). Molecules of the protein are
electrically neutral at this particular pH, so there is no net repulsion between them to
prevent the formation of insoluble aggregates.

T solubility

' _isoelectric

Vpoint

pH
—>

Fig. 3.12 — The variation of the solubility of a typical globular protein with pH.

The introduction of a water-miscible component, e.g. ethanol, into the solvent
lowers its dielectric constant. This increases the attractive forces between groups of
opposite charge within a protein molecule and thus diminishes their linkages with
surrounding water molecules (section 2.3.2). The solubility of the protein will
decrease in consequence.

Techniques involving varying pH, salt concentration and organic solvent concen-
tration are widely used to separate mixtures of proteins by differential precipitation
(see section 16.1.4).

The solubility of globular proteins increases with the temperature up to about
40-50°C. Above this temperature, thermal agitation tends to disrupt tertiary struc-
ture, leading to denaturation and a sharp decrease in solubility. In enzymes, this
effect is paralleled to some extent by changes in activity: rates of enzyme-catalysed
reactions increase with increasing temperature, since collisions between molecules
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begome more frequent, until the enzyme is denatured and catalytic activity is lost
(Fig. 3.13). A few proteins are also denatured if the temperature is reduced to below
10°C.

T activity

temperature

—>

Fig. 3.13 — The effect of temperature on enzyme activity.

Other conditions which lead to protein denaturation include the presence of high
concentrations (e.g. 6 M) of urea or guanidine HCI, which disrupt the non-covalent
interactions stabilizing tertiary structure.

SUMMARY OF CHAPTER 3

Genetic information is stored in cells as the base sequence of DNA. This can be
replicated prior to cell division, so that each cell produced contains the same genetic
information as the original cell. The information may be transcribed into RNA
structure and then translated into protein structure in such a way that the amino acid
sequence of each protein synthesized is determined by the base sequence of a section
of DNA known as a gene.

Various control mechanisms exist to prevent unnecessary protein synthesis
taking place. In simple micro-organisms, control of protein synthesis by transcrip-
tional control is of particular importance, but some degree of translational control
may also occur. In higher organisms, it seems likely that transcriptional control can
determine which proteins are produced by a particular type of cell.
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The chemical and acid-base properties of proteins are largely those of the side
chains of the amino acid residues present. The solubility of a protein in an aqueous
solvent is influenced by salt concentration, pH, organic solvent content and
temperature.
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PROBLEMS

3.1 (a) What are the pH values of the solutions obtained by mixing;:
(i) 0.2 mol dm~2 sodium acetate with an equal volume of 0.1 mol dm™
HCI, and
(ii) 0.2 mol dm~? sodium acetate with an equal volume of 0.1 mol dm~
acetic acid?

(b) Serial dilutions of an acetic acid solution were prepared so that tube number
1 contained 5 cm? of 0.32 mol dm ~3 acetic acid, tube number 2 contained 5
cm?>of 0.16 mol dm ~3acetic acid, tube number 3 contained 5 cm? of 0.08 mol
dm ~3 acetic acid, and so on. To each was added 1 cm? of a solution of the
protein casein in 0.1 mol dm ~3 sodium acetate. The greatest degree of
protein precipitation was observed to occur in tube number 4. What does
this indicate about the isoelectric point of casein? (Assume the pK, of acetic
acid is 4.74.)

3.2 The imidazole side chain of histidine is ionizable. Cal.culate the percentage
present in the protonated form at (a) pH 3, (b) pH S, (c) pH 7 and (d) pH 9. (Assume
the pK, of the imidazole group is 6.0.)

3

3
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Specificity of enzyme action

4.1 TYPES OF SPECIFICITY

A characteristic feature of enzymes is that they are specific in action. Some enzymes
exhibit group specificity, i.e. they may act on several different, though closely
related, substrates to catalyse a reaction involving a particular chemical group. An
example of this kind of enzyme is alcohol dehydrogenase, which will catalyse the
oxidation of a variety of alcohols. Another is hexokinase, which will assist the
transfer of phosphate from ATP to several different hexose sugars. Other enzymes
will act only on one particular substrate, when they are said to exhibit absolute
specificity. For example, glucokinase catalyses the transfer of phosphate from ATP
to glucose and to no other sugar.

Uncatalysed reactions often give rise to a wide range of products, but enzyme-
catalysed reactions are product-specific as well as being substrate-specific. Also, in
addition to showing chemical specificity, enzymes exhibit stereochemical specificity:
if a substrate can exist in two stereochemical forms, chemically identical but with a
different arrangement of atoms in three-dimensional space (section 2.2.2), then only

~one of the isomers will undergo reaction as a result of catalysis by a particular
enzyme. For example, L-amino acid oxidase mediates the oxidation of L-amino acids
to oxo acids; a separate enzyme, D-amino acid oxidase, is required for the corre-
sponding oxidation of D-amino acids.

Even greater specificity is shown by the fungal enzyme glucose oxidase, which
catalyses the reaction:

CH,OH CH,OH
H g O_ oH H g 0
HO H HO

H OH H OH

B-p-glucose p-gluconolactone



Sec. 4.2] The active site 79

No other naturally occurring sugar, including a-D-glucose and B-D-galactose, can be
acted upon to any appreciable extent.

CH,0H CH,0H
H O H HO O OH
H H
OH H OH H
HO OH H H
H OH H OH
a-D-glucose B-D-galactose

The only enzymes which act on both stereoisomeric forms of a substrate are those
whose function is to interconvert L- and D-isomers. An example is alanine racemase,
which catalyses the reaction:

L-alanine=D-alanine

Enzyme-catalysed reactions may yield stereospecific products even when the
substrate possesses no asymmetric carbon aton. For example, the action of glycerol
kinase on glycerol always results in the production of L-glycerol-3-phosphate
(sn-glycerol-3-phosphate):

T H
C + ATP = C + ADP
HO™ 7 ™ cH,0H HO~/ > 'CH.OH
CH,OH *CH,0PO;
glycerol L-glycerol-3-phosphate

No L-glycerol-1-phosphate is formed, even though the two —CH,OH groups of
glycerol are chemically identical.

4.2 THE ACTIVE SITE

In order to explain the stereochemical specificity of enzymes (section 4.1), Ogston
(1948) pointed out that there must be ar least three different points of interaction
between enzyme and substrate (Fig. 4.1).

These interactions can have either a binding or a catalytic function: binding sites
- link to specific groups in the substrate, ensuring that the enzyme and substrate
molecules are held in a fixed orientation with respect to each other, with the reacting
group or groups in the vicinity of catalytic sites. For example, sites A” and A"
(Fig. 4.1) might represent binding sites for R” and R” respectively, and A’ a catalytic
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site for a reaction involving R’. Thus, even if R’ and R” are chemically identical (as
with glycerol in the glycerol kinase reaction mentioned in section 4.1), the asym-
metry of the enzyme-substrate complex means that only R’ can react, providing
binding site A" is specific for R”: R” can never undergo reaction under these
conditions, since it is not brought into the vicinity of site A’ even when R’ binds to
site A".

R
substrate
(o \
R R
. R :
. enzyme
i — .
/ o . \:\\
Vs s/ . ¢ .) N\ ~
’ [ A . \ N
/ . A ) A
! \ D) v
N e ’
~ e e s e - /\/
active site
Fig. 4.1 — Diagrammatic representation of three-point interaction between enzyme and

substrate. A’. A”. and A" are sites on the enzyme which interact with groups R’, R” and R”,
respectively, of the substrate. Each point of interaction may have a binding or a catalytic
function.

Generally similar considerations apply to enzymes catalysing reactions involving .
more than one substrate. In this case, the reacting groups of each substrate are
brought together in the vicinity of one or more catalytic sites.

The region which contains the binding and catalytic sites is termed the active site,
or active centre, of the enzyme. This comprises only a small proportion of the total
volume of the enzyme and is usually at or near the surface, since it must be accessible
to substrate molecules. In some cases, X-ray diffraction studies have revealed a
clearly defined pocket or cleft in the enzyme molecule into which the whole or part of
each substrate can fit (see Fig. 2.8).

Although the active site is given a planar representation in Fig. 4.1, it should be
realised that it has, in fact, a three-dimensional structure since it consists of portions
of a polypeptide chain. The amino acid residues involved may be widely separated in
the primary structure, being brought together in space because of the twists and turns
within the molecule. The binding and catalytic sites must be either amino acid
residues or cofactors, the latter being themselves bound to amino acid side chains.
Substrate-binding may involve a variety of linkages (see section 2.3.2), but the bonds
formed are usually relatively weak (i.e. non-covalent).

Those amino acid residues in the active site which do not have a binding or
catalytic function may nevertheless contribute to the specificity of the enzyme. Their
side chains must be of suitable size, shape and character not to interfere with the
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binding of the substrate, but they might interfere with the binding of other,
chemically similar, substances.

The active site often includes both polar and non-polar amino acid residues,
creating an arrangement of hydrophilic and hydrophobic microenvironments not
found elsewhere on an enzyme molecule. Thus, the function of an enzyme may
depend not only on the spatial arrangement of binding and catalytic sites, but also on
the environment in which these sites occur.

Thus it can be seen that the three-point interaction theory provides only a limited
explanation of enzyme specificity, a more complete view coming from consideration
of a whole range of interactions in three-dimensional space.

4.3 THE FISCHER ‘LOCK-AND-KEY’ HYPOTHESIS

As early as 1890, Fischer suggested that enzyme specificity implied the presence of
complementary structural features between enzyme and substrate: a substrate might
fit into its complementary site on the enzyme as a key fits into a lock. This is entirely
consistent with the more detailed aspects of active site structure discussed in section
4.2. According to the lock-and-key model, all structures remain fixed throughout the
binding process (Fig. 4.2).

RG BG
1 9
+
BG
substrate enzyme enzyme-substrate

complex

Fig. 4.2 — Diagrammatic representation of the interaction between an enzyme and its
substrate, according to the lock-and-key model. In the example illustrated, the single substrate
is bound at two points, bringing the reacting group into the vicinity of two different catalytic
sites. (BS = a binding site on the enzyme, CS = a catalytic site, BG = a binding group on the
substrate and RG = a reacting group, i.e. a group undergoing enzyme-catalysed reaction.)

4.4 THE KOSHLAND ‘INDUCED-FIT’ HYPOTHESIS

The lock-and-key hypothesis explains many features of enzyme specificity, but takes
no account of the known flexibility of proteins. X-ray diffraction analysis and data
from several forms of spectroscopy, including nuclear magnetic resonance (nmr),
have revealed differences in structure between free and substrate-bound enzymes.
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Thus, the binding of a substrate to an enzyme may bring about a conformational
change, i.e. a change in three-dimensional structure but not in primary structure.
This is not necessarily surprising, for the bonds formed between a substrate and its
binding sites may have replaced previously existing linkages between each binding
site and neighbouring groups on the enzyme. Also, the presence of a substrate at the
active site may exclude water molecules and thus make the region more non-polar.
Both of these factors could be responsible for some degree of change in tertiary
structure taking place.

Koshland, in his induced-fit hypothesis of 1958, suggested that the structure of a
substrate may be complementary to that of the active site in the enzyme—substrate
complex, but not in the free enzyme: a conformational change takes place in the
enzyme during the binding of substrate which results in the required matching of
structures (Fig. 4.3). The induced-fit hypothesis essentially requires the active site to
be floppy and the substrate to be rigid, allowing the enzyme to wrap itself around the
substrate, in this way bringing together the corresponding catalytic sites an reacting
groups. In some respects, the relationship between a substrate and an active site is
similar to that between a hand and a woollen glove: in each interaction the structure
of one component (substrate or hand) remains fixed and the shape of the second
component (acitive site or glove) changes to become complementary to that of the
first.

RG
G
substrate enzyme enzyme-substrate
complex
Fig. 4.3 — Diagrammatic representation of the interaction between an enzyme and its

substrate, according to the induced-fit model (abbreviations as for Fig. 4.2).

Such a mechanism could help to achieve a high degree of specificity for the
enzyme. In the lock-and-key mechanism, the active site is always structurally intact,
with the catalytic sites aligned and freely accessible. Thus a suitable reacting group,
whether part of an appropriately bound substrate or not, can come into contact with
the region of catalytic activity and some degree of reaction take place. In the
induced-fit mechanism, on the other hand, different catalytic components might be
separated by a considerable margin in the free enzyme, minimising the risk of a
chance collision of a reactive group with both of them (see Fig. 4.3); it is also possible
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that access to the catalytic groups of the free enzyme might be blocked. Only when a
binding group of the substrate is recognized by the corresponding site of the enzyme
and the binding process proceeds does the conformational change take place which
results in all the relevant groups in substrate and enzyme coming together. Of course,
a similar binding group in a subtance other than the substrate might trigger off a
‘conformational change but, in general, this would not result in catalytic groups being
brought together in the vicinity of an appropriate reacting group, so no reaction
would take place (Fig. 4.4). This would be termed non-productive binding.

CS

Cs

RG

enzyme

Fig. 4.4 — Diagrammatic representation of the non-productive interaction between an enzyme
and a compound resembling its substrate, according to the induced-fit model (abbreviations as
for Fig. 4.2).

An example of a reaction which appears to proceed via an induced-fit mechanism
is that catalysed by yeast hexokinase:

D-hexose+ ATP<=D-hexose-6-P+ ADP

In the absence of hexose, bound ATP is hydrolysed extremely slowly, even though,
in chemical terms, this hydrolysis could be brought about by the action of a water
molecule in the solvent just as well as by an —OH group in the hexose; this, together
with X-ray diffraction evidence, suggests that the binding of the hexose causes a
conformational change in the enzyme which activates the ATP.

Conformational changes of the type discussed in this section have been shown to
play a part in the mechanism of action of several other enzymes, e.g. carboxypepti-
dase A (section 11.4.4). They have also been useful in explaining the behaviour of
allosteric enzymes (section 13.3.1).

4.5 HYPOTHESES INVOLVING STRAIN OR TRANSITION-STATE
STABILIZATION

Although the lock-and-key and induced-fit models can explain enzyme specificity,
neither suggests any direct mechanism by which the catalysed reaction may be driven
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forward. Substrate-binding often involves the expenditure of a considerable amount
of energy and, although it serves a very useful purpose in bringing reacting and
catalytic groups together, further energy must be supplied before the reaction can
proceed. Haldane, in 1930, pointed out that if the binding energy was used to distort
the substrate in such a way as to facilitate the subsequent reaction, then less energy
would be required for the reaction to take place; this concept was developed further
by Pauling, in 1948. '

Let us assume, for example, that the structure of the active site is almost
complementary to that of a substrate, but not exactly so. If the structure of the active
site is rigid, the substrate must be distorted slightly in order to bind to the enzyme.
This distortion might result in the stretching, and thus weakening, of a bond which is
subsequently to be cleaved, thus assisting the forward reaction (Fig. 4.5).

RG
BG

——

+ -~
BG
substrate enzyme enzyme-substrate
complex
Fig. 4.5 — Diagrammatic representation of the interaction between an enzyme and its

substrate, incorporating a ‘strain’ effect (abbreviations as for Fig. 4.2).

In fact, little clear-cut evidence has been obtained for the occurrence of distorted
binding. An alternative, and possibly more likely, mechanism for driving the
reaction forward is transition-state stabilization. This assumes that the substrate is
bound in an undistorted form, but the enzyme-substrate complex possesses various
unfavourable interactions. These tend to distort the substrate in such a way as to
favour the following reaction sequence: enzyme-substrate complex — transition-
state— products (see sections 6.2 and 6.6). As the reaction proceeds, the unfavour-
able interactions diminish, and are absent from the transition-state.

Thus, the overall effects of strain and transition-state stabilization are very
similar, but the sequence of events is slightly different in the two cases. An example
of an enzyme-catalysed reaction proceeding via a transition-state stabilization
mechanism is the hydrolysis of peptides by chymotrypsin. Lysozyme (section 11.3.4)
is often cited as an example of an enzyme which operates by a strain mechanism, but
even in this case the true mechanism may be transition-state stabilization.
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4.6 FURTHER COMMENTS ON SPECIFICITY

Specificity of enzyme action is determined by two separate factors: the relative ability
of a potential substrate to bind to the enzyme and, once bound, its relative ability to
undergo a reaction to form products. Only the overall rate of product formation
indicates whether the enzyme can utilize a particular potential substrate.

No single one of the hypotheses discussed in sections 4.3—4.5 is able to account for
the features of catalysis and specificity observed in all enzyme-catalysed reactions.
Moreover, in some cases at least, a contribution from more than one of these factors
appears to be present.

The induced-fit and strain/transition-state stabilization mechanisms are not
necessarily mutually exclusive. If the active site of an enzyme has a floppy structure
and moulds itself around the substrate during the binding process, then distortion of
the substrate would be unlikely to occur. However, a more precise conformational
change taking place in the protein during the binding of substrate could result in
some degree of strain being present in the latter. In either case the enzyme—substrate
complex formed could possess internal stress and thus assist the subsequent reaction
by transition-state stabilization. The mechanism for the hydrolysis of peptides by
papain appears to involve a conformational change in the enzyme in addition to
either a strain or transition-state stabilization factor.

In general, irrespective of the mechanism of an enzyme-catalysed reaction, the
major factor governing specificity is the stability of the enzyme-bound transition-
state which exists during the conversion of enzyme-bound substrate to products.
A potential substrate which can form a relatively stable transition-state when bound
to the enzyme will be converted to products at an appreciable rate. This was first
pointed out by Pauling in 1948 and has since been confirmed by experiments with
transition-state analogues. These are stable compounds which resemble the transi-
tion-state compounds thought to be formed as part of a reaction sequence. Such
analogues have been shown to bind very tightly to the active sites of the appropriate
enzymes, more tightly in fact than the corresponding substrate or products.

The investigation of transition-state structure is difficult because it occurs only
transiently under normal conditions. However, if a reaction is carried out at low
temperatures (e.g. at —21°C in aqueous dimethyl sulphoxide), the lifetimes of
intermediates are extended and their structures may be studied by techniques such as
nmr. This is termed cryoenzymology.

SUMMARY OF CHAPTER 4

Enzymes exhibit chemical and stereochemical specificity with respect both to
substrates and products. Such specificity requires at least three different points of
interaction between enzyme and substrate. Each substrate is bound to the enzyme at
specific sites to form an enzyme—substrate complex in which reacting groups are held
in close proximity to each other and to catalytic sites. That region of the enzyme’s
three-dimensional structure which contains the substrate-binding sites and the
catalytic sites is termed the active site.

According to the Fischer lock-and-key hypothesis, the active site has rigid
structural features which are complementary to those of each substrate. In contrast,
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the Koshland induced-fit hypothesis suggests that at least some active sites are
flexible, possessing a structure complementary to that of a substrate only when the
latter is bound to the enzyme. These models can explain some aspects of enzyme
specificity, but do not suggest any mechanism for driving forward the enzyme-
catalysed reaction. The Haldane and Pauling concept of strain, and the transition-
state stabilization modification of this, explains how distortion of the substrate during
or after binding can facilitate the subsequent reaction. This is not necessarily
inconsistent with an induced-fit mechanism.

The most important factor in determining whether an enzyme will act on a
particular substrate to produce a product appears to be the stability of the enzyme-
bound transition-state which would have to be formed.
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Monomeric and oligomeric enzymes

5.1 MONOMERIC ENZYMES

5.1.1 Introduction

Monomeric proteins are those which consist of only a single polypeptide chain, so
they cannot be dissociated into smaller units. Very few monomeric enzymes are
known, and all of these catalyse hydrolytic reactions. In general they contain
between 100 and 300 amino acid residues and have molecular weights in the range
13 000-35000. Some, e.g. carboxypeptidase A, are associated w1th a metal ion, but
most act without the help of any cofactor.

A number of monomeric enzymes are proteases (or proteolytic enzymes), i.e.
they catalyse the hydrolysis of peptide bonds in other proteins. In order to prevent
them doing generalized damage to all cellular proteins, they are often synthesized in
an inactive form known as a proenzyme or zymogen, and activated as required. Such
enzymes include the serine proteases, so called because of the presence in the active
site of an essential serine residue, i.e. a serine residue whose presence is essential for
enzymic activity (see section 10.1.2).

5.1.2 The serine proteases
The serine proteases chymotrypsin, trypsin and elastase, which are produced in an
inactive form by the mammalian pancreas, form a closely related group of enzymes.
Although only about 40% of the primary structure is common to all three enzymes,
most of the catalytically important amino acid residues correspond exactly. X-ray
crystallography studies have also shown that their tertiary structures are very similar.
They are believed to function by an identical mechanism (see section 11.3.2) and
show a similar pH optimum of about pHS8. All are endopeptidases, hydrolysing
peptide bonds in the middle of polypeptide chains, but their specificities are
different. Chymotrypsin has a large hydrophobic binding pocket which will bind
- phenylanine, tryptophan and tyrosine side chains, enabling cleavage of the peptide
bond at the carbonyl side of one of these residues. In trypsin, aspartate replaces
serine at the bottom of the binding pocket, giving this enzyme a specificity for
cleaving bonds adjacent to amino acid residues with basic side chains, i.e. lysine or
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arginine. In the case of elastase, two glycine residues at the mouth of the binding
pocket in chymotrypsin or trypsin are replaced by valine and threonine, whose bulky
side chains block the pocket and result in the enzyme specifically cleaving bonds
adjacent to residues with small non-polar side chains, e.g. alanine.

Chymotrypsin is synthesized in the pancreas as the zymogen chymotrypsinogen
(or pre-chymotrypsin). This is a single polypeptide chain of 245 residues containing
five intra-chain disulphide bridges. On passing into the intestine, where proteolytic
enzymes are required to digest dietary proteins, chymotrypsinogen is attacked by
trypsin. This breaks the peptide bond between arginine-15 and isoleucine-16,
producing m-chymotrypsin. Already the molecule has full enzymatic activity, but
further changes then take place: a dipeptide is removed from positions 14 and 15 by
the action of another molecule of 7-chymotrypsin, producing d-chymotrypsin, and
further chymotrypsin digestion removes a dipeptide from positions 147 and 148 to
give the final product, a-chymotrypsin (Fig. 5.1). This contains three polypeptide
chains linked by disulphide bridges, so it is not strictly a monomeric enzyme, but the
sequential numbering system of the original chymotrypsinogen molecule is usually
maintained.

In contrast, trypsin is a genuine monomeric enzyme. Trypsinogen lacks nine
amino acid residues at the N-terminus, by comparison with chymotrypsinogen, so
cannot form the equivalent of the 1-122 disulphide bridge. The action of enteropep-
tidase (or trypsin itself) in the intestine removes a hexapeptide from the N-terminus
of trypsinogen to produce the active trypsin, which is equivalent to the main chain of
m-chymotrypsin and has the same N- and C-termini. Elastase is similarly produced
from its corresponding zymogen by the action of trypsin.

The similar primary structures and almost identical tertiary structures of these
three enzymes suggest that they evolved from a common ancestor by divergent
evolution. The gene for the ancestral enzyme may have been duplicated several
times, enabling different mutations (accidental changes of base sequence) in these
duplicated genes to result in the production of slightly different enzymes.

Serine proteases involved in blood clotting, e.g. thrombin, and some bacterial
serine proteses (e.g. from S. griseus) may also have evolved from this common
ancestor, since their structures are similar to those of the enzymes from mammalian
pancreas. In contrast, other bacterial serine proteases, e.g. subtilisin from Bacillus
amyloliquifaciens, have very different primary and tertiary structures from those of
the mammalian serine proteases. However, the active site structures and mechanism
of action of all these enzymes are almost identical. This may suggest convergent
evolution, i.e. the acquisition of similar characteristics from different starting
materials by independent evolutionary pathways.

5.1.3 Some other monomeric enzymes

Pepsin, like the pancreatic serine proteases, plays a role in the digestion of proteins
eaten by mammals. It is called an acid protease because it functions at the low pH
values found in the stomach. Peptide fragments are removed from the inactive form,
pepsinogen, by the action of acid of other pepsin molecules to produce the active
enzyme. This has a preference for cleaving bonds with a non-polar amino acid
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residue on either side. Another acid protease found in the stomach is chymosin
(rennin). Others are found in micro-organisms.

A group of thiol proteases, similar in structure to each other, are found in plants.
These include papain, from the pawpaw fruit, and ficin, from figs. Other thiol
proteases, of different structure, are found in bacteria and mammalian lysosomes.
The essential cysteine residue in each of these enzymes plays a similar role to that of
serine in the serine proteases.

Several exopeptidases, which remove terminal amino acid residues from polypep-
tide chains, are well known. Bovine pancreatic carboxypeptidase A, a monomeric
enzyme containing one zinc ion per molecule, will break the peptide bonds linking C-
terminal non-polar amino acids to the rest of the chain. It is produced when trypsin
removes peptide fragments from the zymogen, procarboxypeptidase A. A very
similar enzyme, carboxypeptidase B, which has a specificity for C-terminal amino
acids with basic side chains, is also secreted as a zymogen by bovine pancreas.

Not all monomeric enzymes act on proteins. Well-known ones which hydrolyse
other substrates include ribonuclease (section 11.3.3) and lysozyme (section 11.3.4).

5.2 OLIGOMERIC ENZYMES

5.2.1 Introduction

Oligomeric proteins consist of two or more polypeptide chains, which are usually
linked to each other by non-covalent interactions and never by peptide bonds. The
component polypeptide chains are termed sub-units and may be identical to or
different from each other; if they are identical, they are sometimes called protomers.
Dimeric proteins consist of two, trimeric proteins of three and tetrameric proteins of
four sub-units. The molecular weight is usually in excess of 35000.

The vast majority of known enzymes are oligomeric: for example, all of the
enzymes involved in glycolysis possess either two or four sub-units. It is, therefore,
reasonable to assume that the sub-units of oligomeric proteins gain properties in
association that they do not have in isolation. Such enzymes are not synthesized as
inactive zymogens, but their activities may be regulated in a far more precise way by
feed-back inhibition: this is possible because many oligomeric proteins exhibit
allostery, i.e. their different binding sites interact (see Chapters 12 and 13). Some
examples of oligomeric enzymes are considered below, in order to see what other
advantages may result from the association of sub-units.

5.2.2 Lactate dehydrogenase
Vertebrate lactate dehydrogenase (LDH) is an example of an oligomeric enzyme
where each sub-unit has the same function, in this case to catalyse the reaction:

CH3.(|3H.CO§ + NAD' = CHs.ﬁ.COQ + NADH + H"
OH

L-lactate pyruvate

The enzyme, as found in many species, is a tetramer of molecular weight 140 000.
However, although each sub-unit has a molecular weight of about 35000, two types,
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of different amino acid composition, are found within each species: they are the
M-form, which predominates in skeletal muscle and other largely anaerobic tissues,
and the H-form, the predominant sub-unit in the heart. The two types of sub-unit are
produced by separate genes. Each monomer is catalytically inactive, but it can
combine with others of the same or different type to produce the active tetrameric
enzyme. All combinations of H and M sub-units are equally possible, so five
isoenzymes of LDH can exist:

H,, H;M, H,M,, HM; and M, (LDH,-LDHj; respectively)

Although these catalyse the same reaction, they do so with different characteristics
(the properties of H;M, H,M, and HM; being intermediate between those of H, and
M,) which enables the different isoenzymes to play different physiological roles. The
precise mechanisms involved are far from clear, but Kaplan and his colleagues (1964)
have proposed an aerobic—anaerobic hypothesis whose major features may be seen if
we consider LDH in its metabolic context (Fig. 5.2).

glucose ¢———> glucose 6~P «——>¢«—— glycogen

NaD*
KNADH
I NAD* NADH
amino acids «—— pyruvate acetyl-CoA

NADH ?I’I.-\\
LDH carboxylic
acid

NAD* cycle

lactate V'\__/

Fig. 5.2 — The main features of pyruvate metabolism in vertebrates.

Pyruvate may be produced from carbohydrates, by glycolysis, or from amino
acids; under anaerobic conditions it may undergo LDH-mediated conversion to
lactate, but when oxygen if freely available, pyruvate is metabolized to enter the
tricarboxylic acid cycle. The tricarboxylic acid cycle and the pathway of glycolysis are
important from the point of view of making energy available in a suitable form within
the cell: both lead to the synthesis of ATP, an important intermediate in energy
metabolism (section 11.5.4). Lactate can only be produced from pyruvate and can
only be metabolized back to pyruvate.

Under aerobic conditions, most of the pyruvate formed is channelled into the
tricarboxylic acid cycle to ensure maximum ATP production. Thus, tissues which
have a plentiful and constant oxygen supply do not normally require much lactate
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production to take place and tend to be rich in the H, isoenzyme: this converts
pyruvate to lactate at a relatively low rate, the process possibly even being inhibited
by pyruvate. However, such tissues may require to utilize lactate (produced
elsewhere) as substrate; when lactate levels are high, forcing the reaction in favour of
net pyruvate formation, the inhibiting effect of pyruvate on H, is removed.

Under anaerobic conditions, the tricarboxylic acid cycle cannot operate, leaving
the cell dependent upon glycolysis for ATP production. Without a constant supply of
NAD*, this too would break down, but the LDH-mediated conversion of pyruvate
to lactate can ensure that NAD* levels are maintained. Therefore, in tissues which
can become oxygen-starved, an LDH isoenzyme (M,) with a high capacity for
converting pyruvate to lactate is required. The lactate produced eventually finds its
way to the heart or liver, via the blood stream, and pyruvate is reformed.

This hypothesis is not completely supported by the available experimental
evidence: for example, although the M, isoenzyme has a higher turnover number
(see section 7.1.3) than the H, for pyruvate to lactate conversion, it apparently has a
lower affinity than H, for the substrate; also, the predominant isoenzyme in human
liver is My, whereas a predominance of H, might have been expected from the
aerobic—anaerobic hypothesis (see also section 14.2.1). Moreover, this hypothesis
does not explain why five (and not just two) different isoenzymes are required,
presumably, enabling each tissue to have the type (or types) appropriate to its needs.

Nevertheless, whatever the precise reasons for the presence of five isoenzymes of
LDH within an organism, it is apparent that an arrangement enabling this to be
achieved with only two different sub-units (and two genes) is more efficient than the
possible alternative of having five different active monomeric isoenzymes (requiring
five genes).

5.2.3 Lactose synthase
Mammary gland lactose synthase is an example of an oligomeric enzyme where a
non-functional sub-unit modifies the behaviour of a functional sub-unit. This
enzyme, as isolated from milk, consists of two sub-units: one of these is a catalytically
inactive protein, o-lactalbumin, found only in mammary gland; the other is galacto-
syl transferase, an enzyme present in most tissues.

Galactosyl transferase, in the absence of a-lactalbumin, catalyses the reaction:

UDP-galactose + N-acetylglucosamine = UDP + N-acetyllactosamine

This is important in the synthesis of the carbohydrate components of glycoproteins;
the enzyme is also produced and stored in the mammary gland during pregnancy,
when levels of a-lactalbumin are low. After the birth of the baby, reduced synthesis
of the hormone progesterone in the mother leads to increased synthesis of the
luteotrophic hormone (prolactin), stimulating the production of a-lactalbumin in the
mammary gland. This combines with the stored galactosyl transferase to form lactose
synthase, an enzyme which facilitates production of the lactose component of the
milk required for the new-born baby. Lactose synthase catalyses the reaction:

UDP-galactose + glucose = UDP + lactose
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Thus it can be seen that the presence of the a-lactalbumin sub-unit changes the
specificity of the enzyme, causing it to transfer galactose to glucose rather than to N-
acetylglucosamine. Presumably the active site of the enzyme is modified as a result of
the association between the two sub-units (see section 14.2.6).

5.2.4 Tryptophan synthase
Tryptophan synthase of E. coli is an example of an oligomeric enzyme which contains
two different functional sub-units. The enzyme catalyses the reaction:

pyridoxal
phosphate

indole-3-glycerol phosphate + L-serine — L-tryptophan
+ glyceraldehyde-3-phosphate

It can be dissociated into two o sub-units, each of molecular weight 29000, and a 3,
sub-unit, of molecular weight 90000. The B, sub-unit further dissociates in the
presence of 4 M urea to give two B, sub-units, each of which has a binding site for the
coenzyme pyrodoxal phosphate.

The isolated o sub-units will catalyse the reaction:

indole-3-glycerol phosphate =indole + glyceraldehyde-3-phosphate

The isolated B, sub-unit also has catalytic activity, but for the reaction:

pyridoxal phosphate
indole + L-serine —————» L-tryptophan

So, the different sub-units of tryptophan synthase can be seen to catalyse separate
halves of the overall reaction. However, the rates of these partial reactions are less
than 5% the rate of the reaction catalysed by the intact o,B, enzyme. Also,
significantly, indole is not released from the intact enzyme. Therefore, it is apparent
that the oligomer has a degree of organization not possessed by the isolated sub-
units: the intermediate compound, indole, is passed directly from the active site of an
« sub-unit to that of a B sub-unit, which is presumably in close proximity, to increase
the efficiency of the overall process.

Another example of an enzyme where different sub-units catalyse different,
though linked, reactions is discussed in section 11.5.8.

5.2.5 Pyruvate dehydrogenase
Pyruvate dehydrogenase of bacteria and animal cells is an example of a multienzyme
complex. It shows the same type of origanization as tryptophan synthase (section
5.2.4), but on an even larger scale. The Enzyme Commission (section 1.3) recom-
mended that such a complex should be regarded as a system of separate enzymes
rather than as a single enzyme.

Pyruvate dehydrogenase enables pyruvate to enter the tricarboxylic acid cycle,
by catalysing its overall conversion to acetyl-CoA:

pyruvate + CoASH + NAD * — acetyl-CoA + CO, + NADH

Reed and colleagues (1968) have shown that the E. coli enzyme consists of some 60
polypeptide chains and has a molecular weight of about 4600000. Three separate
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catalytic activities are present: a pyruvate decarboxylase-dehydrogenase (E,) known
as pyruvate dehydrogenase (lipoamide), dihydrolipoamide transacetylase (E,) and
dihydrolipoamide reductase (E;). The reaction sequence is shown in Fig. 5.3.

— —— o -
- ~\

”
TPP
CH4CCO % CH3CH -TPP C“3° 5 SH
||
R
pyruvate Co2
CoASH
SQS
lupoate acetyl -CoA

NADA L

dihydrolipoate

Fig. 5.3 — The reactions catalysed by the pyruvate dehydrogenase complex of E. coli. E,, E,
and E; are the separate enzymes making up the complex (see text for details).

The whole process takes place with the substrate bound to the enzyme, either
directly or via the cofactors thiamine pyrophosphate (TPP) and lipoate. TPP is
associated with E,, while the side chain of lipoate is covalently bound, by an arnide
linkage, to a lysyl residue of E,. Hence the cofactor is actually lipoamide rather than
lipoate. Protein E; also contains a prosthetic group, FAD. The reaction mechanism
is discussed in section 11.5.6.

The enzyme complex is about 300 A in diameter and its features have been
observed by electron microscopy. It has a polyhedral structure, with each of the sub-
units appearing approximately spherical. The complex is held together by non-
covalent forces and may easily undergo dissociation: at alkaline pH, the sub-units of
the E, protein can be separated from those of the E, and E; proteins; at neutral pH
and high urea concentration, the E, and E; proteins can be separated from each
other. If the various sub-units are mixed together at neutral pH in the absence of
urea, the multienzyme complex will spontaneously reform, but E; and E; sub-units
will not re-associate unless E, is present. It appears that 24 sub-units of E, form a
core to the complex, with a symmetrical arrangement of E; and E3 sub-units around
this core; along each of the 12 edges of a cube is a molecule of E,, probably consisting
of two sub-units, and on each of the six faces of the cube is a molecule of E;, again.
probably a dimer. It is possible that the flexible side chain of each lipoamide cofactor
enables the lipoyl head to make contact with the active groups on adjacent enzymes
and thus link the various processes taking place.
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SUMMARY OF CHAPTER 5

Monomeric proteins consist of a single polypeptide chain; oligomeric enzymes have
two or more such chains. Only a few enzymes, mainly hydrolases, are monomeric.
These are often synthesized as inactive zymogens and activated by the removal of
peptide fragments.

Oligomeric enzymes are often allosteric, enabling their activities to be regulated
by feed-back inhibition. Varying combinations of different sub-units making up an
oligomeric enzyme can enable a wide range of expression to be obtained. The
association of different sub-units can also increase the efficiency of an enzyme, since
a sequence of reactions can take place without the intermediate products being
released. Such organization is most notable in multienzyme complexes.
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An introduction to bioenergetics, catalysis and
kinetics \

6.1 SOME CONCEPTS OF BIOENERGETICS

6.1.1 The first and second laws of thermodynamics

Bioenergetics, a branch of thermodynamics, is concerned with the changes in energy
and similar factors as a biochemical process takes place, and not with the mechanism
or speed of the process.

The first law of thermodynamics states that energy can neither be created nor
destroyed, but can be converted into other forms of energy or used to perform work.

The second law of thermodynamics states that the entropy, or degree of disorder,
of the universe is always increasing. However, it says nothing about a particular
system under study, be it a mechanical engine, a living cell or a chemical reaction.
Life, a state of high organization or low entropy, can be maintained for a while by the
consumption of a highly organized form of chemical energy (food) and, in the case of
photosynthetic organisms, light energy; this energy is either converted to a less
organized form of energy (heat) or utilized to perform work. However, the approach
towards ultimate thermodynamic equilbrium is certain for every organism — death
and decay.

Heat cannot be used to perform work by systems operating at constant tempera-
ture and constant pressure, such as the living cell. Thus, we have the concept of two
forms of energy: that which can be used to perform work (called free energy) and that
which cannot. For any system under study, processes can only take place sponta-
neously which result in a decrease in the free energy of the system, i.e. a transfer of
free energy to the surroundings, unless there is interference from outside the system.

6.1.2 Enthalpy, entropy and free energy
In the terminology of thermodynamics, a closed system is one which can exchange
energy but not matter with its surroundings. The exchange of energy must involve
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thermal transfer and/or the performance of work. If, in a closed system at constant
temperature and pressure, a process takes place which involves a transfer of heat to
or from the surroundings and a change in volume of the system, then from the first
law of thermodynamics

AE=AH— PAV

where AE is the increase in intrinsic energy of the system, H is the increase in
enthalpy and PAV is the work done on the surroundings by increasing the volume of
the system by AV at constant pressure P and temperature 7. The enthalpy change is
defined simply as the quantity of heat absorbed by the system under these conditions
and can be determined by calorimetric experiments.

Under these conditions, the increase in entropy of the surroundings is — AH/T. If
the process took place under conditions of thermodynamic reversibility, i.e. infini-
tely slowly, the increase in entropy of the system, AS, would be AH/T. For the
process to take place spontaneously under thermodynamically irreversible con-
ditions, AS must be greater than AH/T, giving an overall increase in the entropy of
the system plus surroundings, as required by the second law of thermodynamics.
Hence

AH
AS — =3 >0
and
AH—-TAS<0
Gibbs (1878) defined the increase in Gibbs free energy of the system, AG, such that
AG=AH—-TAS

So, for any spontaneous process at constant temperature and pressure, AG <0.

6.1.3 Free energy and chemical reactions

For a chemical reaction, the change in Gibbs free energy (AG) is the energy which is
available to do work (for example, osmotic work, muscular work or biosynthetic
work) as the reaction proceeds from given concentrations of reactants and products
(the ‘initial conditions’) to chemical equilibrium. Consider a reaction:

A=B.

If, at given concentrations of A and B, the sign of AG is negative, then the system
would lose free energy to its surroundings as the reaction proceeded to equilibrium in
the direction written, i.e. it would be energetically favourable for the reaction to
proceed in that direction. Assuming no interference with the system, the concentra-
tion of B would increase and that of A would decrease until chemical equilibrium was
reached.

If, on the other hand, at given concentrations of A and B the sign of AG is
positive, then the system could only make free energy available to its surroundings if
the reaction proceeded to equilibrium in the opposite direction to that written, and
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this is the only process that could happen spontaneously. Again, assuming no
interference with the system from outside, the concentration of B would decrease
and that of A would increase until chemical equilibrium was reached.

If, under given conditions, the value of AG is zero, then chemical equilibrium has
been attained.

It should be realised that at each point AG for the forward reaction is of equal
value but opposite sign to AG for the reverse reaction.

The relationship between AG and the concentrations of reactants and products
may be seen by considering the reaction:

A+B=C+D.

At a particular temperature (T K)

[Ceq] [Deq] [CO] [DO]
AG==RT ‘°g°<[Aeq1[Beql> +RT log. ([Ao][Bo]>

where R is the gas constant
[Ceq] is the equilibrium concentration of C (and similarly for [D.,] etc.)
[Cy] is the initial concentration of C (and similarly for [Dy] etc.)
log.( ) =2.303 log;q ().

However, by definition, the equilibrium constant, K. = ([Ce—q][De—q]>
’ ’ e [Aeq][Beq]
[Co][Do]>
~AG=—-RTlog, K.+ RTlog, |\ ————
B ReaTRT 0 ([AOHBO]

Under the special conditions where the initial concentrations of all reactants and
products are 1.0 mol 171,

AG = — RT log, K.,=AG" (called the standard free energy change).

q
Thus, in general,

o product of initial concentrations of products
AG =AG™ + RT log,

product of initial concentrations of reactants

6.1.4 Standard free energy ,
The standard free energy change, AG?,is a useful concept. As we have seen above, it
can be calculated if the equilibrium constant of a reaction is known:

AG® =RT log, K.q= —2.303 RT log,oK,

It is also the difference between the standard free energy of formation of the
reactants and the standard free energy of formation of the products, each term being
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adjusted to the stoichiometry of the reaction equation. For a reaction where a
molecules of A react with b molecules of B:

aA+bB=cC+dD
AG®=(c.GE+d.Gp) — (a.Gx +b.Gg)

where G¢ is the standard free energy of formation of C, etc.

The standard free energy of formation is a measure of the total amount of free
energy a compound can yield on complete decomposition. Values for many com-
pounds and groups have been calculated and are available in the literature. Standard
free energies of formation are additive and so are standard free energy changes.
Therefore, if the standard free energy change for A=B is AG; and for B=C is
AG5 , then the standard free energy change for A = C can be determined by addition
and is AGT + AG5:

Reaction Standard free energy
change
A=B AGY
B=C AGS
A+B =B +C AGT +AG;

Standard free energies for redox actions can be calculated from the standard
electrode potential, if this is known:

AG® = —nFAEs

where
n is the number of electrons transferred
F is the Faraday constant
AE s is the standard electrode potential = E o(oxidizing couple) —
Eo (reducing couple).

So, AG® can be calculated by a varlety of methods, of which that from K is
particularly useful. Strictly speaking, AG° refers to the standard free energy change
at pH 0. Biochemists, therefore, prefer to use instead the term AG®’, calculated at
some defined phys1ologlcal pH usually pH 7. Apart from the pH dlfference the
meanings of AG® and AG®' are the same. If AG at pH 7 is being calculated for a
reaction involving H*, the [H* ] term has already been taken into account if AG " is
used in the calculation, but needs to be included if AG© is used instead. For reactions
where water is a reactant or product, its concentration is set by convention at 1.0 mol
17! to remove it from the calculations, since water is always present in excess.

6.1.5 Bioenergetics and the living cell

Although it is AG and not AG®’ which actually determines how a reaction will
proceed, the relationship between the two terms means that AG®’ will give some
idea of whether the reaction is likely to go largely in the forward or the reverse
direction over most concentrations of reactant and product, or whether it will be a
finely balanced reaction. This, of course, assumes that the reaction is allowed to
proceed without interference from outside. In the living cell this is unlikely to be the
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case, for free energy made available from one reaction can be used to drive another
in an energetically unfavourable direction, provided the two reactions have a
common intermediate (this is termed the principle of common intermediates). Such
coupled reactions often involve ATP, for this can be readily synthesized within the
cell by either substrate-level phosphorylation or oxidative phosphorylation, yet is
readily hydrolysed to ADP or AMP with the release of much free energy. For
example, for the reaction:

ribulose 5-phosphate + P; =ribulose 1,5-bisphosphate

AG® is +13.4kJ mol~!. This is a large enough positive value to suggest that the
reaction should go in the direction of ribulose-5-phosphate formation at most
concentrations of reactant and product, but in practice it goes almost exclusively in
the opposite direction, due to coupling with ATP breakdown.

Reaction Standard free energy
change
ribulose-5-P + P; =ribulose 1,5-bisP +13.4 kJ mol !
ATP=ADP + P, —31.0kJ mol~!
ribulose 5-P + ATP =ribulose 1,5-bisP + ADP + P; —17.6 kJ mol !

Another consideration in the living cell is that concentrations of reactants and
products are constantly changing due to the effects of other reactions and to the
intake of food. All this has the effect of keeping most reactions away from chemical
equilibrium. If they were all allowed to proceed to equilibrium there would be no
free energy available to perform work and life would be impossible.

6.2 FACTORS AFFECTING THE RATES OF CHEMICAL REACTIONS

6.2.1 The collision theory

Molecules can react only if they come into contact with each other. Therefore, any
factor which increases the rate of collisions, e.g. increased concentration of the
reactants or increased temperature, will increase the reaction rate (according to the
principles of Arrhenius and van’t Hoff).

However, not all colliding molecules react. This can be partly explained by steric
reasons, for not all collisions will result in the appropriate groups of molecules
coming into contact, particularly if the reactants are complex. A further and more
important reason is that not all colliding molecules possess between them sufficient
energy to undergo a reaction.

6.2.2 Activation energy and the transition-state theory

Not all molecules of the same type will possess the same amount of energy, taking all
forms of energy into account. The energy of an individual molecule will depend, for
example, on what collisions that molecule has recently been involved in. In order for
a reaction to take place, colliding molecules must have sufficient energy to over-
come a potential-barrier known as the energy of activation. This is true even of
energetically favourable reactions, i.e. those which can proceed spontaneously with
liberation of free energy.
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The fact that a reaction can, in general, proceed spontaneously does not mean it
will necessarily do so in all circumstances. By way of analogy, consider a ball on a
hillside. The ball would tend to roll downhill; it would not spontaneously roll uphill.
Nevertheless, if a stone was in its path, the ball would stay where it was. The stone
would be the potential-barrier which would have to be overcome before the ball
could roll down the hill. It is a similar potential-barrier which stops human beings
bursting spontaneously into flame, for we burn with a great liberation of energy, if
heated to a high-enough temperature.

The best explanation for the requirement for activation energy in a chemical
reaction is the transition-state theory, developed by Eyring. This postulates that
every chemical reaction proceeds via the formation of an unstable intermediate
between reactants and products. Consider the hydrolysis of an ester:

0 A ;
RC_ + H,0 > RC_ + R'OH
OR" OH

It is believed that the reaction mechanism involves the addition of water to the ester
to form a transition-state compound having regions of positive and negative charge
which cannot be stabilized:

R’ R R
B | /H 5— | 6+/H | .
0=C +0 - 0=2C-0_ -0=C + ROH
l " \H l " \H l
OR OR CH

An unstable compound, by definition, will break down to give a more stable one and
so must possess more free energy than the stable compound. A free energy proﬁle of
areaction involving an unstable transition-state, such as the one given above, is given
in Fig. 6.1.

free transition-state
energy

activation
energy E¥
"’:'tt'gl overall
sta free energy

change

final state

T

course of reaction

_—
7

Fig. 6.1 — Free energy changes for an energetically favourable reaction proceedmg via the
formation of a transition-state.
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The activation energy is, therefore, the energy needed to form the transition-
state from the reactants. The transition-state is unstable and will very quickly break
down to form the products (or back to reactants) but no products can be formed from
reactants unless the transition-state has been formed. The free energy of activation
thus acts as a potential-barrier to the reaction taking place.

An estimate of the activation energy may be obtained from the reaction rate at
different temperature, as will now be discussed.

The probability that a particular molecule possesses energy in excess of a value E
.is e TE/RT (where R is the gas constant and T the absolute temperature).

For a molecule of energy E to react it must collide with a molecule of energy at
least E¥—E, where E ¥is the activation energy. (To be more precise, the free energy
of activation, AG™, should be used instead of E¥.) The probability for a colliding
pair to have sufficient energy to react is

L (FF— gt
C_E/RT.G (E E)/RT=e ET/RT

This is consistent with the Arrhenius equation, first derived experimentally in 1889:

_— *
k = constant X e ~E/RT

(where k is the rate constant, a characteristic of the reaction at temperature T; the
other constant has been shown to be equal to PZ, where P is a steric factor and Z the
collision frequency).

Taking logs

E=0=
log.k =log.PZ — ( RT>

If the rate constant = k. at absolute temperature T, and
=k, at absolute temperature T,

1 “, =log.k+ — log.k Pz E” 1 E”
og. sz og.kr —logekr, = log, _Ei — | log.PZ — RT2
E*¥/1 1 E¥/T,—T,
" R\I, T.) R\ T\T,
T,T, kr T,T, kr,
~E*= 1
E R(TX_TZ) og (k) 2.303 R(Tl_Tz) g(k)

Assuming that the rate of reaction is proportional to the rate constant,

. T, T, vr,
E*=2303 R -7, logyo U—Tz

(where v7, is the rate of reaction at temperature T, and v is the rate of reaction at
temperature 7,).
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If the reaction rate (or the rate constant) has been determined at more than two
temperatures, E* can be calculated by plotting log, k (or log;, v) against 1/T. The
slope of the graphis — E*/2.303 R.

It is important to realize that the activation energy. calculated depends on the
assumptions made and cannot be used to decide between possible reaction
mechanisms.

6.2.3 Catalysis
A catalyst accelerates a chemical reaction without changing its extent and can be
removed unchanged from amongst the end-products of the reaction. It has no overall
thermodynamic effect: the amount of free energy liberated or taken up when a
reaction has been completed will be the same whether a catalyst is present or not.
In most cases, a catalyst acts by reducing the energy of activation. The catalyst, or
part of it, combines with the reactants to form a different transition-state from that
involved in the uncatalysed reaction; one which is more stable and, therefore, of
lower energy (Fig. 6.2).

Tfree transition-state
energy activation energy of
uncatalysed reaction
uncatalysed

reaction

activation energy of
catalysed reaction

initial
state

overall free
energy change
for uncatalysed
and catalysed
reactions

catalysed
reaction

final state

course of reaction

e

Fig. 6.2 — Free energy changes for an energetically favourable reaction, showing the effects of
a catalyst.

Note that the initial and final states are at the same free energy levels for the
catalysed and uncatalysed reactions, and the overall free energy change as the
reaction proceeds is also the same.

As a rough generalization, therefore, an uncatalysed reaction might proceed as
follows:

very slow very fast
A+B— Aot B ———> products
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The same reaction, but in the presence of a catalyst C, might take place like this:

fast fast
A+B+C—A:.----B:++---C —products + C

Because the catalyst stabilizes the transition-state, the breakdown of the interme-
diate to the products might be slower than in the uncatalysed reaction. Nevertheless,
the overall rate is determined by the slowest step in the sequence, so the overall rate
of the catalysed reaction will be faster than that for the uncatalysed reaction.

Catalysts are often acids or bases: acids stabilize the transition-state by donating a
proton, bases by accepting a proton. The hydrolysis of an ester, which we considered
earlier, may be catalysed by a base (X—0O ™) as follows:

$’ H }I{’ I? $I
5—
0=C + o +X-0"~ 0=C-0-H+0—X + 0=C + R'OH + X0’
OR" H OR” OH

Other common forms of catalysis include covalent catalysis, where the transition-
state is stabilized by changes involving covalent bonds, and metal ion catalysis, where
the transition-state is stabilized by electrostatic interactions with a metal ion.

In this section we have looked at the free energy profiles of energetically
favourable reactions, considering the changes taking place when the molecules of the
reactant are converted to molecules of the product. Of course, most reactions are
reversible, but note that the activation energy required for the reverse, energetically
unfavourable, reaction in Figs 6.1 and 6.2 is the energy required to form the
transition-state from the products and is thus much greater than the activation energy
in the energetically favourable direction. The proportion of colliding product
molecules possessing between them sufficient energy to overcome the potential-
barrier will be even less than for the reactants. However, the greater the product
concentration, the greater the number of molecules present capable of undergoing
the reverse reaction. As we have seen, the overall trend, indicated by AG, towards
chemical equilibrium depends on the actual concentrations of reactants and products
present. The position of chemical equilibrium is not affected by the presence of a
catalyst: the catalyst merely accelerates its attainment.

6.3 KINETICS OF UNCATALYSED CHEMICAL REACTIONS

6.3.1 The Law of Mass Action and the order of reaction

Kinetics is the study of reaction rates and the factors influencing them. It is not
concerned with the chemical nature of the changes taking place.

All kinetic work is based on the Law of Mass Action proposed by Guldberg and
Waage in 1867. This states that the rate of a reaction is proportional to the product of
the activities of each reactant, each activity being raised to the power of the number
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of molecules of that reactant taking part, as indicated by the reaction equation. For a
reaction:

aA+bB— pfoducts

the rate is proportional to (activity of A)® X (activity of B).

For practical purposes the term activity is usually replaced by concentration,
although strictly speaking it is only equal to the concentration in ideal gases and in
very dilute solutions.

From the Law of Mass Action developed the concept of the order of reaction.

A first-order reaction is one which proceeds at a rate proportional to the
concentration of one reactant. Thus, for a first-order reaction A — P taking place at a
constant temperature and pressure in a dilute solution, reaction rate at any time ¢ is
given by:

d[A] d[P]
v=—— =+ ” = k[A]
where v=reaction rate at time ¢
k= rate constant
[A]= concentration of reactant A at time ¢
[P]= product concentration at time ¢

d[A] = rate of decrease of [A]
dt

@ = rate of increase of [P].
dt

A second-order reaction is one which proceeds at a rate proportional to the
concentrations of two reactants or to the second power of a single reactant. So, for a
second-order reaction A+ B— P, taking place at a constant temperature and
pressure in a dilute solution,

diA]  d[B] d[P]
o @ Ta

v= = k[A][B]
the terms having the same general meanings as above. Similarly, for a second-order
reaction of the form 2A— P,
dfa] d[P]
v=———=+—=k[A)
dt dt [A]

A two-reactant reaction can, under certain circumstances, be regarded as a
pseudo single-reactant one. For instance, reactions taking place in an aqueous
medium and involving water and one other reactant are usually considered pseudo
single-reactant since water will be in vast excess and its concentration will not change
significantly during the course of the reaction.

It should also be noted that a zero-order reaction is possible. This is one whose
rate is independent of the concentration of any of the reactants.
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6.3.2 The use of initial velocity
For any reaction, starting with reactants only and measuring the appearance of
product with time, a graph of the form represented in Fig. 6.3 is obtained.

1P slope of this tangent =
[P initial velocity (v,)

[Plo} - - - o

[Pl --

-, - - - =
-
-
N

time
—
Fig. 6.3 — Graph of product concentration against time for a chemical reaction.

The rate of the reaction at any time ¢ is the slope of the curve at that point. This
may be constant for a little time at the start of the reaction and then decreases with
the decreasing concentration of the reactant(s) as the reaction proceeds, finally
falling to zero. At this point either all the reactants have been converted into
products or, more commonly, a chemical equilibrium has been set up, with the rate
of the forward reaction now being equal to the rate of the back reaction.

The initial velocity (v) of the reaction is the reaction rate at =0 and may be
determined by drawing a tangent to the graph, as shown in Fig. 6.1. From this
tangent,

_[PL-[PL

U =
0 L—h

The units for v, are those used for product concentration, divided by those used for
time.

The importance of initial velocity is that it is a kinetic parameter determined for
the reaction in a situation which can be easily specified. The concentrations of each
reactant are known from the amounts actually added; this would not be true at any
other point during the reaction. Also, since there are no products present at t =0, no
back reaction will be taking place.
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It will be apparent that the initial velocity will depend on the initial concentrations
of the reactants. For: a single-reactant reaction, it has been seen in the previous
section that, for the reaction to be first-order, v=k[A]. Thus, at time t=0,
vy = k[Ay], where [A] is the initial concentration of A.

Similarly, for the single-reactant second-order reaction, vy = k[Ag]? and for a
single-reactant zero-order reaction, vy = k[A¢]® = k. The graphs corresponding to
these equations are shown in Fig. 6.4. This approach can also be applied to reactions-
involving more than one reactant. If all the reactants but one are maintained at fixed
concentrations, the order of reaction with respect to the variable reactant can be
determined. The overall order of reaction will be the sum of the orders with respect
to each of the individual reactants.

TVo TV ™o

>

(Aol

—_ . —_—3
(a) zero-order (b) first-order (c) second-order

Fig. 6.4 — Graph of initial velocity against initial reactant concentration for a single-reactant
reaction.

6.4 KINETICS OF ENZYME-CATALYSED REACTIONS: AN HISTORICAL
INTRODUCTION

Wilhelmy, in 1850, showed that the rate of acid-hydrolysis of sucrose was pro-
portional to the sucrose concentration, at constant acid concentration. From the
terms defined in the previous section, therefore, we would say that this reaction was
first-order with respect to sucrose

When the identical reaction, but catalysed by the enzyme invertase, was similarly
investigated, different results were obtained. Brown (1902) showed that at low
sucrose concentrations the reaction was again first-order with respect to the sub-
strate, but at higher concentrations it became zero-order.

This was found to be generally true for all single-substrate enzyme-catalysed
reactions and for multi-substrate reactions where the concentrations of all the
substrates but one were kept constant. A graph of initial velocity (v,) against initial
substrate concentration ([Sy]) at constant total enzyme concentration ([Eg]) was
found to be a rectangular hyperbola, as shown in Fig. 6.5.

Such a graph has the general equation

a[So]
[Sol +b

Vg =
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| zero-order reaction

/first -order reaction

[S,1

—

Fig. 6.5 — Graph of initial velocity against initial substrate concentration at constant total

enzyme concentration for a single-substrate enzyme-catalysed reaction. Note that the curve is

distorted to demonstrate the approach to V.., which in fact is only achieved at an infinite
substrate concentration.

where a and b are constants. The constant a represents the maximum value of v,
(called V,,,,,) and b is the value of [Sy] where vy =34 V..

Although some enzymes do not give hyperbolic graphs (see Chapters 12 and 13),
the attainment of a maximum initial velocity with increasing substrate concentration
at constant total enzyme concentration is characteristic of all enzymes.

The explanation for this feature was first given by Brown, with particular
reference to the hydrolysis of sucrose, but subsequently found to be of general
application. Enzyme and substrate combine to form an enzyme—substrate complex,
which undergoes a further reaction to breakdown to enzyme and products:

rate constant k; rate constant k,

E+S E+P

The overall rate of reaction (the rate of formation of P) must be limited by the
amount of enzyme available and by the rate of breakdown of the enzyme-substrate
complex. If the substrate concentration is sufficiently high it will ‘saturate’ the
enzyme, i.e. force an immediate reaction with each available enzyme molecule to
form an enzyme-substrate complex. Under these conditions, therefore, there will be
no free enzyme present and the concentration of enzyme-substrate complex ([ES])
will be the total enzyme concentration present ([E]), making the overall rate of
reaction ky[Eo] (from the Law of Mass Action). This is independent of substrate
concentration and so cannot be increased by using still higher substrate concentra-

tions. Itis, therefore, the maximum initial velocity possible at this enzyme concentra-
tion. Hence

Vmax = kZ[EO]

In contrast, at very low substrate concentrations the enzyme will be far from
saturated and the overall rate of reaction will be limited by the rate at which enzyme
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and substrate molecules react to form an enzyme—substrate complex. At constant
enzyme concentration this will be proportional to the substrate concentration and,
therefore, a first-order reaction will result.

At intermediate substrate concentrations, the enzyme will be partially saturated
with substrate and the order of reaction will be somewhere between zero-order and
first-order.

Note that the terms ‘saturated’ and ‘partially saturated’ refer to the population of
enzyme molecules, and not to each individual molecule: an enzyme molecule which
binds a single substrate molecule cannot in itself be partially saturated at any given
moment, but a population of such molecules can be, some being substrate-bound and
some free.

The existence of an enzyme—substrate complex was first demonstrated experi-
mentally in 1936 by spectroscopic studies on the enzymes peroxidase and catalase.
Since then, the presence of such complexes has been amply documented by X-ray
crystallography, esr, nmr, fluorimetry and other techniques.

6.5 METHODS USED FOR INVESTIGATING THE KINETICS OF ENZYME-
CATALYSED REACTIONS

6.5.1 Initial velocity studies

Initial velocity studies have been found particularly useful for investigating the
kinetics of enzyme-catalysed reactions. In addition to the general advantages of such
studies, mentioned earlier, there is the extra reason here that enzymes are often
unstable in solution, so the restriction of investigations to v, determinations give the
best chance of avoiding errors caused by loss of enzyme activity with time.

The initial velocity of a reaction is usually determined from a graph of product
concentration against time, as shown in Fig. 6.3; alternatively, a direct instrumental
reading known to be proportional to product concentration (e.g. absorbance units)
may be plotted against time. The rate of reaction could also be determined from the
disappearance of substrate as the reaction proceeds, but in general it is considered a
better technique to measure the appearance of something from an initial value of
nothing rather than the disappearance of something from an initial large value,
particularly when it is the initial rate which is all-important.

The experiments are performed at constant temperature and pH using a method
which enables the course of the reaction to be monitored continuously, and,
preferably, automatically. The actual technique used will depend on the reaction
being investigated.

If there is a difference between substrate and product in the absorbance of light of
a particular wavelength, spectrophotometric or colorimetric techniques (preferably
the former) may be used. The molar extinction coefficient of a substance, if known,
will enable the actual concentration of that substance to be calculated from an
absorbance reading:

absorbance = molar extinction coefficient X concentration (mol 1~1)

X cell light path (cm)
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Of particular suitability for investigation by spectrophotometric techniques are
the wide range of oxidation/reduction reactions involving NAD*/NADH or
NADP*/NADPH interconversion. The reduced forms of these dinucleotides have
an absorbance peak at 340 nm whereas the oxidized forms do not (Fig. 6.6), thus
making it easy to follow the course of their interconversion by monitoring absor-
bance at this wavelength.

Tabsorbance N

\ Nap(P)t

NAD(P)H

260 340
wavelength{nm)

—

Fig. 6.6 — The ultraviolet absorption spectra of NAD(P) " and NAD(P)H.

This interconversion of these substances may also be followed by fluorimetric
techniques, which give greater sensitivity than spectrophotometric ones.

Reactions where gases are evolved or taken up as the reaction proceeds can be
investigated by manometric techniques: the reaction is performed in an airtight
vessel coupled to a manometer, which records changes in volume or pressure.

Ion-selective electrodes (e.g. the oxygen electrode) can be used where relevant
to a particular reaction. More generally, other electrochemical methods (e.g.
conductometry) can be applied wherever there are differences in electrical proper-
ties between substrate and product. These and other techniques are discussed in
more detail in section 18.1.

Methods which are not immediately applicable to the investigation of a particular
reaction may nevertheless be used if the reaction is coupled to a suitable indicator
reaction. The principle here is to add excess of the indicator enzyme, so the rate of
the indicator reaction will be a measure of the rate of the reaction under investi-
gation. For example, glucose oxidase catalyses:

B-D-glucose + O, — gluconolactone + H,0O,

This reaction can be followed by manometric or oxygen electrode techniques, but is
not suitable for investigation by spectrophotometric methods. However, if excess
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peroxidase is added to break down the hydrogen peroxide as it is formed, this
reaction may be linked to the production of a coloured dye from a suitable
chromogen, e.g. guaiacum:

H,0, + chromogen— H,0 + 10, + dye

The rate of appearance of dye, determined spectrophotometrically, will be an
indicator of the rate of reaction catalysed by glucose oxidase.

An alternative to the use of coupled reactions is to introduce an artificial substrate
which, when reacting, results in a measurable change not provided by the natural
substrate. An example is p-nitrophenyl phosphate, a colourless compound, which is
hydrolysed to the yellow p-nitrophenol by the action of alkaline phosphatase.

6.5.2 Rapid-reaction techniques

In order to test some of the hypotheses made above, e.g. to investigate the formation
and breakdown of the enzyme—substrate complex or complexes, it is necessary to use
techniques capable of detecting changes taking place over time scales of the order of
magnitude of 1 millisecond. Of particular importance is a detailed kinetic study of the
changes taking place over the first fraction of a second of the reaction (termed
transient kinetics). This is usually performed using rapid mixing techniques of the
continuous-flow or stopped-flow variety, the reaction being monitored by some
suitable detector coupled to an oscilloscope and usually to a computer (Fig. 6.7).

—
enzyme | enzyme
detector
pump Udetector
/ N
A
A
pump n ﬂ a4
—>
' receiving
substrate t substrate syringe
—_
a) continuous=flow b) stopped-flow

»

Fig. 6.7 — Simplified diagrammatic representation of continuous-flow and stopped-flow
techniques.

With continuous-flow systems, introduced by Hartridge and Roughton, streams
of enzyme and substrate converge and are pumped together at a fixed speed down
capillary-bore tubing to ensure rapid mixing and elimination of dead-space. From a
knowledge of the dimensions of the tube and the flow rate, the time taken from
mixing to the arrival at the detector can be calculated. By altering the flow rate, this
time of reaction can be changed. Also, several detectors can be placed at different
points along the flow tube. The main disadvantage of continuous-flow methods is
that they tend to be wasteful of reagents.
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With stopped-flow techniques, developed by Chance and by Gibson, solutions of
enzymes and substrate are rapidly injected together into an observation chamber and
the course of reaction monitored continuously.

The main limitation of both these techniques is the time taken to mix enzyme and
substrate(s). This problem does not apply to the alternative approach, the investi-
gation of relaxation kinetics. Here the enzyme and substrate(s) are mixed and the
system allowed to come to equilibrium; then the position of the equilibrium is rapidly
altered by a sudden temperature or pressure change, and the approach to the new
position of equilibrium constantly monitored. This technique, pioneered by Eigen
(1963), is particularly suitable for the investigation of reactions which are readily
reversible, e.g. those catalysed by aminotransferases.

6.6 THE NATURE OF ENZYME CATALYSIS

Enzymes behave like any other catalysts in forming with the reactants a transition-
state of lower free energy than that which would be found in the uncatalysed reaction.
As we have seen, there is kinetic and spectroscopic evidence for the existence of
enzyme-substrate complexes; however, these are not synonymous with transition-
states. For a single-substrate reaction, the enzyme initially binds the substrate at a
specific binding-site to form a relatively stable enzyme-substrate complex, this
process taking place via the formation of an unstable transition-state. In the
enzyme-substrate complex, the reacting groups are held in close proximity to each
other and to the catalytic-site of the enzyme. The catalysed reaction can now take
place, via the formation of another unstable transition-state, to give the product.
However, at this point the product may well still be bound to the enzyme, in which
case another relatively stable reaction intermediate, the enzyme—product complex,
would exist before the free product was liberated. The free energy profile of a
reaction of this type is depicted in Fig. 6.8. For reactions involving several substrates
and products, the process would be even more complicated, but the principles
remain the same.

The activation energy for the rate-limiting of enzyme-catalysed reactions may be
estimated as for uncatalysed reactions by investigating the rate of reaction at
different temperatures.

For a reaction of the form:

k k,
E+S - ES —- E+P

or

Ky ky ks
E+S - ES - EP - E+P
(where ES— EP is the rate-limiting step)

the overall rate of reaction is given by k,[ES] and the best estimate of k, comes from
Vimax since V.. = ky[Eq].
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Fig. 6.8 — The free energy profile of an enzyme-catalysed reaction involving the formation of
an enzyme-substrate and an enzyme—product complex.

For such a reaction investigated at absolute temperatures T, and T,, at the same
initial enzyme concentration,

Activati =2.303R 2 )1 oo Tl
tivat . T. —T
ctivation energy =T, 0810 kyat T,

2303 R(—2 ) | Vimax 2t Ty
- T,—-T,) °B°\v__ atT,

(the terms being as defined in section 6.2.2).

Relatively small changes in activation energy can greatly alter the rate of
reaction: an enzyme which reduces the activation energy from 100 kJ mol~! to

60 kJ mol~!, perfectly reasonable figures, increases the reaction rate by about 10
million.

SUMMARY OF CHAPTER 6

Biochemical processes can only proceed spontaneously in such a direction that the
free energy of the system, i.e. the energy that can be used to perform work,
decreases. However, even energetically favourable chemical reactions have to
overcome a potential-barrier, known as the activation energy, before the reaction
can take place. This is explained by the need to form unstable transition-states.
Catalysts, including enzymes, act by allowing the formation of different, more
stable, transition-states and, thus, reduce the activation energy. The position of
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chemical equilibrium is unchanged but is reached much faster than in the equivalent
uncatalysed reaction.

The initial velocity of enzyme-catalysed reactions has a limiting value at each total
enzyme concentration; this occurs when the enzyme is saturated with substrate.
Enzymes react with substrates to form enzyme-substrate complexes; these are quite
distinct from the transition-states which also occur as part of the process of enzyme
catalysis.
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PROBLEMS

(Assume R=8.314J K~ 'mol~!, F=96487J V™!, activity = concentration.)
6.1 (a) The following reaction characteristics have been demonstrated at pH 7.5

and 310 K: ‘

aspartate + citrulline = argininosuccinate + H,O K.,=1.6x10¢
arginine + fumarate = argininosuccinate Kiq=93
arginine + H,O = citrulline + NH; K. =1.4x10°
aspartate + H,O = malate + NH; Ki=7.5%x1073

Calculate AG®’ at 310 K and pH 7.5 for the following reaction:
fumarate + H,O = malate

If AH®' for this reaction is — 16.6 kJ mol~!, what will be the value of AS®’
under these conditions?

(b) If the concentration of fumarate is 10 *moll~! and of malate 9 X
10~*mol 17!, calculate AG for the formation of malate from fumarate at
310 K and pH 7.5. If a system with these initial concentrations was allowed
to proceed to equilibrium, deduce the final concentrations of fumarate and
malate.

6.2 For the reaction:
malate + NAD " = oxaloacetate + NADH+ H™,
AG®" =27.96 kJ mol~! at pH 7.0 and 25°C.

(a) Calculate the difference in E5 between the oxaloacetate|malate couple and
the NAD*|NADH + H™* couple at pH 7.0 and 25°C.

(b) Calculate the value of AG for the reaction at pH 7.0 and 25°C when malate
and NAD™* are both present at 0.01 molI~! and oxaloacetate and NADH
are both present at 0.02 mol 1~ L.
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(c) Calculate the concentration of oxaloacetate equal to concentration of
NADH present in equilibrium with 0.05 mol 1! each of malate and NAD*
at pH 7.0 and 25°C.

6.3 A reaction, in the presence of a certain amount of enzyme, was found to have a
Vimax Of 61.7 nmol s~ ! at 25°C. In the presence of the same amount of enzyme at
37°C, the V,,,, was 120.8 nmol s~ !. Using sensitive detection techniques it was
possible to follow the course of the uncatalysed reaction, which had a rate of
30.2x 103> nmols~! at 25°C and 88.4x 10~ 3nmols~! at 37°C. Calculate the
activation energy for the catalysed and uncatalysed reactions.

6.4 For an uncatalysed reaction A + B=C + D, the progress of the reaction was
followed spectrophotometrically for different initial concentrations of A, the initial
concentration of B always being 10 nmol 1~!. No products were present initially in
any experiment. The following results were obtained:

Initial concentration
of A (mmol 171) Absorbance at time ¢ (min)

t=0.5 1.0 1.5 2.0 2.5 3.0

10.0 0.073 0.127 0.180  0.234  0.272  0.292
8.0 ‘ 0.062 0.105 0.148 0.191 0.224  0.247
6.0 0.05s1 0.08 0.116 0.149 0.175 0.191
4.0 0.040 0.061 0.183 0.104 0.123  0.135
2.0 0.030 0.041 0.051 0.062 0.070 0.075

Determine the order of reaction with respect to A.

6.5 (a) The following data were obtained at pH 7.5 and 37°C:
for the reaction glucose-6-P = glucose-1-P, Ki,=6.12 X 1072
for3 the reaction fructose-6-P + UTP = UDP-glucose + 2P;, K, =4.52 X
10°;
for the reaction glucose-1-P + UTP = UDP-glucose + (PP);, K¢, = 1.00;
for the reaction 2P;= (PP);, K., =3.06 x 10~3
From this, determine the K, at pH 7.5 and 37°C for the reaction:

glucose-6-P = fructose-6-P.

If the initial concentration of glucose-6-P is 9.0 mmol 1~ ! and of fructose-6-P
is 2.0 mmol 17!, what is the value of AG under these conditions?

(b) The reaction in the presence of hexose phosphate isomerase was found to
have a V., of 3.6 wmol min ~ ! at 25°C and of 7.0 umol min~! at 37°C, the
conditions being identical in all other respects. The reaction in the absence
of enzyme proceeded at a rate of 5.4nmolmin~! at 37°C, and of
15.5 nmol min ~ ! at 50°C, the conditions being identical in all other respects.
Determine the activation energies of the catalysed and uncatalysed re-
actions. What assumptions are being made in the above calculations?
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Kinetics of single-substrate enzyme-catalysed
reactions

7.1 THE RELATIONSHIP BETWEEN INITIAL VELOCITY AND
SUBSTRATE CONCENTRATION

7.1.1 The Henri and Michaelis-Menten equations

In section 6.4 we discussed experimental evidence which showed that for many
single-substrate and pseudo single-substrate enzyme-catalysed reactions there was a
hyperbolic relationship between initial velocity v, and initial substrate concentration
[So] (see Fig. 6.5) so that:

Vmax[SO]
TS+ b

where V., is the maximum v at a particular total enzyme concentration and b is
another constant.

Kinetic models to explain these findings were proposed by Henri (1903) and
Michaelis and Menten (1913). These were essentially similar, but Michaelis and
Menten did a great deal of experimental work to give their treatment a sounder basis,
e.g. unlike Henri they recognized the importance of using initial velocity v, rather
than any velocity v.

Let us consider a single-substrate enzyme-catalysed reaction where there is just
one substrate-binding site per enzyme. The simplest general equation for such a
reaction would be:

Vo

K k
E+S=ES=E+P
k k

-1 -2

If investigations are restricted to the initial period of the reaction, the product
concentration is negligible and the formation of ES from product can be ignored.
Under these conditions, therefore, the reaction simplifies still further to:

' K k

E+S=ES— E+P
k

-1
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The rate of formation of ES at any time ¢ (within the initial period when the product
concentration is negligible) = k4[E][S], where [E] is the concentration of free
enzyme and [S] the concentration of free substrate at time ¢.

Also at time ¢, the rate of breakdown of ES back to E and S = k_[ES], where
[ES] is the concentration of enzyme—substrate complex at this time.

The Michaelis—Menton assumption was that an equilibrium between enzyme,
substrate and enzyme-substrate complex was almost instantly set up and main-
tained, the breakdown of enzyme—substrate complex to products being too slow to
disturb this equilibrium. Using this assumption, therefore: '

ky[E][S] = k_,[ES]
The constants may then be separated from the variables, giving:

[ENS] k-1

[ES] =k
where K is the dissociation constant of ES. The total concentration of enzyme
present [Ey] must be the sum of the concentration of free enzyme [E] and the
concentration of bound enzyme [ES]. Therefore, in order to involve total enzyme

concentration (a quantity which can easily be determined and specified) into the
above equation, the following substitution is made:

[E] = [Eo] - [ES]
([Eo] —[ESDIS]
" —————-——[E S] =K,
~ KJ[ES] = ([Eo] - [ES][S]
= [Eol[S] - [ES][S]
- [ES][S]+ K{ES] = [E][S]
- [ES]([S] + K,) = [Eq][S]

RS
ESI=5Tk,

[ES] has been isolated in this way because, as discussed in section 6.4, this term
governs the rate of formation of products (the overall rate of reaction) according to
the relationship:

o = k,[ES]
If we substitute the expression for [ES] derived above, we obtain:

_ klEq]lS]

NTSIF K,

Moreover, we know that when the substrate concentration is very high, all the



120 Kinetics of single-substrate enzyme-catalysed reactions [Ch.7

enzyme is present as the enzyme-substrate complex and the limiting initial velocity
V max 1 reached. Under these conditions:

Vmax = kZ[EO]
Therefore, we can substitute V., for k,[Eg] in the expression for v, and get:

Vmax[s]

WIS K,

It was further assumed by Michaelis and Menten that the substrate was usually
present in much greater concentrations than the enzyme. This is generally true, for
enzymes, like all catalysts, are often present at very low concentrations. It is
important to realise that we can talk about the substrate concentration being ‘low’
and giving first-order kinetics with a very small degree of saturation of the enzyme
while at the same time the substrate concentration may be a thousand times that of
the enzyme: this is valid because the formation of the enzyme—substrate complex
from the enzyme and substrate is a reversible process.

If we make the assumption that the initial substrate concentration [S] is very
much greater than the initial enzyme concentration [Ey], then the formation of the
enzyme-substrate complex will result in an insignificant change in free substrate
concentration. Hence, in the expression for v, derived above, we can substitute [S;)
(a quantity easily specified) for [S], giving:

vmax [SO]

- TSI K,

This is an equation of the form required to explain the experimental findings.
However, it is unsatisfactory in that the Michaelis—-Menten equilibrium-assumption
cannot be generally applicable: some, possibly many, enzyme-catalysed reactions
are likely to proceed at rates fast enough to disturb such an equlibrium.

7.1.2 The Briggs—Haldane modification of the Michaelis—-Menten equation
The equation derived by Michaelis and Menten (section 7.1.1) was modified by
Briggs and Haldane (1925) who introduced a more generally valid assumption, that
of the steady-state. They argued that since the concentration of enzyme, and thus
enzyme—substrate complex, was usually very small compared with the substrate
concentration, then the rate of change of [ES] would be negligible compared to the
rate of change [P] over the initial period of the reaction, except during the very brief
period of the beginning while ES was first being formed. In the absence of product,
the concentration of ES would be determined by the total enzyme concentration,
which remains constant throughout, and by the substrate concentration, which
changes by a negligible amount, as a percentage of its initial value, over the period of
interest. So, once this complex had been produced it would be maintained in a
steady-state, i.e. it would be broken down as fast as it was being formed, [ES]
remaining constant.

Rapid reaction studies have shown that this is a reasonable assumption for most
enzyme-catalysed reactions under these conditions: the steady-state is usually
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established within a few milliseconds of the start of the reaction and is maintained for
a few minutes until the product concentration, and hence the rate of the reverse
reaction, becomes significant.

If we again consider a single-substrate single-binding-site reaction:

k ks
E+S=ES—-E+P
k

-1

the rate of formation of ES at any time ¢ (within the initial period when the product
concentration is negligible) = k,[E][S].

The rate of breakdown of ES at this time = k& _,[ES] + k,[ES], since ES can break
down to form products or reform reactants.

Using the steady-state assumption:

ki[E][S] = k_1[ES] + k,[ES] = [ES](k_, + k)
Separating the constants from the variables:
[E][S] kathk
EO
where K|, is another constant. Substituting [E] = [E,] — [ES] as before:

([Eol - [ESD[S]

I
from which
[Eol[S]
ESI=[s1+ k.,
Again, since
vo = k,[ES]
_KE[S]
TSI+ K,
and since
Vmax = kZ[EO]
Vmax(S]
T[S+ K

Finally, since the substrate concentration is usually much greater than the enzyme
concentration, [S]=[S], so

Vmax[s()]

O TSol + Ko

at constant [E)

This has the same form as the equation derived by Michaelis and Menten: only
the definition of the constant in the denominator has changed. Hence the equation
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has retained the name Michaelis-Menten equation and K, is called this Michaelis
constant. The equilibrium-assumption is regarded as being a special case of the more
general steady-state-assumption, occurring where k_; > k.

A graph of v, against [Sy] will have the form of a rectangular hyperbola (Fig. 7.1),
consistent with experimental findings for many enzyme-catalysed reactions.

b,

—

Fig. 7.1 — Graph of v, against [Sy] at constant [Eg] for a single-substrate enzyme-catalysed
reaction, from the Michaelis-Menten equation.

V.nax» the maximum initial velocity at a particular [E,], can be obtained from the
graph as shown in Fig. 7.1. It will have the same units as vy.
K., can also be obtained from the graph, from the following reasoning. When

—1
Up = 2‘/max’

Vmax _ Vmax[SO]
2 [Sol+Knm
(Vmax)([SO] + Km) = 2(‘/max)[SO]
Km = [SO]
Therefore, K, is the value of [Sy] which gives an initial velocity equal to 3V,,,.. Also,
K, will have the same units as [Sy]. (However, note that the K, measured in this way
may be different from the true K,,,, which is defined in terms of rate constants, if there

are any inhibitors or other complicating factors present, as discussed in sections 8,
14.2 and 20.2.2: in these circumstances, the measured value may be termed the

apparent K.

7.1.3 The significance of the Michaelis-Menten equation

The Michaelis—-Menten equation, both in its original form and as modified by Briggs
and Haldane, is derived with respect to a single-substrate enzyme-catalysed reaction
with one substrate-binding site per enzyme and involving the formation of a single
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intermediate complex. Such reactions are very rare indeed. However, the require-
ment for a single-substrate reaction can be taken to include pseudo single-substrate
reactions and also variations with respect to one substrate in a multi-substrate
reaction, provided the other substrates are maintained at a constant concentration.
Similarly the requirement for an enzyme with a single substrate-binding site can
include enzymes with more than one binding-site for the substrate in question,
provided there is no interaction between the binding sites (see Chapters 12 and 13).
Finally, the requirement for the formation of a single intermediate complex can
include reactions of the type:

ky k2 k3
E+S=ES—-EP—->E+P
k_y

provided ES— EP is the rate-limiting step of the overall reaction (see section 6.6).

The constant k., called the turnover number, is often applied to enzyme-
catalysed reactions; this is obtained from the general expression V., = k..[Eo]- It
represents the maximum number of substrate molecules which can be converted to
products per molecule enzyme per unit time. For reactions of the simple type
discussed above, k., = k,; for more complex reactions, k., will be a function
involving several individual rate constants. The turnover number for most enzymes
lies in the range 1-10* per second.

For the simple reaction, we have seen that v,= kz[EO][S]/([S] + K,,). We can
substitute for [Eg] using [EO] [E] + [ES], and then for [ES] using [E][S)/[ES] =
(see section 7.1.2). That gives vy = (k/K,)[E][S] or, more generally, vO =
(kcad Km)[E][S]. The term k,/K,,, is the catalytic efficiency. A high value (approach-
ing that of k;) indicates that the limiting factor for the overall reaction is the
frequency of collisions between E and S molecules; a low value would be more in
keeping with the equilibrium assumption. A comparison of k., /K,, for alternative
substrates can also be used as a measure of the specificity of an enzyme.

The Michaelis-Menten equation has been found to be applicable to a great many
enzyme-catalysed reactions, and the constants V., and K, determined. V., varies
with the total concentration of enzyme present, but K, is independent of enzyme
concentration and is characteristic of the system being investigated. It can thus be
used to identify a particular enzyme; in most cases, K, values lie in the range
1072-10"%moll~!. Also, since the catalytic step (ES—> E + P, or ES— EP) is often
the rate-limiting step, k; and k _, are frequently much larger than k,; where this is the
case, the Michaelis-Menten equilibrium is valid and K, = K;. In general, K, gives an
indication of the affinity of the enzyme for the substrate: a low K| value indicates a
high affinity of enzyme for substrate, whereas a high K value indicates a low affinity.

If we turn our attention to processes taking place within the living cell, one of the
factors which determines which of the several alternative metabolic pathways a
substance enters is the K,, value of the first enzyme in each pathway. Consider, for
example, the fate of the hexose-phosphates, glucose-6-phosphate, glucose-1-phos-
phate and fructose-6-phosphate, which are readily interconvertible in the cell and
can be regarded as a single unit. The next step in the direction of glycolysis is
mediated by phosphofructokinase, which has a much lower Ky, for its substrate
fructose-6-phosphate than the first enzyme in the direction of glycogen synthesis has
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for its substrate glucose-1-phosphate. At most concentrations of hexose-phosphate,
therefore, phosphofructokinase will be more saturated with substrate than the
enzymes of glycogen synthesis and so most of the hexose-phosphate will be
metabolized via glycolysis. Only at high hexose-phosphate concentrations when
phosphofructokinase is fully saturated with substrate will glycogen synthesis become
significant. Of course in general the fate of a metabolite depends on other factors
besides K,,,, including the concentration of each enzyme, the value of V., at this
enzyme concentration and the effects of activators and inhibitors (see section 14.2).
Another enzyme in the glycolytic pathway, triose phosphate isomerase, has a
catalytic efficiency near the upper limit of between 10% and 10° (moll=!)~!s~! so a
reaction will take place just about every time it collides with a substrate molecule.

It should be realized that steady-state kinetic constants are determined in highly
purified solutions by in vitro laboratory experiments, usually at the pH optimum of
the enzyme under investigation. This is not necssarily the same pH as that in vivo in
the living organism where the enzyme functions, since many enzymes are found in
the same environment and not all will have an identical pH optimum, even though of
course they must all have some activity at the physiological pH. Similarly the
temperature at which the in vitro experiment is conducted may not be the in vivo
temperature. Also, steady-state experiments are usually performed at enzyme
concentrations much lower than those found irn vivo. (This is not necessarily the case
with rapid-reaction methods, discussed in section 7.2). Even more important, factors
absent from in vitro experiments, e.g. membranes, may contribute to the action of an
enzyme in vivo. Thus despite the usefulness of in vitro kinetic studies, it cannot be
assumed that they determine exactly how the enzyme behaves in the living organism.

From a practical viewpoint, a knowledge of the K, of an enzyme is invaluable
when assaying that enzyme (section 15.2): enzyme assays should be performed with
the enzyme fully saturated with substrate. From the Michaelis-Menten equation,
saturation is approached tangentially and only actually achieved at a substrate
concentration of infinity. Nevertheless, if the K, is known, the equation enables an
initial substrate concentration to be calculated which, for all practical purposes, can
be regarded as saturating the enzyme. For example, if [Sq]=100K,,, then vy =
0.99 V..., irrespective of the actual enzyme concentration but provided it is much
less than the substrate concentration.

7.1.4 The Lineweaver—Burk plot
The graph of the Michaelis-Menten equation, v, against [Sg] (Fig. 7.1), is not
entirely satisfactory for the determination of V., and K. Unless, after a series of
experiments, there are at least three consistent points on the plateau of the curve at
different [Sy] values, then an accurate value of V,,,,, and hence of K, cannot be
obtained: the graph, being a curve, cannot be accurately extrapolated upwards from
non-saturating values of [Sy].

Lineweaver and Burk (1934) overcame this problem without making any fresh
assumptions. They simply took the Michaelis-Menten equation:

Vmax[SO]

O[Sl + K



Sec. 7.1] Relationship between initial velocity and substrate concentration 125

and inverted it:

L [So]+ Kn, [Sol K
—_= = —+
Vo Vmax[s()] Vmax[s()] Vmax[SO]
1 K, 1

L —m— - —
) Vmax [SO] Vmax

This is of the form y = mx + ¢, which is the equation of a straight line graph; a plot of y
against x has a slope m and intercept c on the y-axis.

A plot of 1/v, against 1/[S¢] (the Lineweaver-Burk plot) for systems obeying the
Michaelis-Menten equation is shown in Fig. 7.2. The graph, being linear, can be
extrapolated even if no experiment has been performed at a saturating substrate
concentration, and from the extrapolated graph the values of K,;, and V,, can be
determined as shown in Fig. 7.2. Departure from linearity for a particular enzyme-
catalysed reaction indicates that the assumptions inherent in the Michaelis—-Menten
equation are not valid in this instance.

(The Lineweaver-Burk equation).

—
<=

intercept
- K
Km P slope = ==X
- max
7 \intercept: L

s max
1
S,

Fig. 7.2 — The Lineweaver-Burk plot.

7.1.5 The Eadie—Hofstee and Hanes plots

The Lineweaver—Burk plot has been criticized on several grounds. Firstly, and of
least importance, the extrapolation across the 1/vy, axis to determine the value of
— 1/K,,, sometimes reaches the edge of the graph paper before reaching the 1/[Sy]
axis, possibly resulting in the graph having to be redrawn with altered axes.
Secondly, it is said to give undue welght to measurements made at low substrate
concentrations, when results are likely to be most inaccurate (this criticism should be
borne in mind when a Lineweaver-Burk plot is being drawn). Thirdly, departures
from linearity are less obvious than in some other plots, particularly the Eadie—
Hofstee and Hanes plots. This could be very important if a reaction mechanism was
being investigated. ’
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The Eadie—Hofstee plot takes as its starting point the Lineweaver-Burk equation,
based in turn on the Michaelis-Menten equation. Both sides of the equation are
multiplied by the factor v,V .«:

(—UES (UO)Vmax = —(Vma_x)[—so_] Vo (Vmax) + m Vo (Vmax) .

E Vo = o3t Vmax

[S]

Again this is the equation of a straight line graph, from which V., and K,, can be
determined as shown in Fig. 7.3(a).

The Hanes plot similarly starts with the Lineweaver—Burk equation, which in this
instance is multiplied throughout by [Sy]:

1 1 1
E; [So]l = V. [So] S0l + V. [Sol

[So] 1 K

oV Bel g

Once more this gives a linear plot, from which V., and K, can be obtained as in
Fig. 7.3(b).

Tt 159

Vo
\
slope
=~Km slope = -\—IL—-
- max
N km
N Vmax Vmax
AN
&m
Vv, [So]
TSo) —>
—_— b)
a)

Fig. 7.3 — (a) The Eadie-Hoffstee plot; (b) the Hanes plot.

The Eadie-Hofstee and Hanes plots are favoured by enzyme kinetics, but the
Lineweaver—-Burk plot continues to be widely used by enzymologists in general. The
important thing to obtain good experimental®ata covering a wide range of substrate
concentrations which are chosen so that the points will be evenly spread over the plot
being used.

Computerized data processing, usually based on the least-squares approach to
curve fitting and sometimes incorporating automatic rejection of points outside an
arbitrarily set limit, gives a quick and convenient method of obtaining an estimate of
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K., and V... However, the results are not entirely reliable, and should never be
accepted blindly: it is important to consider the actual graphs obtained, particularly
to see if there is any evidence of a departure from linearity.

7.1.6 The Eisenthal and Cornish-Bowden plot

In view of the difficulties in obtaining completely reliable estimates of K, and V.,
even with the aid of statistical analysis, from the plots discussed above, Eisenthal and
Cornish-Bowden (1974) suggested a different approach, though one still based on
the Michaelis—-Menten equation. The reciprocal form of this equation, at constant
[Eo], gives

1 K., +[So]

U_O B Vmax[SO]
Vmax Km + [SO] Km
= e +
Vo [Sol [Sol

Therefore, at constant Vo and [Sy], aplot of V,, against K, is linear. The reader can
be forgiven for feeling uneasy about this suggestion, for, at first sight, it seems
nonsense to plot a constant (V,,,,) against another constant (K,,); nevertheless, the
relationship is mathematically sound.

When K,,=0, V ,.,= g, and when V., =0, K, = —[S¢]. Therefore, each v,,
[So] pair can be used to generate a line by marking v, on the V. axis and —[Sy] on
the K, axis; these two points are then joined up and the line extrapolated. Lines for
all vy,[So] pairs, at constant [Eg], must pass through the true values of K, and V,,,,,
so these values must be given by the point of intersection of all the lines. However,
because of experimental error, the lines are likely to intersect over a range of values
(Fig. 7.3(c)). Nevertheless, in the opinion of many enzymologists, the best available

T Vmax

Vmax —>

(v

* ?
c) Km
Fig. 7.3 — (c) Typical Eisenthal-Cornish-Bowden plot for an enzyme-catalysed reaction at

constant [Ey]. (V3. is the best estimate of V,,,, K* the best estimate of K...) See text for
discussion.
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estimates of K, and V,,,, are the medians of the values obtained from the
intersections of these lines, provided there is no evidence from other plots of
departures from linearity.

7.1.7 The Haldane relationship for reversible reactions
All reactions are to some degree reversible, and many enzyme-catalysed reactions
can function in either direction within the cell. It is therefore of interest to compare
the kinetics of the forward and back reactions.

Consider a single-substrate reaction, S=P, proceeding via the formation of a
single intermediate complex: in the forward direction this would be regarded as an
ES complex, but in the reverse direction the same complex would be called EP.

k ks
S+E=ES EP=P+E
k k

=1 -2

The Michaelis—Menten equation in the forward direction, at fixed [E,], gives:

Vinax[Sol

T S F K

where v is the initial velocity in the forward direction,
V3,ax is the maximum initial velocity in the forward direction and

k_,+k,

s
K, k,

The Michaelis-Menten equation for the reverse reaction (at constant [E,]) gives:

Vr%ax [PO]

Vp =5
° [Po] + K&,
where v, is the initial velocity in the back direction,

VP .« is the maximum initial velocity for the back reaction and

o _ko1th

m k¥2

Haldane derived a useful relationship between the kinetic constants and the
equilibrium constant of the reaction. At equilibrium the rate of the forward reaction
equals the rate of the back reaction. Under these conditions:

k_1[ES] = ky[E][S]

C[ES] Ky
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Also under these conditions:
ko[ES] = k_,[E][P]

[ES] k., ki
[T]=k—2[P]=E[S]
[P] &y k;

Kea= 81750

But
Vinax = ka2[Eo)
and
VERax = k_1[Eq]
Viax k2
Vi Ky
Also,

Ky (koytk) ko,

K_Elz ky (k—1+k2)=
kiky  Viax KR

"k k., VRKS

ks
ki

. K

(the Haldane relationship)

If the equilibrium constant is known, this relationship can be used to check the
validity of the kinetic constants which have been determined.

In general, it is likely that the K, for the reaction in the metabolically important
direction will be less than that for the reaction in the opposite direction, since K,
often varies inversely with affinity (see section 7.1.3). However, it should be realized
that the direction of metabolic flow depends also on the concentrations of S and P
present within the cell.

7.2 RAPID REACTION KINETICS

7.2.1 Pre-steady-state kinetics

Although investigations of steady-state kinetics are of great importance to the
enzymologist, as discussed in section 7.1, they have severe limitations. They allow
the calculation of the kinetic constants K, and k., but the meaning of these
constants depends on the assumptions made, such as the number of intermediates
involved and the rates of their interconversion on. These assumptions cannot be
tested by ordinary ‘test-tube’ methods. The turnover number, k., of many enzymes
is in the order of 100s ™!, i.e. 100 molecules of product can be produced per second
per molecule of enzyme, which means that the slowest step in the mechanism is likely
to have a half-life of only a few milliseconds. However, continuous-flow and stopped-
flow rapid-mixing methods (section 6.5.2) can be designed to follow the build-up and
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decay of reaction intermediates over such a time-scale and they have been widely
used for the study of enzyme-catalysed reactions. The experimental results can be
compared with the theoretical results for a particular mechanism, which are often
produced with the help of a computer. Gutfreund and others have obtained
simulated results for a variety of reaction mechanisms.

The simplest possible reaction is a first-order reaction of the form:

k
A—B
The rate of reaction at time ¢ is given by:
—d[A] +d[B]
a - CdAl

Integration of this gives:
log. [Ao] —log. [A] = kt

(where [Ag] is the initial concentration of A) or
[Al=[Age™*

The course of this reaction is depicted in Fig. 7.4.

fconcn

t
—

Fig. 7.4 — Theoretical progress curves for a reaction of the form A— B.

The integrated equations for most reaction mechanisms are far more complicated
than this. Let us examine the course of reaction for a single-substrate enzyme-
catalysed reaction involving a single intermediate complex, where the initial sub-
strate concentration is much greater than the initial enzyme concentration:

K ks
E+S=ES=E+P
: ko, Kk,
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The rate of increase of [ES] at time ¢ (within the initial period when [P] is negligible) is
given by:

d[ES]
—3 = klEIIS] - k_[ES] - k,[ES]

= k1([Eol — [ESD([So] — [ES] = [P]) — k_4[ES] — k,[ES]

Since

[Sol>[Eol ,  then  ([So] = [ES]— [P])=[S,]

d[ES]
dr = k1([E0] - [ES])[SO] - k—l[ES] - kz[ES]

This may be integrated to give an expression showing the change in [ES] with time.
The integration is beyond the scope of this book, but the results are illustrated in Fig.
7.5. The changes in concentration with time for all the other participants in the
reaction can be calculated in similar fashion and these are also shown in Fig. 7.5.

fconc" fconc“
P
E
E
{
/ {
N |
P — :
\ t inddction t
— | —
ES period |
transient or steady-state
pre-steady- phase
@) state phase

(b)

Fig. 7.5 — (a) Theoretical progress curve for a reaction of the formE + S=ES— E + P, where
[So]>[Eq]; (b) the same, showing the initial period in greater magnification.
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The linear part of the [P] against ¢ graph represents the steady-state phase of the
reaction and has a slope = (k5[Eg][So])/([So] + K,,) (obtained by substituting K, for
(k_1+ ky)/k, in the integrated equation). If the linear, steady-state portion of this
graph is extrapolated downwards it intercepts the -axis where ¢ = 1/(k[So] + K,)-
This is called the induction period. If the experimental results are consistent with
such a mechanism (e.g. no other reaction intermediate is implicated) and if K, is
known from steady-state investigations, then k;, k, and hence k_, can be calculated.
Because of the finite time taken for mixing, the induction period must be greater than
about 5 ms for meaningful results to be obtained. Enzymes with a turnover number
greater than a few hundred per second catalyse reactions proceedmg too quickly to
be analysed by such methods.

The calculated progress curves for a slightly more complicated reaction:

ky k> ks
E+S=ES=EP=E+P
k_, k_, k_y

where the rate-limiting-step is EP— E + P, as shown in Fig. 7.6.

’COI’\Cn

EP

ES

t

—

Fig. 7.6 — Theoretical progress curves for a reaction of the form E+ S=ES=EP—-E +P,
EP— E + P being the rate-limiting step.

As an example of the use of rapid-reaction methods in the investigation of
reaction mechanisms, let us consider some findings for the enzyme chymetrypsin.
This will catalyse the hydrolysis of p-nitrophenylacetate, giving the coloured
p-nitrophenol as one of the products. Hartley and Kilby (1952) found that immedi-
ately after mixing the reagents there was an initial burst when one mole of
p-nitrophenol per mole of enzyme was liberated much more rapidly than the
subsequent steady-state liberation of p-nitrophenol. This suggested rapid acylation
of the enzyme, the rate-limiting step of the overall reaction being the hydrolysis of
this acyl-enzyme:

rate-limiting step
E+ p-nitrophenylacetate—»E-p-nitrophenylacetateIE—acetate ——FE + acetate

p-nitrophenol
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Gutfreund (1955) followed the liberation of p-nitrophenol using stopped-flow
methods and confirmed these conclusions, as well as determining some rate
constants.

From a study of many enzymes, Gutfreund concluded that the rate-limiting step
was usually one of the following: a change in conformation producing a reactive
complex from the initial ES complex, the chemical interconversion of substrate to
product, or the release of product from enzyme.

7.2.2 Relaxation kinetics

Relaxation methods can also be used to investigate rapid reaction kinetics and since
they start with the solutions already mixed and at equilibrium, they can be applied to
processes taking place too quickly for investigation by pre-steady-state methods.

It can be shown that if a chemical reaction at equilibrium is subjected to any
extremely rapid pressure or temperature change (e.g. 5°Cin 5 us) and the position of
equilibrium changes slightly in consequence, the system will relax towards the new
equilibrium position according to the relationship:

[AA]=[AA]pe™""

where [AA] is the difference between the concentration of A at time ¢ and at the new
equilibrium position, i.e. [AA] =[A] —[A]; and [AA], is the difference between
the concentration of A immediately after the temperature or pressure change and at
the new equilibrium position. 1 is the relaxation time.

From the above equation:

t
loge [AA] = loge [AA]O - '_E

1
*. the slope of a graph of log.[AA] against ¢ gives — <

This relationship holds for all chemical reactions where the perturbation in
equilibrium is small, but the meaning of T in terms of reaction constants depends on

the actual reaction mechanism.
k

1
For the simplest reversible reaction A = B, where the total concentration of A
‘ ‘|
and B present is [By), i.e. [A] + [B] = [Bg], the rate of the formation reaction at time ¢
is given by:

—d[A] +d[B]
|

= k[A] - k_,[B]
= ki[A] = k_1([Bo] - [A]
=ki[A] = k_,[Bo] + k_,[A]

=[A](ky + k_y) — k_4[By]
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At equilibrium,
ki[Aeql = k- 1[Beg]
o ki[Aeql = k- 1([Bo] — [Acq])
=k_4[Bo] - k—-l[Aeq]
S [Aegllky +k_1) =k_1[Bo]
Substituting for k_[By] in the rate equation derived above:

—d[A] +d[B]
= ar = Akt k) = [Acgl(ks +ky)

= (kl +k_ 1)([A] - [Aeq])

= (k; + k_1)[AA]

However, the rate of change of [AA] must be the same as the rate of change of [A].

 —d[A]_ -d[AA]
=g = U +k_)[AA]
d[AA]

T RV

Integrating,
log.[AA] = constant — (k, + k_,)¢
Att=0, [AA] = [AA]p, so constant = log [AA],.
. log.[AA] =log [AA]y— (ky + k_ )t

This is of the same form as the general relaxation equation, so by comparison with
this, T = 1/(k, + k_,) for the reaction A=B.

ky
Similarly, for a reaction E + S = ES, it can be deduced that
k

1
',; = kl([Eeq] + [Seq]) +k_y
Reactions of this form include the binding of one substrate to an enzyme in the
absence of other substrates, preventing the reaction from proceeding further; this
has been used to investigate the binding of NADH to lactate dehydrogenase. A plot
of ([Ecq] + [Seq]) against 1/t results in a straight line with the intercept equal to k_;
and the slope = k;, so these constants can be calculated.

The meaning of t for more complex reactions is, needless to say, very much more
complicated and only in special cases can it be identified with individual steps and
particular rate constants.
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7.3 THE KING AND ALTMAN PROCEDURE
When more than one or two intermediates are present in a reaction sequence, the
derivation of an overall rate equation becomes extremely complex, involving the
solving of several simultaneous equations. However, King and Altman (1956)
devised empirical rules which allow the rate equation for a particular mechanism to
be written down by inspection as a function of individual rate constants, and this
procedure was developed by Wong and Hanes (1962). The theoretical basis of these
rules involves matrix algebra and is beyond the scope of this book. We will merely
indicate the approach, using some simple examples.

First let us consider again the simplest possible enzyme-catalysed reaction under
steady-state conditions:

k, ks
E+S=ES—E+P
k_y

The King and Altman procedure requires the reaction to be written as a cyclic
process, showing the interconversions of the enzyme-forms involved (in this case E
and ES). Each step must be described by a k (kappa), which is the product of the rate
constant and the concentration of free substrate involved in that step, or just the rate
constant if no substrate is involved. Hence for the above sequence we have:

k,[So]
E — ES

ky
P

For each enzyme species we must then work out all the pathways by which that
species may be synthesized. Each pathway must contain #n — 1 steps, where # is the
number of enzyme species present (in this case 2) and the product of the kappas for
the steps in each pathway is determined; each kappa product will contain n — 1
terms. Pathways where two arrows arrive at a single enzyme species are permitted,
but pathways where two arrows leave a single enzyme species are forbidden, so there
are no closed loops. For the simple system being considered here (where n =2) we
have:

Enzyme species Pathways forming enzyme species  Sum of kappa products

k.,

E E<_and Ekki/ k_1+k2
ki[So)

ES — ES k1[Sol

For each enzyme species the following relationship then holds:

[enzyme species] sum of kappa products of that species

[Eo] B sum of all kappa products
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Hence, for the mechanism under question,

(E] k_i+k; [ES] B

k1[So]
= and
[Eo] k_i+ky+ki[So]

[Eol  k_y+ky+ ki[So]
The overall rate equation is given, as in section 7.1.2, by

vo = k,[ES]
Substituting the expression for [ES] determined by the King and Altman procedure
_ kklSol[Eol  kalSolEo]
O Fh+ k(S [kt
& [Sol

which is identical with the equation derived in section 7.1.2.

Let us now use the King and Altman procedure to determine the rate equation for
a slightly more complicated reaction sequence, that involving three enzyme species

suggested for reactions catalysed by chymotrypsin (section 7.2.1). Under steady-
state conditions this may written:

k, k> ks
AX+E = EAX—<>EX—E+X
k A

In cyclical form this is:

k[AX]
E EAX
B k—l
k! k2
X EX *A
Enzyme species Pathways forming enzyme species Sum of kappa products
k"'l
+k_q1k
E Ek‘/kz and E<\_k:‘ k2k3 1K3
k,[AX,]
b
k,[AX,] X
EX 2 kiko[A
Az 1 2[ XO]
EX
From this, for example,
[EX] ko[ AX]

[Eo]l  koks+ k_ k3 + kiks[AXo] + kiky[AXo]
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Under steady-state conditions the overall rate of reaction is given by:

d[A] d[X]
If we substitute for either [EAX] or [EX] in the expression obtained by the King and
Altman procedure we obtain the equation:

B Kkaks[ AXo][Eo]
0= leoks + k_ 1k + kika[AXo] + krko[AXo)
B kikoks| AXo] [Eo]
ka(ky + k_q) + ki [AXo] (ks + k3)
SUMMARY OF CHAPTER 7

The hyperbolic graphs of v, against [Sy] obtained experimentally for many enzyme-
catalysed reactions can be obtained by the Michaelis-Menten equation. The original
equilibrium-assumption of Michaelis and Menten is now seen as a special case of the
steady-state-assumption of Briggs and Haldane. Steady-state kinetics can be used to
calculate K, and k., which are characteristic of a particular enzyme. These
calculations are facilitated by the use of linear plots derived from the Michaelis—
Menten equation.

The kinetic mechanism of a reaction can be investigated in more detail by the use
of rapid-reaction techniques. Continuous-flow, stopped-flow and relaxation
methods give information as to the intermediates involved in the reaction and enable
individual rate constants to be calculated.

A procedure which enables the rate equation for a complex reaction sequence to
be written down by inspection has been described by King and Altman.
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PROBLEMS
7.1 The following results were obtained for an enzyme-catalysed reaction:

Substrate conc” (mmoll~1) 5.0 6.67 10.0 20.0 400
Initial velocity (umoll~!min~1)147 182 233 323 400

Calculate K, and V.,
7.2 Malate dehydrogenase catalyses the reaction:

L-malate + NAD * = oxaloacetate + NADH+ H™*

The rate of the forward reaction was investigated in the presence of saturating
concentrations of malate and a fixed concentration of enzyme. The following results
were obtained:

NAD* Absorbance (at 340 nm) at time ¢ (minutes)
conc”
(mmol 17 1) t=05 1.0 1.5 2.0 2.5 3.0

1.5 0.033 0.056 0.079 0.102 0.122 0.138
2.0 0.036 0.063 0.089 0.116 0.138 0.154
2.5 0.040 0.069 0.099 0.128 0.150 0.168
3.33 0.043 0.075 0.108 0.140 0.163 0.175
5.0 0.047 0.084 0.121 0.158 0.177 0.184

10.0 0.052 0.095 0.137 0.180 0.192 0.200

Calculate K, and V..

7.3 Ficin is a proteolytic enzyme which catalyses the hydrolysis of a variety of
substrates. One such reaction was followed by rapid reaction techniques, and the
following results were obtained:

Time (s) 0 0.1 02 03 04 0.5
Product conc” (umoll~1!) 04 8 17 271 37

Assuming that the reaction proceeds by the simplest possible mechanism, calculate
the rate constants involved.

7.4 Use the King and Altman procedure to obtain a rate equation for the reaction:

K, ks ks
E+S=ES=EP—->E+P
k., k_,
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Enzyme inhibition

8.1 INTRODUCTION

Inhibitors are substances which tend to decrease the rate of an enzyme-catalysed
reaction. Although some act on a substrate or cofactor, we will restrict our discussion
here to those which combine directly with an enzyme. Reversible inhibitors bind to
an enzyme in a reversible fashion and can be removed by dialysis (or simply dilution)
to restore full enzymic activity whereas irreversible inhibitors cannot be removed
from an enzyme by dialysis. Sometimes it may be possible to remove an irreversible
inhibitor from an enzyme by introducing another component to the reaction mixture,
but this would not affect the classification of the original interaction.

Reversible inhibitors usually rapidly form an equilibrium system with an enzyme
to show a definite degree of inhibition (depending on the concentration of enzyme,
inhibitor and substrate) which remains constant over the period when initial velocity
studies are normally carried out. In contrast, the degree of inhibition by irreversible
inhibitors may increase over this period of time.

In this chapter we shall be concerned mainly with the inhibition of simple single-
substrate enzyme-catalysed reactions. This group includes most single-substrate
reactions obeying Michaelis-Menten kinetics (section 7.1.3). Some aspects of the
inhibition of two-substrate enzyme-catalysed reactions will be discussed in section
9.3.2.

8.2 REVERSIBLE INHIBITION

8.2.1 Competitive inhibition

Competitive inhibitors often closely resemble in some respects the substrates whose
reactions they inhibit, and because of this structural similarity they may compete for
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the same binding-site on the enzyme. The enzyme-bound inhibitor than either lacks
the appropriate reactive group or it is held in an unsuitable position with respect to
the catalytic-site of the enzyme or to other potential substrates for a reaction to take
place. In either case a dead-end complex is formed, and the inhibitor must dissociate
from the enzyme and be replaced by a molecule of substrate before a reaction can
take place at that particular enzyme molecule.

For example, malonate (CO,; .CH,,CO; ) is a competitive inhibitor of the
reaction catalysed by succinate dehydrogenase:

CO; .CH,.CH,.CO;  CO;.CH=CH.CO;
succinate = fumarate

Malonate has two carboxyl groups, like the substrate, succinate, and can fill the
succinate-binding site on the enzyme. However, the subsequent reaction involves
the formation of a double bond, and since malonate, unlike succinate, has only one
carbon atom between the carboxyl groups, it cannot react.

The effect of a competitive inhibitor depends on the inhibitor concentration, the
substrate concentration and the relative affinities of the substrate and the inhibitor
for the enzyme. In general, at a particular inhibitor and enzyme concentration, if the
substrate concentration is low, the inhibitor will compete favourably with the
substrate for the binding sites on the enzyme and the degree of inhibition will be
great. However, if, at this same inhibitor and enzyme concentration, the substrate
~ concentration is high, then the inhibitor will be much less successful in competing
with the substrate for the available binding sites and the degree of inhibition will be
less marked. At very high substrate concentrations, molecules of substrate will
greatly outnumber molecules of inhibitor and the effect of the inhibitor will be
negligible. Hence V,,, for the reaction is unchanged (Fig. 8.1(a)). However the
apparent K, the substrate concentration when vy = 3 V .y, is clearly increased as a
result of the inhibition, and is given the symbol K7,.

v in absence
1\, M3X of inhibitor

in presence of
fixed concentration
of competitive
inhibitor

-

|

]

H

Km f [S.]
—

Fig. 8.1 — (a) Michaelis-Menten piot (at fixed [E,]) showing the effect of a competitive
inhibitor.
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Let us investigate the steady-state kinetics of a simple single-substrate single-
binding-site single-intermediate enzyme-catalysed reaction in the presence of a
competitive inhibitor, I.

ki ks
E+S=ES - E+P
k—l
-1} +1
EIl

The dissociation constant for the reaction between E and I is K;, where

_[EIm
"E]
In this context, K; is called the inhibitor constant. Equilibrium between enzyme
and inhibitor will normally be established almost instantaneously on mixing.

If we begin to derive the initial velocity equation using the steady-state assump-
tion exactly as in section 7.1.2 we reach the expression

[EIS] k- +k;
[ES] Kk O™

As before, we wish to make a substitution for [E] in this equation, and here we have
to take the inhibitor into account, since:

[Eo] = [E] + [ES] + [EI]
[E][1]
= [E] + [ES] + —K“‘

(1]
=[E] (1 K) +[ES]
[Eo] — [ES]

()

If we now make this substitution for [E]:

((Eo] —[ESDIS] -

=K,
( []) (ES]

_([Eo] - [ESDIS] (1]
ke (1)

~ [E]=
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If we continue to develop the argument exactly as in sections 7.1.1 and 7.1.2 we reach
the expression:

Vmax[SO]

[So] + Kin <1 +[I?01]>

Vg =

This is an equation of the same form as the Michaelis-Menten equation, the only
difference being that K, has been increase by a factor [1 + ([I}/K;)]. (Note that the
inhibitor concentration will usually be of the same order of magnitude as the
substrate concentration and thus much greater than the enzyme concentration, so
[TI]=[I] just as [S]=[Se].) Therefore, for simple competitive inhibition V,, is
unchanged but K, is altered so that K, = K[1+ ([I))/K;)], where K}, is the
apparent K, in the presence of an initial concentration [Iy] of competitive inhibitor.
It can be seen that K; is equal to the concentration of competitive inhibitor which
apparently doubles the value of K.

The Lineweaver-Burk equation in the presence of a competitive inhibitor will be:

1 K, 1 1

) - Vmax [?0]-._ Vmax

and Lineweaver-Burk plots showing the effect of competitive inhibition are shown in
Figs. 8.1(b) and 8.1(c).

It must be pointed out that this identical expression would be obtained if the
inhibitor-binding site was separate from the substrate-binding site, provided the
binding of the substrate to the enzyme resulted in the blockage of the inhibitor-
binding site by a conformational change or other mechanism (Fig. 8.2). In this
situation the inhibitor could bind to E but not to ES, exactly as discussed above. For

R []j
3 + competitive Vo i
Vo inhibitor ’ : e l,

_ Km/ [l
slope-vmax(u 7 ) Lol
uninhibited

K
—=—— slope= —
max -

1
l max [lo]3 >[|012 >[|°l1
1

SN 1 1

X (S.1 [S.)
o Kmfrelg)  — 0 ?

Fig. 8.1— (b) Lineweaver-Burk plot showing the effect of competitive inhibition; (c) the same,
showing plots for several inhibitor concentrations at fixed enzyme concentrations.
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G1-C-Gn
(&7

El
(a) competitive inhibition, ! binding to same site as S
ES E P

[5 —
—
|
E

competitive inhibition, | and S binding to different sites

@ Y]=33]-(35)

—t+1

(c) uncompetitive inhibition ESI

+S
. _— — +
-S .
E £ P

S () — A+ €S

+S

El ESI

(d) simple linear non-competitive inhibition

Fig.8.2 — Diagrammatic representation of some possible examples of reversible inhibition.
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this reason it has become common to classify an inhibitor as competitive if, in its
presence, a Lineweaver-Burk plot is obtained with changed K, but unchanged
Vmax, irrespective of the actual mechanism involved.

Once the type of inhibitor has been established, it is desirable to determine the
inhibitor constant K;. It is obtained from the expression K;,, = K, [1 + ([Io}/K;)], but
a graphical method is preferred to a direct substitution of numbers to allow errors in
individual determinations to be averaged out. From the above expression

K. K
Kip=—2 [Io] +
m Ki [0] m >

so a plot of K, (determined from the intercept on the 1/[S,] axis of the primary
Lineweaver-Burk plot) against [Iy] will be linear, with the intercept on the [I] axis
giving — K; (Fig. 8.3(a)). Similarly, since the slope of the Lineweaver—Burk plot in
the presence of a competitive inhibitor is

Km 1 + @

Vmax Ki ’

a graph of slope of the primary (Lineweaver—Burk) plot against [I)] will also be
linear, the intercept on the [Iy] axis giving — K; (Fig. 8.3(b)). These secondary plots

of K}, against [Iy] and slope against [I] must, of course, be constructed from data
obtained at fixed [E].

slope of

Fig. 8.3 — Secondary plots for competitive inhibition.

An alternative graphical means of calculating K; was suggested by Dixon (1953).
The Lineweaver-Burk equation in the presence of a competitive inhibitor is:

[To]
K (1 +7i) 1 1

B e —
Vo Vmax [SO] Vmax
Km [IO] Km 1
= +
Vmax [SO] Ki Vmax [SO] Vmax
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Therefore, at fixed [Sg], a plot of 1/v, against [Iy] (the Dixon plot) is linear. When
[Io]) = — K;j it can be seen that

1 1

Vo Vm ax

and is therefore independent of [Sy] and so Dixen plots for different values of [Sy]
(but fixed [Eq]) intersect where [Iy] = — K; (Fig. 8.4).

11 [s.]4

(% P

. -K;i

Ciod
—

Fig. 8.4 — Dixon plot for competitive inhibition.

The simplest forms of competitive inhibition considered above are sometimes
termed linear competitive inhibition because both primary and secondary plots are
linear. In more complicated systems the primary plots may be linear but the
secondary plots non-linear. For example, if not one but two molecules of inhibitor
can bind to the substrate binding site, then parabolic competitive inhibition is said to
occur because of the shape of the secondary and Dixon plots. Similarly, if the
inhibitor binds to a different site from the substrate and reduces the affinity of the
enzyme for the substrate without altering the reaction characteristics of that
substrate which does bind, then hyperbolic competitive inhibition results. In each
case the primary plots are linear and the inhibition patterns are indistinguishable
from those for linear competitive inhibition.

Competitive inhibitors, like other types of inhibitors, may be used to help
elucidate metabolic pathways by causing accumulation of intermediates. In this way
Krebs and colleagues used inhibition by malonate to investigate the tricarboxylic
acid cycle, of which succinate dehydrogenase is a component. Provided they are not
dangerous to man, they may be used in medicine or agriculture as chemotherapeutic
drugs, insecticides or herbicides to destroy or prevent growth of unwanted orga-

nisms. For example, sulphonamides such as sulphanilamide (H,N O,NH,),

once widely used in medicine, are competitive inhibitors for bacterial enzymes
involved in the biosynthesis of the coenzyme tetrahydrofolate (see section 11.5.9)
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from p-aminobenzoic acid (H,N O CO,H). This metabolic pathway is not found

in man, so sulphonamides can be used to limit the growth of bacteria with relatively
little risk to the patient.

A detailed investigation of the binding characteristics of various competitive
inhibitors which bind at the same site as a natural substrate can give useful
information about factors governing the binding of the substrate. In two-substrate
enzyme-catalysed reactions, competitive inhibition studies can help elucidate the
reaction mechanism (section 9.3.2). In this context and in general it should be noted
that the product of a reaction often resembles the substrate and therefore may act as
a competitive inhibitor. There are a few instances where competitive inhibition by a
product may play an important role in metabolic regulation within the living cell. For
example, 2,3-bisphosphoglycerate inhibits its own formation from 3-phospho-
glyceroyl phosphate, a reaction catalysed by bisphosphoglycerate mutase.

- BN

e
/ T

8.2.2 Uncompetitive inhibition |
Uncompetitive inhibitors bind only to the enzyme—substrate complex and not to the
free enzyme. Substrate- blndlng could caus conformatlonal change to take place in

bmd dlrectly to the enzyme-bound substrate In nelther case does the inhibitor
compete with the substrate for the same binding site, so the inhibition cannot be
overcome by increasing the substrate concentration. Both K, and V,,, are altered,
but a distinctive kinetic pattern emerges under steady-state conditions.

Once again let us consider the simplest situation:

E+S=ES—E+P
-1 +1
ESI

ESI is a dead-end complex; the inhibitor constant K; = ([ES][IJ/[ESI]).
Under steady-state conditions,

[E]lS]
[ES] "

For this system,
[Eo] = [E] + [ES] + [ES]]

= [E] + [ES] + [——y

=[E]+[ES] ( : ]>

~[E] =[E,] - [ES] (1 +B>
0 K,
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Substituting for [E] and continuing as in section 7.1.1, the outcome is:

Vmax[SO]
[So) (1 + L;—(O—]> + K,

Uy =

Dividing throughout by (1 + ([Io)/K})) gives:

1]
(%)
K
[So] + _(_1 +‘ @)
K;
This is an equation of the same form as the Michaelis-Menten equation, the

constants K, and V., both being divided by a factor [1+ ([Io}J/K;)]. Thus for
uncompetitive inhibition,

[So]

Ug =

. K
V6= ——  and K, = ————

(%) (%)

where V., is the value of V. in the presence of an initial concentration [Iy] of
uncompetitive inhibitor and K, is the apparent value of K, under the same
conditions. An inhibitor concentration equal to K; will halve the values of both V.,
and K,
The Lineweaver-Burk equation in the presence of an uncompetitive inhibitor is:
1 K 1 1

= « — 4
Lo Vr,nax [SO] Vmax

and the slope of a Lineweaver—Burk plot is equal to

( [Io]>
1+—
K\ Kmax Ki/ K,

Vr,nax - Vmax 1 [IO] Vmax
+ 7<;'
In other words, the slope of a Lineweaver-Burk plot is not altered by the presence of
an uncompetitive inhibitor, but both intercepts change (Fig. 8.5). As before, the

inhibitor constant K; can be determined using secondary plots. For uncompetitive
inhibition,

1 1 1[10] d1 1 Io]
Vim Vo VTR ) ™M Tk Uk
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1 o1
v + uncompetitive 1_ °’3
° inhibitor Yo
“012
L)y

uninhibited

Ki /

\‘ lomer _ /
[ slope= max /

/ “V_:na-x lo13> L Jp> 1)y

__m(1+-i) ~Kem ﬁ.':l_é (s ;

a) b)

) / - Vmax

Fig. 8.5 — (a) Lineweaver-Burk plots showing the effect of uncompetitive inhibition; (b) the
same, showing plots for several inhibitor concentrations at fixed enzyme concentration.

Hence plots of 1/Vy,,, or 1/K},, (obtained from intercepts on 1/v, and 1/[S,] axes
respectively of the primary plot) against [I] are linear, the intercept on the [I,] axes
giving — K; (Fig. 8.6).

bt

Vmax

Fig. 8.6 — Secondary plots for uncompetitive inhibition.

Uncompetitive inhibition of single-substrate enzyme catalysed reactions is a rare
phenomenon, one of the few possible examples known being the inhibition of
arylsulphatase by hydrazine. However, uncompetitive inhibition patterns are seen
with two-substrate reactions and this-may help in the elucidation of the reaction
mechanism (see section'9.3.2).
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8.2.3 Non-competitive inhibition

A non-competitive inhibitor can combine with an enzyme molecule to produce a
dead-end complex, regardless of whether a substrate molecule is bound or not.
Hence the inhibitor must bind at a different site from the substrate. We shall consider
only the case where the inhibitor destroysthe catatyticactivity of the enzyme, either
by binding to the catalytic site or as a result of a conformational change affecting the
catalytic site, but does not affect substrate-binding. The situation for a simple single-
substrate reaction will be as follows:

% ES - P
—I]LH —11L+1
+S
Bl == ESI

Even this is a complex situation, for ES can be arrived at by alternative routes,
making it impossible for an expression of the same form as the Michaelis—-Menten
equation to be derived using the general steady-state-assumption. However, types of
non-competitive inhibition consistent with a Michaelis-Menten-type equation and a
linear Linweaver—Burk plot can occur if the equilibrium-assumption (section 7.1.1)
is valid. In the simplest possible model, simple linear non-competitive inhibition (Fig.
8.2(d)), the substrate does not affect inhibitor-binding. Under these conditions the
reactions E + I=EI and ES + I=ESI have an identical dissociation constant K;,
again called the inhibitor constant. The total enzyme concentration is effectively
reduced by the inhibitor, decreasing the value of V., but not altering K,,, since
neither inhibitor nor substrate affect the binding of the other.

Let us once again derive an initial velocity equation, this time remembering we
are only considering the special case where K, = K,. As before,

[E]S]
Es] K

In the presence of a non-competitive inhibitor which will bind equally well to E or to
(ET] _ [ES]{I],

[EI] [EST]
[Eo] = [E] + [ES] + [EI] + [ESI]

(EllN | [ES]H
K, K

ES, i.e. where K; =

= [E] +[ES] +

- @e1+es) (1+0)
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[Eo]
[E]+ [ES] =7
(1+%)
E,
A [E]= e (Bdl — [ES]

(%)

If we continue exactly as in section 7.1.1 we conclude that, under these conditions:

_ Vmax [SO]
T (H@ (ISl + Kn)
K,

This is of the form of the Michaelis—-Menten equation, with V.. being divided by a
factor [1+ ([Ip)/K;)]- Thus, for simple linear non- competltlve inhibition, K,
unchanged and V., is altered so that

v Vmax 1 1 1 [IO]

! = _— + —

max 1 [IO] o Vr,nax Vmax Ki
+ —Ki

where V| .. is the value of V., in the presence of a concentration [Iy] of non-
competitive inhibitor. It follows that K; for such a system is the inhibitor concentra-
tion which halves the value of V,,,,. The Lineweaver-Burk equation for simple
linear non-competitive inhibition is:

1 K, 1 1
—_—_,—— e ——
] Vr,nax [SO] Vr,nax

and Lineweaver—Burk plots showing the effect of such inhibition are shown in Fig.

8.7.
+non-competitive
Tl inhibitor ’]‘L
Vo Km [1o] Yo 1015
| = 14
L/s ope= Vmax Ki fo ]
02
a0 (1+[|o] Uninhibited
Vmax K; o),
K
\ slopes =2
1 Vmax
Rm /A1
\/ Vmax [1613>1g); >[16]y
— 1
[So] b) [Sol
a) So ; o )

Fig. 8.7 — (a) Lineweaver—Burk plot showing the effect of simple linear non-competitive
inhibition; (b) the same, showing several inhibitor concentrations at fixed enzyme
concentration.
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Once the type of inhibition has been established, the inhibitor constant K; may be
determined using secondary plots. Since

1 1 . [Lo]
= +
Vrlnax Vmax Ki
and slope of the primary Lineweaver-Burk plot is
Km 1+ E
Vmax Ki

it follows that plots of 1/V},,, against [Iy] and of slope of the primary plot against [I,]
are linear, the intercept on the [I] axis giving — K; (Fig. 8.8).

1

1 ! slope of

Vmax , primary
plot

a) — b) —
Fig. 8.8 — Secondary plots (at constant [E_]) for simple linear non-competitive inhibition.

A Dixon plot may also be used to determine K;. From the Lineweaver—Burk

equation:
I Ky ) L]\ 1 1 ) [To]
= +— ) =+ +—
Lo Vmax Ki [SO] Vmax Ki

_ Km i Km[IO] + 1 + [IO]
Vmax[SO] Vmax KI[SO] Vmax Vmax Ki
( K, 1 ) L] K. 1

——to— |ttt ——
Vmax[s()] Vmax Ki Vmax[SO] Vmax

Thus a Dixon plot of 1/u; against [I] will be linear at fixed [E] and [Sg] for simple
linear non-competitive inhibition.
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When [Iy] = — Kj, it can be seen that 1/v, = 0. Hence the intercept on the [I] axis
will give — K; (Fig. 8.9).

}+ [s.);

[Se1,

|
Lol
Fig. 8.9 — Dixon plot for simple linear non-competitive inhibition.

Some enzymologists point out, with reason, that simple linear non-competitive
inhibition is a special case of general non-competitive inhibition, and other forms of
non-competitive inhibition may show different characteristics. However, since it is
far easier to determine the inhibitor pattern than the actual mechanism of inhibition,
and since the same pattern may be seen for different mechanisms (see section 8.2.1),
it has become established that inhibitors are classified according to the overall
pattern observed. On this basis, non-competitive inhibition is only said to be present
when the characteristics of simple linear non-competitive inhibition (i.e. linear
Lineweaver-Burk plot, altered V,,, but unchanged K,,) are demonstrated. If a
linear Lineweaver-Burk plot is obtained but inhibition patterns characteristic of
simple competitive inhibition (Fig. 8.1), uncompetitive inhibition (Fig. 8.5) or
simple linear non-competitive inhibition (Fig. 8.7) are not observed, then mixed
inhibition (section 8.2.4) is said to occur, irrespective of the mechanism involved. In
any discussion of enzyme inhibition, the basis for classification used should be made
clear.

Few clear-cut instances of non-competitive inhibition of single-substrate enzyme-
catalysed reactions are known. Hydrogen ions may be regarded as providing one of
the simplest examples: some enzymes, e.g. chymotrypsin, where the catalytic site
includes a proton acceptor may be inhibited by increasing hydrogen ion concentra-
tion (i.e. decreased pH), Lineweaver—Burk plots at different pH values over a
relatively narrow range showing the characteristics of non-competitive inhibition.
However, it should be borne in mind that the effects of changmg pH on enzyme
activity are complex (sections 3.2.2 and 10.1.6).

Heavy-metal ions and organic molecules which bind to —SH groups of cysteine
residues in the enzyme are sometimes quoted as being examples of non-competitive
inhibitors, as are groups such as cyanide which bind to the metal ions of metallo-
enzymes and destroy enzyme activity. However, in many cases such effects are
irreversible, ruling out non-competitive inhibition, which must be reversible. The



Sec. 8.2] Reversible inhibition 153

confusion may arise because irreversible inhibition can give kinetic patterns appar-
ently characteristic of non-competitive inhibition, even though the two types of
inhibition are otherwise quite distinct (section 8.3). Nevertheless, it should be
understood that the toxicity of substances such as cyanide, carbon monoxide,
hydrogen sulphide and heavy metals is due to their action as enzyme inhibitors,
whatever the precise mechanism in each case.

8.2.4 Mixed inhibition
In section 8.2.3 we obtained an expression for simple linear non-competitive
inhibition which depended on the equilibrium-assumption (section 7.1.1) being valid
and further assumed that substrate-binding and inhibitor-binding were completely
independent. Let us now consider the situation where the second assumption is not
made.

There are two processes by which inhibitor may bind to the enzyme:

E+I=EI (inhibitor constant K;)
and
ES + I=ESI (inhibitor constant Kj).
Hence

_[El _[EsIl]
TED MY M EST

As in section 8.2.2, for a single-substrate reaction:
[ES] "

and
[Eo]l = [E] + [ES] + [EI] + [ES]]

If we develop the argument as before, but this time without assuming that K; and K;
are identical:

[Eo] = [E] + [ES] + % 4 [EIS<]I[I]

I I
=[E] (1+%>+[ES] <1+%>

[Eo] — [ES] (1 + El)
K

(1]
(”z)

~[E]=
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Substituting for [E] in the expression for K,

([Eo]— [ES] (1 x ]>) [S]

(Des

I
~[Eo][S] - [SI[ES] (1 +[K]> Kn[ES] ( [KD

© o n[ES] ([s1< [I]>+K <1+“>) [EollS]

[Eo][S]

1 (1) -k (1+%)

Continuation as before gives:
max[SO]

50 (1+19) ek, (1)

If numerator and denominator are both divided by (1 + ([I,}J/K})),

Vina
3
()

(%)

This is of the same form as the Michaelis—-Menten equation and can be written:

~[ES] =

U =

(Sol

Uy =

[So] +

_ Vr{nax[SO]
= [Sol + Kiy
) where
[To]
v (1 K
max
Viax = and K. =K

[ n=Kn )
(1 K1> (”76)
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Similarly the Lineweaver—Burk equation is:
1 K, 1 1

= —+
Vo Vr,n ax [SO] Vl'nax

and a Lineweaver-Burk plot will be linear. However, in general, K., V., and
slope, which equals

K1;1 Km [IO]
= 1+—
Vl,nax Vmax Ki

are all affected by the inhibitor. Thus plots at different inhibitor concentrations (at
fixed [Eg]) will not intersect on either axis, nor will the slope be the same, so the
pattern will be different from those characteristic of competitive, non-competitive
and uncompetitive inhibition and is given the name mixed inhibition. It must be
realized that this describes the overall pattern observed and does not imply that more
than one type of inhibitor is present.

In the situation where K> K;, the plots cross to the left of the 1/v, axis but above
the 1/[So] axis (Fig. 8.10(a)). This situation has been termed competitive—
non-competitive inhibition, because the pattern observed lies between those for
competitive (Fig. 8.1) and non-competitive (Fig. 8.7) inhibition.

In the situation where K; < K, the plots cross to the left of the 1/v,, axis and below
the 1/[So] axis (Fig. 8.10(b)). This form of mixed inhibition has been termed
non-competitive—uncompetitive inhibition because the pattern is intermediate
between those for non-competitive (Fig. 8.7) and uncompetitive (Fig. 8.5)
inhibition.

slope- (1 JLo ])

3 4inhi/bit<7 Vmax +inhibitor
LY 1
Vo — )

Lo Vo slope- (
uninhibited [ — Vmax
11Ud

Vma X

Nslopezm
1 ~ slope= Ve ) _( [Iol)

uninhibited

m Vran (s
\
A (1! 1 x
2 ﬂ) (So!
(Y] —
e
Ki
a) b)

Fig. 8.10 — Lineweaver-Burk plots showing the effect of mixed inhibition: (a) K;>K;;
(b) K, <K,
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In either case, K; and Kj can be determined using secondary plots. For mixed
inhibition,

1 1 . (Lol
Vr’nax - Vmax * KI

and

(Lo}
slope for inhibited reaction = slope for uninhibited reaction X <1 + 70 .

Hence a secondary plot of 1/V, . against [I,] will be linear, the intercept on the [I,]

axis giving — K, (Fig. 8.11(a)); a graph of slope of primary plot against [I,] will also
be linear, the intercept on the [I] axis giving — K; (Fig. 8.11(b)).

(-

which means that a graph of K/, against [Iy] will not be linear.

However K., =K,,

1
thai slope of
p'rlrtnary
plo
sl Ze Km
0 -
-K| S|ope=Vma:x-K| -K; Vmax-Kij
~— _1 —~ V— Km
. Vmax max
['0] [Io
a) - b) -

Fig. 8.11 — Secondary plots for mixed inhibition.

The equation for v, derived above is a relatively general one, since no assump-
tions were made about the values of K; and K|, and it can be simplified for special
cases. If ESI cannot be formed, then K;=« and the equation becomes that for
competitive inhibition (section 8.2.1), regardless of whether the substrate and
inhibitor bind to the same or different sites. If the complex ESI can occur but not EI,
then K; = « and the equation simplifies to that for uncompetitive inhibition (section
8.2.2). When K; = Kj, the equation reduces to that for simple linear non-competitive
inhibition (section 8.2.3).
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8.2.5 Partial inhibition

Hitherto we have considered only situations where enzyme—inhibitor complexes are
dead-end ones, i.e. where no product can be formed from them. Let us now return to
the general system described in section 8.2.4 and consider what would happen if the
inhibition was only partial and the ESI complex could break down to yield product
according to the equation:

k3
ESI - E+P+1
Under these conditions, the overall initial velocity is given by:
Vo = ky[ES] + k5 [ESI]

= k,[ES] + k3 [EIS<]I[I]

k(1]
= K,[ES] (1 s K1>

Using the same procedure as before, an expression of the same form as the
Michaelis-Menten equation can be obtained:

kallo]
(1)

[Lo]
(%)

Km<1+[~10—]>

Vmax[SO]

K;

Hence a Llneweaver—Burk plot would be linear. However, secondary plots of

intercept or slope against [I] will not be linear, enabling partial inhibition to be
distinguished from inhibition involving dead-end complexes.

8.2.6 Substrate inhibition

A characteristic of enzyme-catalysed reactions, as we have seen, is that for a given
enzyme concentration, the initial reaction velocity increases with increasing initial
substrate concentration to a limiting value, V., (section 6.4). At still higher
substrate concentrations, the initial velocity is sometimes found to be less than the
maximum value. In some instances the observations may be explained away on the
basis of interaction between the detecting system and excess substrate, but in other
cases it appears that the substrate, in very high concentrations, really can inhibit its
own conversion to product.
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Let us consider one possible mechanism for substrate inhibition at high substrate
concentrations, in relation to the reaction catalysed by succinate dehydrogenase. For

a reaction to take place, both carboxyl groups of the substrate have to bind to the
enzyme: g

..... .—0 z(l: '02(|:
CH, CH
| — |+ I+ 2H
Ch cn
----- 0,C 0,C
E succinate E fumarate

At very high substrate concentrations there is an increased possibility of carboxyl
groups from two separate substrate molecules binding to the same enzyme:

If this happens, a reaction cannot take place until one of them has dissociated away
again.

The characteristic features of substrate inhibition are shown in Fig. 8.12. In
general it can be seen that substrate inhibition occurs when a molecule of substrate
binds to one site on the enzyme and then another molecule of substrate binds to a
separate site on the enzyme to form a dead-end complex. This can be regarded as a
form of uncompetitive inhibition, the extra substrate molecule being the inhibitor.

Y,
1 o 1

-—%— /
m’/F
L/ Vmax
[Sol

a) b)

1
LSol

Fig. 8.12 — (a) Michaelis-Menten and (b) Lineweaver-Burk plots, showing the effects of
substrate inhibition.
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As shown in section 8.2.2, the initial velocity equation for uncompetitive inhibition

is:
Vina
[1 ]
(1 Ki>

K.
[SO]+ . E)
+ Ki

If the inhibitor is identical to the substrate, this becomes:

[Sol

Ug =

[Sol

()
Ki Vmax[SO]
Up = - =
S P S <1+M>+K
[ 0] [SO] [ 0] Kl
(%)

This is consistent with the plots in Fig. 8.12. At low [Sg] the term [S)/K; is
negligible and the expression reduces to the normal Michaelis~Menten equation.
When [Sy] is very high, then

[Sol <1 +[Z—0]> +Km£[SO] (1 +%>

and the equation simplifies to:
Vmax

5
K;

Vg =

Under these circumastances, v, decreases as [Sg] increases, as observed for substrate
inhibition at high substrate concentrations.

8.2.7 Allosteric inhibition

The forms of inhibition considered previously in this chapter have many uses (section
8.2.1) but in general they do not play a major role in the normal functioning of the
living cell. In contrast, allosteric inhibition plays a vital role in metabolic regulation.
Consider a biosynthetic pathway:

A—-B—-C—-D—-E->F

Unnecessary production of excess F may be prevented, and supplies of A conserved,
by feedback inhibition, where the end-product F acts as an allosteric inhibitor of an
early enzyme in the pathway, e.g. that catalysing the reaction A— B.
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An allosteric inhibitor, by definition, binds to the enzyme at a site distinct from
the substrate-binding site. Therefore, some of the types of inhibition we have
considered previously may be regarded as forms of allosteric inhibition. However,
the term allosteric inhibition is usually reserved for the situation where the inhibitor,
rather than forming a dead-end complex with the enzyme, influences conformational
changes which may alter the binding characteristics of the enzyme for the substrate or
the subsequent reaction characteristics (or both) (section 13.2.3). The Michaelis—
Menten plot becomes less hyperbolic and more sigmoidal (S-shaped) (Fig. 13.1),
which means that the rate of reaction is reduced at low substrate concentrations but
not necessarily at others.

If the binding characteristics alone are affected, V., will usually remain
unchanged, so the inhibition pattern could be regarded as competitive. Similarly,
other forms of allosteric inhibition, where V., is altered, could be regarded as
giving non-competitive or mixed inhibition, depending on whether K, (the substrate
concentration where vy=3 V,,,,) is changed or not. However, in most cases the
Michaelis—Menten equation is not obeyed in the presence of allosteric inhibitors, nor
are linear Lineweaver-Burk plots obtained, so the terms competitive, non-competi-
tive and mixed inhibition are not strictly applicable.

Almost all enzymes known to be subject to end-product (feed-back) inhibition
are oligomeric proteins, so the mechanism of allosteric inhibition may involve
interactions between the enzyme sub-units. In support of this, allosteric control, but
not catalytic activity, of some enzymes has been shown to be lost when the oligomer
is separated into its monomeric units.

The subject of allosteric inhibition is discussed in more detail in Chapters 13 and
14.

8.3 IRREVERSIBLE INHIBITION

An irreversible inhibitor binds to the active site of the enzyme by an irreversible
reaction:

E+I-EI

and hence cannot subsequently dissociate from it. A covalent bond is usually formed
between inhibitor and enzyme. The inhibitor may act by preventing substrate-
binding or it may destroy some component of the catalytic site. Compounds which
irreversibly denature the enzyme protein or cause non-specific inactivation of the
active site are not usually regarded as irreversible inhibitors.

Of course in practice no process is totally irreversible, but an inhibitor which
shows great affinity for the enzyme (dissociation constant in the order of 10~ mol
1~ 1) isregarded as irreversible. Unlike reversible inhibition, where an equilibrium is
quickly set up between inhibitor and enzyme, making the system suitable for
investigation by initial velocity studies, irreversible inhibition is progressive and will
increase with time until either all the inhibitor or all the enzyme present has been
used up in forming enzyme-inhibitor complex.

Regardless of whether the reaction between enzyme and irreversible inhibitor
has gone to completion before initial velocity studies are commenced, these will give
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little or no information about the characteristics of the inhibitor (see below). It is
much more useful to describe the system in terms of the rate constant for the binding
of inhibitor to substrate. If these react on a 1:1 basis then the time taken to reduce the
enzyme activity to 50% of its original value will be inversely proportional to the
initial inhibitor concentration (at fixed total enzyme concentration).

If a molar excess of the inhibitor is present, all molecules of enzyme present will
eventually become bound to inhibitor and catalytic activity will be reduced to a
residual level or completely lost. (In general, the binding of such an inhibitor to a
catalytic site will totally destroy catalytic activity, but binding to a substrate-binding
site may not prevent a small amount of catalysis taking place, provided the catalytic
site remains active and accessible to substrate molecules approaching it by random
movement in free solution). Hence irreversible inhibitors may be titrated against an
enzyme, particularly where the reaction between enzyme and inhibitor proceeds
rapidly. In contrast, reversible inhibitors, like substrates (section 7.1.1), can be
present in great excess without saturating the available enzyme.

Irreversible inhibitors effectively reduce the concentration of enzyme present.
An inhibitor of initial concentration [I,] will reduce the concentration of active
enzyme from an initial value of [Ey] to [Eg] — [I,], assuming the inhibitor is not in
excess. If a substrate is introduced after the reaction between inhibitor and enzyme
has gone to completion, a system which obeys the Michaelis-Menten equation in the
absence of inhibitor will still do so. The value of K, will be the same as for the
uninhibited reaction, but V., will be reduced (to V;,,,)-

In the absence of inhibitor, Vmax = kcat[Eol

In the presence of inhibitor, Vinax = keat([Eo] — [Lo])

Ve [Eol = [1]
‘ Vmax— [EO]

o Vi =V, [E](l—M)
max max|+~0 [EO]

Similar results would be obtained even if the reaction between enzyme and inhibitor
had not gone to completion, provided the degree of inhibition was relatively constant
over the period when initial velocity studies were being carried out.

Therefore, patterns resembling those for reversible non-competitive inhibition,
with unchanged K, and reduced V., may be obtained with irreversible inhibitors,
even when the inhibitor binds to the same site as the substrate. However, the very
real differences between the two forms of inhibition should be clear from the above
discussion, and any attempt to calculate K; from initial velocity measurements would
be a totally meaningless exercise, since the relationship between V.., and V., does
not involve K; in this case. Hence, if a pattern of non-competitive inhibition is
obtained in the investigation of a system, it is important to establish whether the
inhibition is reversible or irreversible before the results can be interpreted.

Many irreversible inhibitors attack —SH groups (in cysteine side chains) which
are often found at the active sites of enzymes. Important examples are alkylating
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agents, such as iodoacetate and iodoacetamide, which form covalent linkages with
essential —SH groups:

E — SH + ICH,.CO; - E — S — CH,.CO; + HI

enzyme iodoacetate

Another well-known group are the organophosphorus compounds which react with
essential —OH groups (in serine side chains) of some enzymes. An example is
diisopropylphosphofluoridate (DFP), which is a nerve poison since one of the
enzymes it inactivates is acetylcholinesterase, important in nerve function:

?CH(CHs)z ?CH(CHs)z
E—OH+F—1|>=O —>E—O—1T=O + HF
OCH(CH3), OCH(CH3),
enzyme DFP

Irreversible inhibitors are useful in the investigation of the active site of an
enzyme, since the inhibitor, unlike the substrate, will remain firmly bound to one of
the amino acids of the enzyme and thus act as a marker to enable it to be identified
(Chapter 10). Some organophosphorus compounds are also used as insecticides.

SUMMARY OF CHAPTER 8

Competitive inhibitors usually compete with the substrate for the same binding site
on the enzyme. In the characteristic form, Michaelis-Menten kinetics are obeyed,
K,, is increased and V,,, unchanged.

Uncompetitive inhibitors bind to a site other than the substrate-binding site on the
enzyme-substrate complex, altering the K, and V., but not the slope of the
Lineweaver-Burk plot.

Non-competitive inhibitors bind to a site other than the substrate-binding site on
the enzyme and enzyme—substrate complex. In the characteristic form, Michaelis—
Menten kinetics are obeyed, K, is unchanged and V,,,, decreased.

Forms of inhibition obeying Michaelis-Menten kinetics but not giving patterns
characteristic of competitive, uncompetitive or non-competitive inhibition are
usually termed mixed inhibition, irrespective of the actual mechanism.

Secondary plots and Dixon plots enable the inhibitor constant, K;, to be calculated
and help distinguish between mechanisms which give identical primary Lineweaver—
Burk plots.

These types of inhibition are used in biochemical research and have applications
in medicine and agriculture. Allosteric inhibition, which results in more sigmoidal
reaction characteristics, plays an important role in metabolic regulation in the living
cell. All these forms of inhibition are reversible, but irreversible inhibition is also
known. Irreversible inhibitors have been used to identify amino acids in the active
centres of enzymes.
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PROBLEMS

8.1 An enzyme-catalysed reaction was found to be affected by two inhibitors A and
B. The following were obtained at fixed total enzyme concentration:

Substrate conc” Initial velocity (absorbance units per minute)
(mmol 171)

Uninhibited With 1 mmol 1= A With 1 mmol1~!B

50 0.684 — —

20 1.08 — —_

10 1.43 1.01 0.653
5 1.02 0.649 0.468
33 0.798 0.476 0.363
2.5 0.657 0.374 0.296
2.0 0.549 0.311 0.250

Comment on these results.

8.2 The system investigated in problem 7.1 was investigated again under identical
conditions but in the presence of an inhibitor, giving the following data:

Substrate conc® (mmol 171) 5.0 6.67 10.0 20.0 40.0
Initial velocity (umol 17! min—1) 100 122 156 222 278

Determine the type of inhibition. If K; for this system is 2.9 mmol 11, calculate the
inhibitor concentration present.

8.3 The system investigated in problem 7.2 was investigated again under identical
conditions but in the presence of oxaloacetate (initial concentration 2.0 mmol 1~ !in
each case). These results were obtained:
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NAD™ conc” Absorbance (at 340 nm) at time ¢ (minutes)
(mmol 171)
t=0.5 1.0 1.5 2.0 2.5 3.0
1.5 0.026 0.042 0.058 0.074 0.088 0.102
2.0 0.028 0.045 0.062 0.080 0.096 0.112
2.5 0.029 0.047 0.066 0.084 0.102 0.117
3.33 0.030 0.050 0.070 0.090 0.108 0.123
5.0 0.032 0.053 0.074 0.097 0.115 0.130
10.0 0.033 0.057 0.080 0.103 0.124 0.140

What type of inhibition is exhibited? What would be the value of V., in presence of
3.0 mmol 1! oxaloacetate?

8.4 A single-substrate enzyme-catalysed reaction was investigated in the presence
of 1.0 mmol 17! inhibitor and in the absence of inhibitor, the initial enzyme
concentration being constant throughout. The following results were obtained:

Substrate conc” Product conc" (umol 17 1) at time ¢
(mmol 171)

,.
Il
o

60s 120s 180s 240s 300s

5.0 inhibited 110 221 333 430 480
5.0 uninhibited 161 320 482 598 662
6.67 inhibited 142 281 420 531 598
6.67 uninhibited 194 388 581 745 796

10.0 inhibited
10.0 uninhibited
20.0 inhibited
20.0 uninhibited
50.0 inhibited
50.0 wuninhibited

183 367 549 705 752
263 525 789 998 1120
279 558 837 1050 1170
400 798 1200 1520 1760
398 798 1190 1520 1760
576 1150 1730 2170 2460

[ecl el e M e e Ml N = e N e N e

Determine the type of inhibition and calculate the values of K}, and V) ., in the
presence of 3.0 mmol 17! inhibitor.
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8.5 The following results were obtained for a single-substrate enzyme-catalysed
reaction (at fixed initial enzyme concentration):

Substrate conc” Initial velocity (absorbance units min~!) at initial
(mmol 17 1) inhibitor concentration [I;] (mmol [~1)
[I]=1.0 2.0 3.0 4.0 5.0
2.0 0.432 0.396 0.365 0.339 0.317
2.5 0.485 0.448 0.417 0.389 0.365
3.33 0.552 0.516 0.485 0.457 0.432

5.0 0.642 0.609 0.579 0.552 0.528

What can you deduce about the nature of the inhibition?

8.6 A single-substrate enzyme-catalysed reaction was investigated at fixed initial
enzyme concentration and the following data obtained:

Substrate conc” Initial velocity (absorbance units min ') at initial
(mmol 171) inhibitor concentration [Iy] (mmol 171)
[To}=1.0 2.0 3.0 4.0 5.0
2.0 0.400 0.351 0.317 0.291 0.271
2.5 0.447 0.394 0.356 0.328 0.306
3.33 0.506 0.447 0.405 0.374 0.350
5.0 0.584 0.521 0.475 0.440 0.413

What can be deduced from these results about the nature of the inhibition?
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Kinetics of multi-substrate enzyme-catalysed
reactions

9.1 EXAMPLES OF POSSIBLE MECHANISMS

9.1.1 Introduction

Most biochemical reactions involve at least two substrates, so it is necessary to
consider the kinetics of such reactions. This is a vast and extremely complex topic
and, for reasons of simplicity, we will restrict our discussion to some specific
examples of two-substrate two-product (bi-bi) reactions. These are often transfer
reactions of one type or another (including oxidation/reduction reactions) and can
best be represented as:

AX+B=BX+A

The reaction mechanism may be a sequential one, where both substrates bind to the
enzyme to form a ternary complex before the first product is formed, or it may be
non-sequential.

9.1.2 Ping-pong bi-bi mechanism
An example of non-sequential mechanism is the ping-pong bi-bi or double-displace-
ment mechanism:

AX+E=E. AX=EX. A=EX+A
EX+B=EX.B=E.BX=E+BX

AX first binds to the enzyme E, forming a binary complex E.AX (X is usually a small
group and does not participate in the reaction as a free molecule, so it is not regarded
as a separate reactant). An intramolecular reorganization takes place, the bond
E—X being formed and the X—A bond being broken. The first product, A, then
leaves before the second substrate arrives. B cannot bind to the enzyme E but can
bind to the modified enzyme EX. Since only one substrate is present on the enzyme
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at any one time there may only be a single binding site. Another intramolecular
rearrangement takes place, the bond B—X being formed and the bond E—X being
broken. The second product, BX, is then liberated, leaving the enzyme in its original
form.

Cleland has devised a diagrammatic representation which shows this sequence of
events as follows:

AX A B BX
o1 t f .

E.AX EX.A EX EX.B E.BX

9.1.3 Random-order mechanism

A random-order mechanism is one in which any substrate can bind first to the
enzyme and any product can leave first. It is a sequential mechanism and for a two-
substrate reaction involves the formation of a ternary complex (one involving
enzyme and both substrates):

+ —E. —
E AX E.AX +B _BX EA E+ A

N 7

oax E-AXB=E.ABX

7 N

E + B—EB E.BX—E + BX

There will be two separate binding sites on the enzyme, one for A/AX and one for

>
AU TR

9.1.4 Compulsory-order mechanism
A compulsory-order (or simply ordered) mechanism is a sequential mechanism
where the order of binding to and leaving the enzyme is compulsory. For a two-
substrate reaction, a ternary complex will be involved. The precise order must be
specified, e.g.
+B -BX
E+AX=E. AX=E.AX.B=E.ABX = EA=E+A

or
+AX -A
E+B=EB = E.B. AX=E.BX. A=E.BX=E+BX

As before, the enzyme will have a binding site for A/AX and a separate one for
B/BX.
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9.2 STEADY-STATE KINETICS

9.2.1 The general rate equation of Alberty

Many two-substrate enzyme-catalysed reactions obey the Michaelis-Menten equa-
tion with respect to one substrate at constant concentrations of the other substrate.
This applies both to reactions catalysed by enzymes with just one binding site per
substrate and by those with several binding sites per substrate, provided there is no
interaction between the binding sites. For such reactions, Alberty (1953) derived the
general equation:

_ Vmax[AXO][BO]
 KR[AX,] + KaX[Bo] + [AX,][Bo] + KAXKE

Vo

where V., is the maximum possible v, when AX and B are both saturating,
K% is the concentration of AX which gives 3V, when B is saturating,
K2 is the concentration of B which gives 3V, when AX is saturating,
KX is the dissociation constant for E + AX = EAX.

The total enzyme concentration is constant and much smaller than the concentra-
tions of the two substrates.
At very large [Bo] the general equation simplifies to:

Vm ax Vmax[AXO]
K% [AX] + KaX
+
[AXo]

Vg =

(which is the Michaelis-Menten equation).
Similarly at very large [AX].

Vmax Vmax[BO]
Kn  [Bo]+Kn
[Bol
At constant but not saturating [B], the general equation can be rearranged to give:

_ VmaxKl [AXO]

Vg =

= TAX] ¥ K,
(which is of the form of the Michaelis-Menten equation) where
[Bol K&XKp + KRX[Bo)

- d K, =
Ki K3 +[Bo] n g

KnB‘l + [BO]
At constant but not saturating [AX,], a similar expression can be obtained, also of
the form of the Michaelis—-Menten equation.

The reason for the mixed KAXKE term (rather than K2XKE) can be seen if we
consider a compulsory-order mechanism of the from:

E + AX =EAX = EAXB—— products
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As [By] tends to zero, there will be very little formation of EAXB from EAX, so
E + AX=EAX will be very close to equilibrium and K2X tends to KA. This is
consistent with the Alberty equation, for at a constant but very low concentration of
B,

[Bol KMX(KR)
1 ﬁ'—g and Kzﬁ——T_—
Kn (Km)
giving
o= Vmax[BO][AXO]
07 KB([AX,] + K2%)

an expression involving K2 but not K4*.

For a compulsory-order mechanism whrere B binds first to the enzyme, the
KAXKE term would be replaced in the general equation by KEKAX.

For a random-order mechanism either term could be used, and would be justified
on grounds similar to the above.

Many random- and compulsory-order reactions involving ternary complexes
obey the general rate equation of Alberty, particularly where the rate-limiting step is
the interconversion of the ternary complexes (E.AX.B=E.A.BX, the main chemi-
cal reaction taking place, involving the breakage of the A—X bond and the formation
of the B—X bond in the forward direction). A similar observation was made for
single-substrate reactions in section 7.1.3, for these obeyed the Michaelis-Menten
equation if ES— EP was the rate-limiting step. A random-order mechanism where
all the steps except the interconversion of the ternary complexes are rapid is
sometimes said to have a random-order rapid-equilibrium bi-bi mechanism.

For a ping-pong bi-bi mechanism, the liberation of A from the enzyme in the
initial period of the reaction will be irreversible because the concentration of product
A present will be negligible. Hence KA*=0 and so KA*.KB =0, giving this
mechanism a simpler rate equation:

_ Vmax[AXO] [BO]
"~ KB[AXo] + KaX[Bo] + [AX,][B(]

Lo

9.2.2 Primary plots for mechanisms following the general rate equation
Two-substrate reactions obeying the general rate equation of Alberty also obey the
Michaelis-Menten equation with respect to one substrate, provided the concentra-
tion of the other substrate is maintained fixed. It follows, therefore, that the
corresponding double-reciprocal (i.e. Lineweaver—Burk) plot should be linear. Such
primary plots are drawn for reactions investigated with the fixed substrate concentra-
tion being in one of two categories: either saturating the enzyme, or approximately
half-saturating it. The theoretical results are shown in Fig. 9.1, together with some of
the characteristics of the graphs.
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i 1 1
Vo V| Vmax
AX B AX
Ks” K 1 Km
slope=fKAX,~s_Smy slope =
P (m (B,] JVmax Pe = Umax
a) —1—
1
711- 1+-5-/£»()_.1_ %
° [AX,]
AX . B
B Ks".K 1
slope=(K + e — )—
M (aX,) JVmax
-
c) [ d) [Bol

Bg]
Bl

Fig. 9.1 — Primary plots for reactions with mechanisms following the general rate equation: (a)

1/v, against 1/[AX,], where [By] is constant and = KB, (b) 1/v, against 1/{AX], where [By] is

saturating (i.e. pseudo single-substrate with regard to AX, (c) 1/v, against 1/[By], where [AX,)]

is constant and =Ka¥, (d) 1/v, against 1/[By], where [AX,] is saturating (i.e. pseudo
single-substrate with respect to B).

9.2.3 The general rate equation of Dalziel
Dalziel (1957) gave the general rate equation in the form:

(Bl _, , 0ax  ¢n  éax
v " [AXo] " [Bol " [AXol[Bo]

The ¢ terms, called kinetic coefficients, can be obtained by drawing primary and
secondary plots as follows. Primary plots of [E}/v, against 1/{AX,] at constant [By]
are drawn for a series of different values of [B]. The slopes and the intercepts on the
[EoJ/vo axis for each graph are determined, and then secondary replots are drawn as
in Fig. 9.2. From the secondary replots, the values of ¢y, dax, dp and ¢ Axp can be
determined. The whole procedure could be repeated from primary plots of [Eq}/vo
against 1/[B,] at constant [AX,], but the same results should be obtained.
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I ;S)Ir(iJ r:eag?\: T intercepts,

of
plots O imary

plots
slope=¢axs
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[Bo] [Bo]
:

Fig. 9.2 — Secondary replots to enable calculation of the kinetic coefficients of Dalziel.

The Dalziel equation can be arranged in the same form as the Alberty equation
and the relationship between the respective constants determined. Thus V., in the
Alberty equation is [Eg)/¢g in the Dalziel equation, whereas

Pax $s daxs
KaX= KB=— and KAX=——
o Po ¢s

9.2.4 Rate constants and the constants of Alberty and Dalziel

The general rate equation of Alberty bears an obvious resemblance to the Michaelis—
Menten equation and so serves as a useful introduction to the subject of two-
substrate kinetics. However, the Dalziel equation may be of more value to an
enzyme Kineticist.

The kinetic constants in the general rate equations are, of course, functions
involving the individual rate constants of the steps involved in the reaction.
Relationships can be derived for particular mechanisms and it is found that the
Dalziel kinetic coefficients give more straightforward relationships between rate
constants than do the Alberty constants. In either case the mechanisms involved in
calculating these relationships can be extremely laborious, so the King and Altman
procedures (section 7.3) prove extremely useful.

Let us consider the ping-pong bi-bi mechanism (section 9.1.2) under steady-state
conditions. Since the initial concentrations of both products are zero, the release of
these products from the enzyme will be effectively irreversible. The reaction

\
/

x

EBX

z

EX ”“s

&A
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Enzyme
species  Pathways forming enzyme species  Sum of kappa products

k_
E/ and E k_yk3ky[Bo] + kyksky[Bo)

\&
N Bl NSl =ksklBollk + k)
AX

E/
EAX k‘[AX‘V kykski[AX][Bo]
\k4 kS[B()]
ka ks,
EX kl[AXl)V\ EX and £,[AX] EX
Ka k 5
AN koo k[AX,] + K Kok s[AXq]
=k ko [AXo)(k—3 + ky)
klleﬁ AN
EBX B ky ko ks [AX][By]
EBX

Hence, for example:

[EAX] kikska[AXo][Bo]
[Bol  kiks[AXI[Bol(kz + kq) + kska[Bol(k _y + ko) + ky ko[ AXo)(k_ 3 + ky)

The overall rate of reaction, vy = k;,[EAX] = k,[EBX].
Substituting for [EAX] and rearranging,

[Eol _ kyks[AXo][Bol(ky + ky) + kaks[Bo)(k_ 1 + ky) + kky[ AXo](k— 35 + kj)
v kykok sk [ AXo][Bo]
ky+k, k_i+k, 1 k_s+k, 1
T Thks kil [AXg) ' Kk, (Bl

This is in the form of the Dalziel equation. If the expression is rearranged into the
form of the Alberty equation we obtain:

Kok,
( ) [Eo][AXo][Bo]

Ky + ks
R g (B (s paxe
ki \ ky+ky N ry \kytky )0 0

Steady-state rate equations for other mechanisms can be obtained similarly.
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9.3 INVESTIGATION OF REACTION MECHANISMS USING STEADY-
STATE METHODS

9.3.1 The use of primary plots

Reaction mechanisms which obey the general rate equation of Alberty (and that of
Dalziel) give linear primary plots of 1/v, against 1/[AX,] at constant [By}, and of 1/v,
against 1/[B,] at constant [AX]. As shown in Fig. 9.1, the expressions for the
intercepts on the 1/v, axis and the slopes of these graphs both include the concentra-
tion of the fixed substrate at non-saturating concentrations, so both intercept and
slope change if the experiments are repeated with the fixed substrate concentration
set at a different value. The primary plots for such reactions, e.g. those proceeding by
compulsory-order ternary-complex mechanisms or by random-order rapid-equili-
brium bi-bi mechanisms, will be of the form shown in Fig. 9.3(a).

In contrast, the equation for reactions proceeding by a ping-pong bi-bi mecha-
nism is simpler in that KAXKE = 0. From Fig. 9.1 it can be seen that this results in the
slope of the primary plot being independent of the concentration of the fixed
substrate. A series of primary plots obtained at different concentrations of the fixed
substrate would thus be parallel if a ping-pong bi-bi mechanism operates (Fig.
9.3(b)).

1 ‘ Bol
'v'; [B°]3 T 1 [(- o]3
Vo | Boly
[B
ok [ Boly
i
[Boy > (B,I2 >(B,) 3 [Boly>[Baly >[B,l,

B TJ—

al)

Fig. 9.3 — Primary plots obtained at non-saturating concentrations of both substrates: (a) for
compulsory-order and random-order ternary-complex mechanisms; (b) for ping-pong bi-bi
mechanisms. (In each case similar results would be obtained for plots of /v against 1/[By] at

fixed [AX,].)

Compulsory-order and random-order ternary-complex mechanisms can be dis-
tinguished from ping-pong bi-bi mechanisms, but not from each other, by the use of
primary plots.

For example, Hersh and Jencks (1967) obtained a graph of the form of Fig. 9.3(b)
for 3-ketoacid CoA-transferase and concluded that the mechanism was ping-pong bi-
bi, probably proceeding as follows:
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succinyl-CoA succinate 3-oxo acid : 3-oxo-acyl-CoA

! | L.

E.succinyl-CoA  E.CoA.succinate E.CoA E.CoA.3-oxo acid = E.3-oxo-acyl-CoA

They confirmed this mechanism by isolating the E-CoA intermediate.

The drawing of primary plots is not in itself sufficient basis for concluding that a
particular mechanism is ping-pong bi-bi, because it is difficult to be certain whether
lines drawn from experimental results really are parallel. Fromm and co-workers
(1962) concluded from primary plots that yeast hexokinase had a ternary-complex
mechanism but brain hexokinase probably proceeded by a ping-pong bi-bi mecha-
nism involving an E—P intermediate. Although isoenzymes do not necessarily act by
identical mechanisms, further studies (1969) showed that the plots for brain hexoki-
nase met far below the horizontal axis, so this enzyme too forms a ternary-complex.

9.3.2 The use of inhibitors which compete with substrates for binding sites

The use of inhibitors which compete with one of the substrates for a site on the
enzymes can give useful information as to the mechanism of the reaction. A product
of the reaction, for example, if present at the start may compete with a substrate for a
binding site on the enzyme and thus slow down the rate of the forward reaction.

Because of the complex nature of two-substrate reactions, the fact that a
particular inhibitor acts in a competitive way will not necessarily result in a
characteristic competitive inhibition pattern (Fig. 8.1) being seen for the overall
reaction. For double-reciprocal (Lineweaver—Burk) primary plots (Fig. 9.1) drawn
for experiments performed at a single concentration of the fixed substrate but at a
series of different inhibitor concentrations, the overall pattern will only be competi-
tive if the intercept on the 1/v, axis is unaffected by the inhibitor. If, on the other
hand, the intercept does depend on the inhibitor concentration but the slope does
not, then a series of parallel lines will be obtained at different inhibitor concentra-
tions and the overall inhibition pattern will be uncompetitive (Fig. 8.5). If both
intercept and slope are influenced by inhibitor concentration and the plots at
different inhibitor concentrations converge to the left of the 1/u, axis, then the
overall inhibition pattern is mixed (Fig. 8.10), except in the special case of non-
competitive inhibition (Fig. 8.7) where the plots converge at the horizontal axis. All
of these inhibition patterns may be seen with two-substrate reactions where the
inhibition is essentially competitive in nature.

Cleland has formulated a series of rules which enable the inhibition patterns for a
particular mechanism to be predicted.

One rule states that the intercept on the 1/v, axis of a double-reciprocal plot is
affected only by an inhibitor which binds reversibly to an enzyme-form other than that
to which the variable substrate combines. The explanation for this is straightforward.
For there to be no change in intercept as a result of the presence of an inhibitor, the
variable substrate in saturating concentrations must be able to prevent the inhibitor
binding. Therefore, for a characteristic pattern of competitive inhibition to occur, the
inhibitor must compete with the substrate whose concentration is being varied for a site
on the same enzyme-form.
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Another rule is that the slope of a double-reciprocal plot is affected by an inhibitor
which binds to the same enzyme-form as the variable substrate, or to an enzyme-form
which is connected by a series of reversible steps to that with which the variable
substrate combines. The explanation for this rule is as follows. Most enzyme-
catalysed reaction obey the equation:

Vmax[SO]

o= K5 +[So]

where S is the only substrate, or the only substrate whose concentration is being
varied. When [Sg] is low, K3, + [So] = K S, and therefore vy = (V ./ KS) [So]. Hence
the apparent first-order constant when [Sg] is low is V,,./KS, and this is the
reciprocal of the slope of the Lineweaver—Burk plot (Fig. 7.2). The substrate S binds
to the enzyme E according to the equation E + S=ES, so any factor which increases
the concentration of ES relative to E will reduce V,,,,/K5 and hence increase the
slope of the double-reciprocal (Lineweaver—Burk) plot. Similarly anything which
decreases the concentration of ES relative to E will increase V,,,,/K3 and decrease
the slope of the double-reciprocal plot. Hence, for there to be no change in slope in
the presence of an inhibitor, i.e. for a pattern characteristic of uncompetitive
inhibition to be seen, there must be no reversible link between inhibitor and variable
substrate. Most of the steps involved in enzyme-catalysed reactions are reversible,
but irreversible steps which in certain circumstances may give rise to uncompetitive
inhibition occur where a substrate is present in saturating concentrations or where an
inhibitor forms a dead-complex with the enzyme. It should be realized that in the
case of uncompetitive inhibition of a single-substrate reaction (section 8.2.2) there is
no reversible link between inhibitor and substrate because the inhibitor binds to ES
to form a dead-end complex.

We will now consider product inhibition of the ping-pong bi-bi mechanism and
ternary-complex mechanisms obeying the general rate equation (section 9.2.1).
Non-saturating concentrations of the fixed-substrate will be assumed unless other-
wise stated.

Let us look first at a random-order ternary-complex mechanism:

E + AX = E.AX EA=E+ A

y\j— B —BX/

E.AX.B = E.A.BX

+AX / \\:A

E+ B =EB E.BX = E + BX

If the forward reaction is investigated under steady-state conditions at fixed [AX{]
and variable [By] in the presence of the product BX, then a competitive inhibition
pattern will result: the variable substrate B will compete with BX for the same site on
the same enzyme-form (E); a graph of the form of Fig. 9.4(a) will result if the
experiment is performed at a series of concentrations of the product BX. Similar
results will be obtained for inhibition by the product A at fixed [By] and variable
[AX,]. However, the other two combinations give less clear-cut predictions. Particu-
larly in the case of a rapid-equilibrium mechanism, there may be competition
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Fig. 9.4 — Plots of 1/v, against 1/[B,)] at constant and non-saturating [AX,] and constant [Eg]
showing; (a) a pattern characteristic of competitive inhibition and (b) a pattern characteristic of
mixed inhibition. The inhibitor is the product, BX.

between substrate and inhibitor for the same enzyme-form, even where the compe-
tition is not for the same site. Consider, for example, inhibition by the product A
where the variable substrate is B. Saturating concentrations of B will remove all free
E from the system, thus preventing A binding to it, a characteristic of competitive
inhibition. However, excess B cannot prevent the possibility of A binding to EB to
form a dead-end complex EBA; if such a complex can be formed, a mixed inhibition
pattern would result (Fig. 9.4(b)).

Similarly, if BX is the inhibitor and AX the varying substrate, the inhibitor
pattern will be characteristic of competitive inhibition unless the dead-end complex
E.AX.BX can be formed (a less likely possibility than EBA because of congestion at
the binding sites).

Product inhibition patterns of the type dlSCllSSCd above have been found for
reactions with rapid-equilibrium random-order mechanisms (e.g. that catalysed by
creatine kinase) and with many other reactions with random-order mechanisms
where the rate-limiting step is not solely the interconversion of the ternary complexes
(e.g. reactions catalysed by hexokinase enzymes).

For a compulsory-order mechanism where AX binds first:

AX+E=E.AX=E.AX.B=E. ABX=EA=E+A

A and AX will compete for a site on the enzyme-form E; therefore, overall
competitive inhibition (as in Fig. 9.4(a)) will result from inhibition by the product A
where AX is the variable substrate. No other combination of inhibitor and variable
substrate will give a pattern characteristic of competitive inhibition for this mecha-
nism: inhibition by the product BX where B is the variable substrate will give mixed
inhibition (as in Fig. 9.4(b)) since BX and B do not bind to the same enzyme-form,
BX binding to EA and B to E.AX.
Similarly for a compulsory-order mechanism of the form:

B+E=EB=E.B.AX=E.BX.A=E.BX=E+BX

only inhibition by the product BX where B is the variable substrate will give a pattern
characteristic of competitive inhibition.
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For a ping-pong bi-bi mechanism:
AX+E=E.AX=EX. A=EX+A
EX+B=EX.B=E.XB=E +BX

AX and BX compete for a site on the enzyme-form E, whereas A and B compete for
a site on the enzyme-form EX. Therefore inhibition by BX when AXis the variable
substrate will give overall competitive inhibition, as will inhibition by A when B is the
variable substrate. However, this only applies to ping-pong bi-bi mechanisms where
there is a single binding site, e.g. many reactions catalysed by transaminase
(aminotransferase) enzymes.

In all of the situations discussed above, there is a reversible link between inhibitor
and variable substrate at non-saturating concentrations of the fixed substrates, so the
possibility of uncompetitive inhibition does not arise. The overall inhibition patterns
under these conditions may be summarized as follows:

Mechanism Product Inhibition pattern observed
used as
inhibitor ~ with respect to  with respect to
varying [AX,]  varying [Bo]
compulsory-order ternary-complex A competitive mixed
(AX binding first) BX mixed mixed
compulsory-order ternary-complex A mixed mixed
(B binding first) BX mixed competitive
random-order ternary-complex A competitive competitive
or mixed
BX competitive competitive
or mixed
ping-pong bi-bi A mixed competitive
BX competitive mixed

Although these general conclusions may not apply in certain instances because of the
effect of individual rate constants, a systematic study will in most cases give good
evidence as to the mechanism of the reaction.

Further information may be obtained by performing inhibition studies in the
presence of saturating concentration of the fixed substrate. Of particular interest is
the situation where the saturating fixed substrate is the second substrate to be bound
in a compulsory-order mechanism. For example, if [B,} is saturating for a mechanism
where AX must bind first to the enzyme, the following occurs:

+AX +B .
E = EAX = EAXB =EABX =

+BX

EA=E+A

inhibition by BX will give an uncompetitive pattern with respect to varying AX

because there is no reversible link between inhibitor and variable substrate.

’ Dead-end inhibitors which are analogues of the products will give generally
similar inhibitor patterns. However, there is a fundamental difference between the
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two types of inhibition. In the case of product inhibition the enzyme-inhibitor
complex is an intermediate normally present but which in the circumstances is non-
productive for the reaction in the forward direction. In the case of dead-end
inhibitors, the enzyme-inhibitor complex is not present in the uninhibited reaction
and so effectively removes some of the enzyme from the reacting system. Therefore,
there may be slight differences between the inhibition patterns in the two cases. For
example, for a compulsory-order mechanism where AX binds first, inhibition by the
product BX gives a mixed inhibition pattern with respect to varying AX at fixed but
non-saturating concentrations of B; however, an analogue of BX which binds in the
same way but forms a dead-end complex will give overall uncompetitive inhibition
because there is no reversible link between inhibitor and variable substrate.

9.4 INVESTIGATION OF REACTION MECHANISMS USING NON-STEADY-
STATE METHODS

9.4.1 Isotope exchange at equilibrium

Boyer, in 1959, first suggested the investigation of isotope exchange at chemical
equilibrium as a means of investigating reaction mechanisms, and he and his co-
workers have done much to develop the technique.

If isotope exchange can be demonstrated between a reactant and product in the
absence of other reactants and products, then a ping-pong mechanism must be
indicated. For example, isotope exchange takes place between the substrate ortho-
phosphate and the product glucose-l-phosphate in the presence of the enzyme
sucrose phosphorylase but in the absence of the other substrate, sucrose, and the
other product, fructose. Also, isotope can be exchanged between sucrose and
fructose in the absence of orthophosphate and glucose-I-phosphate. This and other
evidence suggests the following mechanism for the forward reaction:

sucrose frutose P; glucose-1-phosphate

N o 1.

E. sucrose E.glucose.fructose E.glucose E.glucose.phosphate E.glucose-1-phosphate

Of more general application is the investigation of the change in the rate of
equilibrium isotope exchange when the concentrations of reactants and products are
altered without changing the position of equilibrium. Consider a reaction of the
general form:

AX+B=BX+A

At equilibrium, the rate of forward reaction equals the rate of back reaction and
(BXJA] |
[AX][B] ™

A small amount of radioactively labelled B is introduced (an amount too small to
significantly affect the equilibrium) and the rate of formation of labelled BX is
measured. Then the concentrations of A and AX are increased, keeping the ratio
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[A]:[AX] constant so as not to alter the position of equilibrium. The equilibrium
concentrations of B and BX will remain unchanged, but the rate of isotope exchange
between B and BX will be affected.

If the reaction has a compulsory-order mechanism of the form:

EB E.B.AX E.BX.A EBX

slight increases in the concentrations of A and AX may increase the rate of isotope
exchange between B and BX. However, substantial increases in the concentrations
of A and AX will force the enzyme towards formation of the ternary-complexes
E.B.AX and E.BX.A, making it more difficult for B to dissociate from EB and BX to
dissociate from EBX, and thus reducing the B— BX exchange (Fig. 9.5(a)).

Different results are found for other mechanisms. If the reaction has a com-
pulsory-order mechanism with AX binding first:

AX
el

—
oo)
==
5
el

EAX E.AX.B E.A.BX EA

as the concentrations of AX and A increase, the free enzyme is forced into the EAX
and EA forms. Since EAX is the form which reacts with B while EA does not affect
the initial velocity of liberation of BX from E.A.BX, the rate of isotope exchange
between B and BX will increase in a hyperbolic manner with increasing [AX] (Fig.
9.5(b)). Similar results will be obtained if the reaction has a random-order ternary-
complex mechanism.

A decreased rate of equilibrium isotope exchange with increased reactant and
product concentration in an experiment of this type is diagnostic of a compulsory-
order mechanism where the isotope exchange rate is being measured between the
first substrate to be bound and the last product to be released.

An interesting example is the reaction catalysed by horse liver alcohol
dehydrogenase:

CH;CH,OH + NAD* = CH,CHO + NADH (+H™)

Increased concentrations of CH;CH,OH and CH;CHO, keeping the ratio of one to
the other constant, slows down the rate of isotope exchange between NAD™* and
NADH. It can therefore be concluded that this reaction has a compulsory-order
ternary-complex mechanism, with NAD* binding first and NADH being the last
product released. However, this is not the whole story, as will be seen in section
9.4.2.
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isgtope isotope
change exchange
( ra‘e rate

B®EX) (B9BX)

a) [AX] b) [AX],

Fig. 9.5 — Plots of equilibrium isotope exchange from B to BX against [ AX] at constant [AX]/
[A]: (a) for a compulsory-order mechanism, B binding first and (b) for a compulsory-order
mechanism, AX binding first, or for a random-order mechanism.

9.4.2 Rapid-reaction studies

Rapid-reaction techniques may also be used to investigate the mechanism of two-
substrate reactions. Theorell and Chance (1951) investigated the reaction catalysed
by horse liver alcohol dehydrogenase (section 9.4.1) using stopped-flow techniques
with a double-beam detector. There is a difference between the absorbance of
NADH and E.NADH at 350 nm but not at 328 nm. Therefore, monitoring the
differences between the absorbances at 350 nm and 328 nm gives the rate of
E.NADH— E + NADH conversion. Also, the rate of change of absorbance at
328 nm gives the rate of reduction of NAD™* (i.e. ENAD* — E.NADH conver-
sion). Theorell and Chance found that the interconversion of the ternary-complexes
took place extremely rapidly and that the rate-limiting step of the overall reaction
was the dissociation of NADH from the E.NADH complex. This type of compul-
sory-order mechanism, characterised by very rapid interconversion of the ternary
complexes, has been termed the Theorell-Chance mechanism and is represented as
follows:

NAD* CH;CH,OH CH;CHO NADH
E ‘L E.
E.NAD* E.NADH
SUMMARY OF CHAPTER 9

Two-substrate enzyme-catalysed reactions may proceed by a variety of mechanisms,
‘including the ping-pong bi-bi, compulsory-order ternary-complex and random-order
ternary-complex mechanisms. General rate equations have been derived by Alberty
and Dalziel for two-substrate reactions which obey the Michaelis-Menten equation
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with respect to one substrate at fixed concentrations of the other. The Alberty
equation has the more obvious resemblance to the Michaelis-Menten equation but
the constants of the Dalziel equation give a simpler relationship between the rate
constants for the individual steps involved in the reaction. These relationships may
be determined for a particular mechanism by the use of King and Altman
procedures.

The mechanism of a two-substrate reaction may be investigated by steady-state
methods, including product inhibition studies, and by non-steady-state methods,
such as equilibrium isotope exchange and rapid-reaction techniques.
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PROBLEMS
9.1 For the enzyme-catalysed transfer reaction:
AX+B=BX+A

a series of experiments were performed at fixed total enzyme concentration. The
results are summarised in the following table, which shows the initial velocity of the
reaction at different initial concentrations of AX, B and I (I being an inhibitor
resembling BX in structure).

Initial rate of reaction (wmol min~!) where:

[AX,] [To]
(mmol 17!) (mmol 1!) [By] (mmol1~Y)= 20.0 10.0 5.0 333 250 2.0
3.0 0 1460 1190 881 694 575 488
4.0 0 1720 1410 1030 806 667 564
6.0 0 2080 1690 1230 961 794 668
8.0 0 2380 1920 1360 1060 870 735
8.0 1.0 2250 1740 1200 913 738 617
8.0 2.0 2080 1590 1060 800 641 532

Further, product inhibition studies showed that the presence of A leads to competi-
tive inhibition patterns with varying [AX,] at fixed [B,]. What can you conclude
about the mechanism of the reaction?

9.2 Malate dehydrogenase catalyses the reaction:

malate + NAD* =oxaloacetate + NADH+ H*
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A malate dehydrogenase enzyme was investigated at pH 8 and 298 K as follows. The
initial velocity of the reaction, in the direction of oxaloacetate formation, was
determined spectrophotometrically by the appearance of NADH at 340 nm at
different initial concentrations of malate and NAD *. The effect of inhibition by the
product oxaloacetate was also investigated. No NADH was present initially in any
experiment, and the total enzyme concentration was the same in each case. The
following results were obtained.

NAD* oxaloacetate
conc" conc® Initial rate of reaction (absorbance change per minute
(mmol171')  (mmol171) at 340 nm) at malate conc" (mmol 171):
1.25 1.5 2.0 2.5 3.33 5.0 10.0
2.0 0 0.019 0.021 0.025 0.028 0.032 0.038 0.045
2.0 1.0 0.016 0.018 0.021 0.024 0.027 0.032 0.038
2.0 2.0 0.014 0.015 0.019 0.021 0.024 0.028 0.033
3.0 0 0.024 0.026 0.032 0.036 0.041 0.049 0.059
4.0 0 0.027 0.031 0.037 0.042 0.048 0.057 0.069
6.0 0 0.031 0.036 0.043 0.049 0.057 0.067 0.083

The equilibrium rate of conversion of NAD * to NADH was investigated by isotope
exchange studies in the presence of different concentrations of malate, but keeping
the ratio of [malate] to [oxaloacetate] constant at 100:1 and the enzyme concentra-
tions the same in each case. The following results were obtained:

Malate conc" (mmol 17 1) 50 100 150 200 250 300

equilibrium reaction rate,
NAD*— NADH 41 58 21 15 12 10
(umol 1~ ' min—1")
What can you conclude about the reaction mechanism from the above data?

9.3 An enzyme-catalysed transfer reaction of the form:
AX+B=BX+A

was investigated as follows.

(a) The effect of a dead-end inhibitor similar in structure to BX was investigated at
varying initial concentrations of AX but fixed initial concentrations of B and
enzyme. Temperature and pH were maintained constant, and no BX or A were
present at zero time. The following results were obtained:

Initial concentration of AX Initial velocity of the forward reaction
(mmol 171) (umol 17! min—1)

In absence of In presence of In presence of

inhibitor 1.0mmoll1~! 2.0 mmoll~!
inhibitor inhibitor
2.0 14.3 12.5 11.1
2.5 16.7 14.3 12.5
3.3 19.9 16.6 14.2
5.0 24.9 20.1 16.7

10.0 33.4 251 20.0
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(b) The effect of inhibition of the forward reaction by the product A at a
concentration of 1.0 mmol1~! was investigated at varying initial concentra-
tions of AX under identical conditions to those used in part (a). These results
were obtained:

Initial concentration of AX (mmol1~1) 20 25 33 50 100
Initial velocity of the forward reaction 105 12,5 153 20.1 28.6
(umol 1~ min—1)

(c) Theforward reaction was investigated at varying initial concentrations of B and
at a series of fixed (but non-saturating) initial concentrations of AX. Initial
enzyme concentration, temperature and pH were the same for each experi-
ment. No product A was present at zero time in any experiment, and no dead-
end inhibitor was present at any time. In some experiments the product BX was
also initially absent, but in other the effect of product inhibition by BX was
investigated. The following results were obtained:

Initial velocity of the forward reaction
Initial concentration of: (wmol 1~ ! min~1) at initial
AX (mmol1~') BX (mmol1~1)  concentration of B (mmol1~1) = [B,]

[Bol=20 25 33 50 100

2.0 0 95 11.0 13.0 159 204
2.5 0 10.8 124 147 18.1 234
3.3 0 123 143 17.0 211 27.6
2.0 1.0 8.2 95 112 138 179
2.0 2.0 7.3 8.4 9.9 123 16.0

(d) Equilibrium isotope exchange studies, performed at fixed enzyme concentra-
tion and constant [A]:[AX] ratio gave these results:

Concentration of AX (mmol1~1) 50 100 150 200 250 300
Equilibrium reaction rate (B— BX) 25 54 60 64 68 70
(umol 17! min~1) ‘

What can be concluded about the reaction mechanism from the above data?

9.4 Deduce the constants of the Dalziel equation in terms of rate constants for the
reaction mechanism:
k k; ks ks ks
E = E.AX = E.AXB = E.ABX - EA — E.
k_, k_, k_,

9.5 Lysine-oxoglutarate reductase (E.C. 1.5.1.8) catalyses the first step in lysine
catabolism in mammalian liver:
L-lysine + 2-oxoglutarate + NADPH = L-saccharoipine + NADP*

Purified bovine enzyme was subjected to product inhibition studies with saccharo-
pine. In each case, the rate of reaction was determined by monitoring the conversion
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of NADPH to NADP* at 340 nm at pH 7.4 and 35°C. In each case, no NADP * was
present at zero time, and the concentrations of two of the three substrates were fixed.
When the concentration of L-lysine was fixed, its value was 10 mmol 1~ !; when the
concentration of 2-oxoglutarate was fixed, its value was 4 mmol 1-1; and when the
concentration of NADPH was fixed its value was 0.4 mmol 1~ 1. The following data

[Ch. 9

(adapted from M. Ameen, Ph.D. Thesis, Trent Polytechnic, 1982) were obtained.

Saccharopine conc”

Initial velocity (absorbance units per minute)

at L-lysine concentration (mmol 1~ 1) =

(mmol1~1)
1.0 1.25 1.67 2.5 5.0
1.1 0.143 0.167 0.200 0.250 0.333
0.80 0.167 0.193 0.232 0.288 0.385
0.28 0.246 0.286 0.338 0.417 0.541
0 0.278 0.323 0.382 0.463 0.592

Saccharopine conc”

Initial velocity (absorbance units per minute)
at 2-oxoglutarate concentration (mmol 17 1) =

(mmol 171)
0.25 0.30 0.40 0.50 1.0
1.1 0.124 0.143 0.178 0.207 0.313
0.80 0.156 0.178 0.217 0.250 0.357
0.28 0.223 0.250 0.294 0.330 0.435
0 0.278 0.308 0.353 0.385 0.476

Saccharopine conc”

Initial velocity (absorbance units per minute)
at NADPH concentration (mmol 1~1) =

(mmol 171)
0.10 0.125 0.167 0.25 0.50
1.1 0.177 0.195 0.217 0.246 0.284
0.80 0.189 0.208 0.235 0.270 0.313
0.28 0.227 0.257 0.299 0.357 0.439
0 0.242 0.278 0.327 0.398 0.500

What can be deduced from these results about the mechanism of the reaction

catalysed by lysine-oxoglutarate reductase?



10

The investigation of active site structure

10.1 THE IDENTIFICATION OF BINDING SITES AND CATALYTIC SITES

10.1.1 Trapping the enzyme-substrate complex
The reversible character of the steps involved in enzyme-catalysed reactions makes
the determination of each substrate-binding site less then straightforward. At steady-
state, a constant amount of enzyme—substrate complex is known to be present, but if
an attempt is made to isolate this and hydrolyse it so as to identify the amino acid to
which the substrate is attached, the effort will not usually be rewarded with success;
this is because the substrate will dissociate from the enzyme during the procedures
involved. However, if the enzyme-substrate complex can be trapped in a modified
form by some chemical process so that the substrate is no longer able to dissociate
from the enzyme, then it may be possible to identify the substrate-binding site.
Consider, for example, the reversible reaction catalysed by fructose-bisphos-
phate aldolase:

dihydroxyacetone phosphate+glyceraldehyde-3-phosphate=fructose-1,6-bisphosphate

Horecker and colleagues showed in 1962 that if the reaction mixture was treated with
sodium borohydride, a strong reducing agent, then an inactive complex was
produced. On hydrolysis of this complex, &-N-glyceryl lysine was found among the
products. From this it was concluded that dihydroxyacetone-phosphate normally
binds to the ¢ (i.e. side chain) amino group of a lysine residue in the enzyme by a
Schiff’s base (-N=CH-) linkage. The presumed sequences for the normal reaction
and for the procedures used to identify the substrate-binding site are as follows:
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CH,OH (IZH,OH + glyceraldehyde
-3-p
E—NH, + 0= (|3 — E—N —_—(lj _ fructose-1,6-bisP
enzyme CH,0PO3- CH,0PO2-
dihydroxyacetone- enzyme-substrate
phosphate complex
2H
(borohydride)
CH,OH CH,0OH
I hydrolysis |
E—NH .(IJH ———> lysine—NH .(IZH
CH,0PO0;3- CH,OPO3-
inactive complex &-N-glyceryl lysine

In general, once an enzyme-substrate complex has been trapped as an inactive
complex, it may be subjected to partial hydrolysis and the amino acid sequence for a
few residues in each side of the binding site determined. It may also be possible to
determine the complete primary structure of the inactivated complex (as in section
2.4) and hence the substrate-binding site may be precisely located.

10.1.2 The use of substrate analogues

An alternative way of producing a complex more stable than the normal enzyme —
substrate complex is to replace the natural substrate by an analogue which binds to
the same site on the enzyme but is then less readily removed.

An example was discussed in section 7.2.1: the first step in the hydrolysis of p-
nitrophenyl acetate and other acyl esters by chymotrypsin is the rapid splitting of the
ester to yield the first product (the alcohol) and form an acyl-enzyme; the subsequent
liberation of the acyl group from the enzyme is extremely slow, allowing the structure
of the complex to be investigated. It is found, as might be expected, that the acyl
group binds by an ester linkage to the —OH group of a serine residue in the enzyme.

Enzymes form even stronger linkages with irreversible inhibitors, since in this
case there is no subsequent reaction at all. Thus DFP (section 8.3) binds to the serine
residue at the active site in chymotrypsin and other serine proteases to form very
stable complexes. Partial hydrolysis of each enzyme-inhibitor complex gives a series
of peptide fragments, which can be separated from each other and analysed; the
amino acid sequence of any fragment containing DFP must be the primary structure
of part of the active site. In this way it can be shown that the amino acid sequence
around the essential serine residue of chymotrypsin is -Gly-Asp-Ser-Gly-Gly-Pro-,
and the serine residue in question identified as serine -195. An identical sequence is
found for trypsin.

The assumption that an irreversible inhibitor binds at the active site of an enzyme
is particularly valid when the inhibitor resembles a substrate. For example, tosyl (N-
toluenesulphonyl)-L-phenylalanine chloromethyl ketone (TPCK) resembles esters
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which are hydrolysed by chymotrypsin, but TPCK itself acts as an irreversible
inhibitor of this enzyme by alkylating the histidine-57 residue.

Q Q

Ct ce
cHy {0y $0,-NH.CH-CO.CH,Cl  CHy«())- SO, ~NH.CH-COOR
‘ tosyl-L-phenylalanine chloromethyl ester of tosyl-L-phenylalanine

ketone (TPCK) )
(an inhibitor of chymotrypsin) (a substrate for chymotrypsin)

Thus there is evidence that both serine-195 and histidine-57 are present at the active
site of chymotrypsin. It would appear that the binding of TPCK to the enzyme brings
the reactive —Cl group into close proximity to the histidine-57 residue and facilitates
the formation of a covalent C-N bond between inhibitor and imidazole side chain.

The subject of enzyme inactivation by irreversible inhibitors and other agents is
developed in the next section (10.1.3).

10.1.3 Enzyme modification by chemical procedures affecting amino acid side
chains

If an enzyme is modified by the conversion of a particular amino acid side chain to a
different form (e.g. by the action of an irreversible inhibitor) and this modification
results in a loss of catalytic activity, then it is possible that the amino acid concerned is
a component of the active site of the enzyme. However, it is also possible that the loss
of activity is due to a change in tertiary structure resulting from a modification to an
amino acid residue not present at the active site. The two situations may be
distingusihed by attempting to carry out the same modification in presence of excess
amounts of substrate, which should protect the substrate-binding site and amino acid
residues in the neighbouring region from being modified. Similar protection should
be provided by excess amounts of reversible inhibitors which bind to the substrate-
binding site, e.g. most competitive inhibitors. Thus, if an enzyme loses activity when
one of its amino acid side chains (R) is modified by a particular treatment in the
absence of substrate (or competitive inhibitor):

R R’
L treatment
active enzyme inactive enzyme

but retains full activity if subjected to the same treatment in the presence of
saturating amounts of the substrate (or competitive inhibitor):
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S S
R R R
J +S treatment dialysis
— 1 — —_—
active enzyme enzyme-substrate enzyme-substrate
complex complex
R

L

active enzyme

then the amino acid residue must be present at the active site of the enzyme. It should
be realized that the presence of the substrate would protect not only the substrate-
binding site (as illustrated above) but also neighbouring residues, which are likely to
include the catalytic sites.

As a rough generalization, modification of a catalytic site would be expected to
result in a complete loss-of enzyme activity: the substrate would still be able to bind to

_the enzyme, but no subsequent catalysed reaction would occur. On the other hand,
modification of a binding site might leave a residual catalytic activity: the substrate
would no longer be able to bind to the enzyme, but might still be able to approach the
catalytic site by random motion. This situation could possibly result in V,,,,
remaining unchanged, although the substrate concentration required to achieve it
would be very high indeed. Regardless of this, the absence of substrate-binding
would result in a great increase in K|,,.

Enzyme modification experiments have revealed histidine, cysteine, serine,
methionine, tyrosine, aspartate, glutamate, lysine and tryptophan residues at the
active sites of enzymes.

The imidazole side chain of histidine might be expected to be an important
contributor towards catalytic activity since it is the only amino acid side chain to have
apK, in the pH range at which most enzymes function: it can thus act as both a proton
donor and a proton acceptor. As mentioned in section 10.1.2, tosyl-L-phenylalanine
chloromethyl ketone (TPCK) inhibits chymotrypsin irreversibly by alkylating histi-
dine-57; this inactivation is prevented by the presence of excess concentrations of the
competitive inhibitor benzamide, which supports the view that TPCK acts at the
active site of the enzyme. TPCK does not inhibit trypsin, which has a different
specificity to chymotrypsin, hydrolysing bonds adjacent to lysine rather than aroma-
tic amino-acid residues; this enzyme is inactivated by tosyl-L-lysine chloromethylke-
tone (TLCK), again by alkylation of an essential residues (Schoellman and Shaw,
1963).

Alkylation of histidine residues by iodoacetate was shown by Crestfield, Stein
and Moore (1963) to cause inactivation of ribonuclease:

PP
N NH N~ N-CH,C0;
E-CH, =/ + ICH,CO; - E-CH, =/ + HI

enzyme iodoacetate carboxymethyl-enzyme
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Histidine-119 or, to a lesser degree, histidine-12, may be alkylated, but never both in
the same ribonuclease molecule, suggesting that these two histidine residues are
found close together at the active site. lodoacetamide, a similar alkylating agent, has
no effect on the enzyme, so it appears that the negative charge of the iodoacetate may
form an electrostatic link with the protonated form of one of the histidine residues
prior to the carboxymethylation of the other residue. In fact iodoacetate itself does
not usually attack histidine residues under the conditions used (pH 5.5), which
suggests that histidine-12 and histidine-119 are in a special environment. The
inactivation of ribonuclease by alkylation is prevented by the presence of excess
phosphate, which binds to the active site.

Another technique which may be used to inactivate enzymes by modification of
amino acid side chains is photo-oxidation, i.e. oxidation by activated oxygen in the
presence of a photosensitizer such as methylene blue or rose bengal. This method is
non-specific and may oxidize histidine, tryptophan, methionine and cysteines resi-
dues. However, some degree of specificity may be obtained by careful choice of
photosensitizing dye and pH. With certain enzymes and under certain conditions, it
may be found that only a single amino acid residue is photo-oxidized. Thus Westhead
(1965) found that photo-oxidation of enolase in the presence of rose bengal affected’
only a single histidine residue, but this was sufficient to inactivate the enzyme;
magnesium ions, which are essential for the activation of enolase, could protect it
from the effects of photo-oxidation. The oxidation product of a histidine residue
depends on a variety of factors, including the environment of the residue in the
protein: in some cases, aspartate may be the major product.

The thiol group of cysteine residues may be alkylated by halogeno-compounds of
the type which also alkylate histidine residues. For example, cysteine-25 of the
proteolytic enzyme papain is alkylated by iodoacetamide, with resulting inactivation
of the enzyme. Enzymes containing essential cysteine residues may also be inhibited
by unsaturated compounds such as N-ethylmaleimide:

0 _0
si cacl CH,CZ
+ || ONGHs > | - N.GHg
E CHC{ cHc
0 i Yo

enzyme  N-ethylmaleimide I[?,

Heavy-metal ions have a great affinity for thiol groups, and papain is inactivated by
p-chloromercuribenzoate (PCMB) and similar mercurial compounds. Such reagents
tend to attack — SH groups in a non-specific fashion, so it should not be concluded
that the cysteine residues in question are at the active site unless there is further
evidence for this (as there is in the case of papain — see above).

The essential serine residue of chymotrypsin (serine-195) was modified by
Koshland and co-workers (1963). Both the tosyl-derivative and its elimination
product were found to be inactive:



190 The investigation of active site structure [Ch. 10

(I)H FSO; CH, ?Soz'@CHS NaOH  CH,

CH2 _— CH2 — ||
E E
enzyme tosyl-chymotrypsin ‘anhydrochymotrypsin’
(inactive) (inactive)

Methionine residues, in common with those of other amino acids discussed in this
chapter, may be modified by alkylation or photo-oxidation. Hence, it is important to
determine precisely which amino acids are affected in each modification experiment.
Koshland and colleagues (1962) showed that photo-oxidation of chymotrypsin under
certain conditions led to the oxidation of only a single methionine residue (methio-
nine-192), which formed the corresponding sulphoxide; this modification led to only
partial inactivation of the enzyme, as did alkylation of the same methionine residue.
It appears that methionine-192 is present at the active site of chymotrypsin and may
play a part in substrate-binding, but is not otherwise involved in catalytic activity.

A tyrosine residue (tyrosine-248) has been demonstrated at the active site of
carboxypeptidase A by a variety of modification techniques: Vallee and colleagues
(1963) showed that iodination or nitration of the benzene ring, or acylation of the
phenolic — OH group, all inactivate the enzyme.

The presence of aspartate and glutamate at the active site of certain enzymes may
be demonstrated by the production of esters of the side chain carboxyl groups. For
example, Erlanger and others (1966) have shown that p-bromophenacyl bromide can
inactivate pepsin by forming an ester linkage with an aspartate residue:

OCH,CO -@- Br

CO.H co
C[H2 + BrCH,CO @ Br - C|H2 + HBr
E E

enzyme p-bromophenacyl bromide

This modification can be prevented by the presence of excess substrate, showing that
the aspartate residue is indeed at the activity site.

Lin and Koshland (1969) treated lysozyme with aminomethanesulphonic acid and
acarbodiimide, causing modification of all carboxyl groups present and a total loss of
activity of the enzyme:

(0) (0]

z
~

/ \

C C
1!: OH + H,NCH,SO;H - }‘-: NHCH,SO;H + H,0

enzyme aminomethane-
sulphonic acid
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Modification in the presence of the substrate protected aspartate-52, with the result
that 50% of total enzyme activity was retained, suggesting that this residue is a
component of the active site.

A lysine residue (lysine-41) has been demonstrated to be present at the active site
of ribonuclease by modification with dinitrofluorobenzene:

NO, NO,

NH, + F@N02 - HN©N02 + HF
1 |
E

E

enzyme dinitrofluorobenzene

Photo-oxidation of tryptophan residues in lysozyme inactivates the enzyme, suggest-
ing the presence of these residues at the active site.

10.1.4 Enzyme modification by treatment with proteases
Just as enzyme-proteins may be modified by chemical procedures which affect the
structures of amino acid side chains (section 10.1.3), so their primary structure may
be modified by the action of proteolytic enzymes. In certain circumstances, this may
give information as to the structure of the active site of the enzyme. For example, the
removal of C-terminal tyrosine residues results in a reduced activity of fructose-
bisphosphate aldolase towards its fructose-1,6-bisphosphate substrate. This, and
other evidence, suggests that the tyrosine residue binds the 6-phosphate group.
Another well-known example is the action of subtilisin on ribonuclease. This
splits the-molecule into two portions: one is called the S-peptide (comprising the first
20 residues in the primary structure of ribonuclease) and the other is the S-protein
(the other 104 residues of the ribonuclease molecule). Separately, the S-peptide and
S-protein have no catalytic activity, but Richards and colleagues (1959) showed that
if they are mixed in equimolar proportions, full enzyme activity is restored. This
suggests that both contribute to the active site of the enzyme, agreeing with evidence
discussed in section 10.1.3 that residues 12, 41 and 119 are all required for enzymic
activity.

10.1.5 Enzyme modification by site-directed mutagenesis

Significant advances over the more traditional techniques discussed in sections
10.1.1-10.1.4 have been brought about by site-directed mutagenesis, involving
recombinant DNA technology (see section 20.4). Enzymes with specific amino acid
substitutions may be synthesized, and the effect on activity observed.

For example, Craik and colleagues (1987) replaced aspartate-102 by asparagine
in trypsin, and found that, at neutral pH, activity with an ester substrate was reduced
10 000-fold. The binding of the inhibitor DFP (see section 10.1.2) was similarly
affected, and the binding of the inhibitor TLCK (see section 10.1.3) was reduced 5-
fold. This implicated aspartate-102 in the mechanism of action of trypsin, and
presumably of the very similar chymotrypsin.
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Similarly in triose phosphate isomerase, Raines and colleagues (1986) demon-
strated the involvement of glutamate-165 in the catalytic process by showing that
replacement of this residue by aspartate resulted in a 1000-fold loss of activity.

For other examples see sections 10.2, 11.4.4 and 14.2.6.

10.1.6 The effect of changing pH
Since the characteristics of ionizable side chains of amino acids depend on pH,
enzymic activity varies with pH changes (section 3.2.2). At extremes of pH, the
tertiary structure of the protein may be disrupted and the protein denatured; even at
moderate pH values, where the tertiary structure is not disrupted, enzyme activity
may depend on the degree of ionization of certain amino acid side chains, and the pH
profile of an enzyme may suggest the identity of those residues (as investigated by
Von Euler and colleagues (1924) and Dixon (1953)).

Consider an enzyme whose catalytic activity depends on a certain amino acid side
chain (Y 7) being able to act as a proton acceptor, according to the general equation:

E.YH = H*+ EY™

protonated deprotonated
enzyme enzyme

The titration graph of pH against added NaOH for such a system, as predicted by the
Henderson—Hasselbalch equation, is shown in Fig. 3.8. Since the amount of E.Y ™
present is directly proportional to the amount of NaOH added, a graph of pH against
the fraction of the enzyme in the form E.Y ~ will be exactly the same shape as Fig.
3.8. This graph, with the axes reversed, is shown in Fig. 10.1(a).

/ (Vmax)optimal
1.0 = - - = <
[y Tv
T [Eo) all EV™ max T‘ogvmax
0.5 —
:[EYH]=[EY-:|
0 |
4 pKY pH PKY pH
all EYH (a) — (b) —

Fig. 10.1 — Graphs showing the effect of dissociation of the enzyme form E.YH, according to
the Henderson—Hasselbalch equation: (a) graph of [EY ~J/[E,] against pH, (b) graph of V.,

against pH, at constant [E}, where catalytic activity depends on the presence of E.Y ~, and (c)
the corresponding graph of logy, V.., against pH.
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The initial reaction velocity is given by vy = k., [ES], where k., = Vax/[Eol
(section 7.1.3). At each given pH, k., (and hence V,,,,/[E]) will be proportional to
the fraction of enzyme in the form E.Y ~, if this form is required for catalytic activity.

Vmax [EY_] h k .

= k—————, where £ 1s a constant.
[Eol [Eol

" Vmax=k[EY™]

At the optimal pH, where all of the enzyme present is in the required form and
Vimax = (Vinax) Optimal:

(Vimax) optimal = k[E,]
So, in general
[E.YT]
[Eol

Hence a graph of V., against pH at constant [E,] (Fig. 10.1(b)) will be identical in
shape to that shown in Fig. 10.1(a). The pK, of the ionizable group (the amino acid
side chain) can be obtained from the point of inflection of the curve (where
Vmax = 5(Vmax) Optimal), thus making it possible to identify the amino acid residue in
question. In plotting such graphs, it is important to ensure that the enzyme is fully
saturated with substrate at each pH investigated, for the concentration required to
achieve this may also vary with pH (see later).

The pK, value may also be obtained by an alternative treatment of this data. The
dissociation constant, KY, of E.YH is given by:

Vmax = (Vmax) optimal .

¢ [HTJEY"]
@ T T [E.YH]
Also,
[EoJ=[E. Y]+ [E.YH]
Hence
_. MHTEYT] [H*]
[EO]=[E.Y ]+T=[E.Y ]<1+ K.:)
[E.Y‘]_ 1

[Eo] ) [H+])
Y

Substituting for [E.Y ~J/[E,] in the expression for V,,,, obtained above:

(Vmax)Optimal

V. = -
max [H+]
(” K:)
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Taking logarithms,
[H™]
10810 Vinax = 10816(Vimax) Optimal —log, (1 + XY )
When
[H*]>KY (1 + [H+]> M
TR )RR

and the equation reduces to:
lOglOVmax = lOglO(VmaX)optimal - loglO[H+] + l0g101<aY
= loglo(vmax) optimal + pH — pK;{

Hence a plot of loggVax against pH, where [H*]> KY, will be linear and of
slope =+ 1.
When [H*] < K, the expression for log;V m.x reduces to:

lOgIOVmax = lOglO(Vmax) Optimal - 10g101
= loglo(Vmax) optimal

Hence a plot of log;oV .x against pH, where [H*] < K.Y, will be horizontal.

By combining the equations obtained under the two extreme conditions, it can be
seen that the two linear graphs, when extrapolated, intersect where pH = pK_¥ (Fig.
10.1(c)).

Let us now consider the situation of an enzyme whose catalytic activity depends
on a certain amino acid side chain ( — ZH) being able to act as a proton donor,
according to the general equation:

E.ZH=H*+E.Z~

From the Henderson—-Hasselbalch equation, the relationship between the propor-
tion of enzyme in the form E.Z ~ and the pH will be exactly as shown for E.Y ~ in Fig.
10.1(a). However, in this instance, E.ZH and not E.Z~ is required for catalytic
activity. Since [Eg)=[E.ZH]+[E.Z7], it readily follows that the relationship
between the proportion of enzyme in the form E.ZH and the pH will be as in Fig.
10.2(a), and a graph of V., against pH, at constant [E,], for such enzyme will be as
in Fig. 10.2(b). The pK, of the ionizable group is the pH where [E.ZH] = [E.Z ], so
is the same regardless of whether [E.ZH] or [E.Z "] is plotted against pH and is given
by the point of inflection of either graph. Therefore it is again possible to identify the
-amino acid residue in question from a graph of V., against pH, or alternatively of
log0Vmax against pH (Fig. 10.2(c)).

~ Finally, let us consider an enzyme whose catalytic activity depends on one amino
acid side chain (— Y ) being able to act as a proton acceptor and another ( — ZH)
being able to act as a proton donor. In this situation, a graph of V., against pH at
constant [Eg] will be a combination of Figs. 10.1(b) and 10.2(b); the two points of
inflection give the pK, values of the two amino acid side chains involved. If these pK,
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Fig. 10.2 — Graphs showing the effects of dissociation of E.ZH according to the Henderson—

Hasselbalch equation: (a) a graph of [EZH]/[E,] against pH, (b) a graph of V. against pH, at

constant [Eg], where catalytic activity depends on the presence of E.ZH, and (c) the
corresponding graph of log;oV ,,.x against pH.

values are far apart (Fig. 10.3(a)), their determination from a plot of V,,,, against pH
is relatively straightforward, for the points of inflection will occur where V=
#(Vmax) Optimal at a particular enzyme concentration. If, however, the two pK,
values are less than 2pH units apart (Fig. 10.3(b)), then the theoretical (V ,.x)
optimal will never be achieved and the pK, values cannot be accurately determined
from such a graph or one of log;oV .« against pH. Nevertheless, reasonable
estimates can be made, and more accurate values obtained from further mathemati-
cal treatment of the results, to give some indication as to the probable amino acid
residues involved. It will be noted that this bell-shaped curve of V., against pH is
obtained for many enzyme-catalysed reactions.

So, in general, a plot of V., against pH at fixed [E] for a particular enzyme-
catalysed reaction may enable one or two pK, values to be obtained for processes

Tvmax TV
w(vmax) optimal e

| - -

[
|
1
|
!
]

e - - -

o

piY p ‘ pKY  pK3

a) ‘P—)H b) -&)

Fig. 10.3— Graphs of V,,, against pH, at constant [E ], where catalytic activity depends on the
simultaneous presence of E.Y and E.ZH: (a) where pK,f and pKZ are more than 2 units apart,
and (b) where pK,Y and pKZ are less than two units apart.
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which are essential for catalytic activity; a comparison of these values with known
pK, values for amino acid side chains (Fig. 3.9) may identify the amino acid residues
involved.

However, it is necessary at this point to register a few words of caution: a
straightforward interpretation of the results is only valid if the assumptions discussed
above are true of a particular enzyme-catalysed reaction and no other pH-dependent
factors are involved. In practice, for example, the degree of ionization of the
substrate may vary with pH. Also, V.., (or, more accurately, k.,) may be a
composite function of several rate constants, not all of which may be affected by pH
to the same degree. Thirdly, the microenvironment in which a particular amino acid
residue exists as part of an enzyme may affect the pK, value of its ionizable side chain
by as much as 3 pH units from that found in free solution.

For these, and other reasons, results of pH studies have to be treated with
caution, unless confirmed by other methods. Nevertheless, with this proviso, such
studies are useful since they are easy to perform and can give the first indication of
which amino acid residues should be considered as essential components of a
particular active site.

So, for example, hydrolysis of chitin (poly-N-acetylglucosamine) by lysozyme
shows a bell-shaped curve of activity against pH, the pH optimum being about 5 and
the two component pK, values approximately 4 and 6. The lower of these suggests
the presence of an essential carboxyl group, which had been confirmed by other
studies and shown to belong to aspartate-52. Less predictably, the other essential
ionizable amino-acid side chain has also been shown to be a carboxyl group, this time
belonging to glutamate-35: in contrast to aspartate-52, glutamate-35 is located in a
non-polar region and is thus protonated at pHS.

In general, the variation of V ,, with changing pH will i gj&gte\:mt)he essential
ionizing groups of the enzyme-substrate complex, i.e. those fnvolvedin the catalytic
process. It is also possible that some ionizing groups might be involved in substrate-
binding: these can be identified from the pK, values obtained by plotting 1/K,,
against pH, provided the substrate is non-ionizable. However, only where the
Michaelis—Menten equilibrium-assumption (section 7.1.1) is valid will the results be
independent of ionizations involved in the catalytic process.

Further investigation may be obtained by plotting V,../K,, against pH, at
constant [Eg): this will indicate the essential ionizing groups of the free enzyme, i.e.
those involved in both the binding and catalytic processes. Ionizable groups which
are not involved in either of these processes will not usually contribute to changes in
Knor Vi ax.

Ribonuclease has been shown by Rabin and his colleagues (1961) to have two
active site ionizable groups, their pK, values being 5.2 and 6.8 in the free enzyme, but
perturbed by the binding of substrate to 6.3 and 8.1 in the enzyme-substrate
complex. From this and other data it has been concluded that both of the ionizable
groups are histidine side chains (histidine-12 and histidine-119), one required to act
as a proton donor and the other as a proton acceptor. _

Two distinct ionizable groups have been demonstrated by Bender and others to
influence the reaction catalysed by chymotrypsin. One of these causes an increase in
K., at high pH, without a corresponding change in V,,,: this has been attrributed to
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an N-terminal isoleucine residue (isoleucine-16, see section 5.1) whose a-amino
group must be in a protonated form to maintain the enzyme in a structure capable of
binding substrate. The other ionization, which affects V.., shows a pK, of about
6.8: this is apparently associated with aspartate-102, the anomolous pK value being
due to its hydrophobic environment. The plot of V,,,/K,, against pH, at constant
[Eol, is consistent with these results, showing a bell- shaped curve with a maximum at
about pH 8 and pK, values of about 6.8 and 9.0..

10.2 THE INVESTIGATION OF THE THREE-DIMENSIONAL STRUCTURES
OF ACTIVE SITES

From the above discussion, it must be clear that the active site of an enzyme is more
than the sum of its parts: in order to understand how an enzyme works it is necessary
to know not only the identities of the amino acid residues which make up the
substrate-binding sites and catalytic sites, but also the environment in which each site
exists and the arrangement in space of the sites with respect to each other.

The technique which has given far more information than any other about the
three-dimensional structure of enzymes is X-ray crystallography (see section 2.5). Of
course it is the structure in solution which determines the properties of enzymes, but
all available evidence suggests that structures determined in crystals can exist in
solution; some crystals of enzymes, e.g. ribonuclease, even retain catalytic activity.

If this technique is applied to investigate the binding of the substrate to the active
site of an enzyme, a major difficulty is encountered: X-ray diffraction analysis
requires the structure under investigation to be static, but enzyme—substrate com-
plexes break down rapidly to give reaction products. Hence, the structure of an
enzyme—substrate complex is usually inferred from that obtained when the substrate
is replaced by a slow-reacting analogue or an inhibitor (see section 10.1.2).

Enzyme crystals often consist of about 50% water, so it may be possible to diffuse
these ligands (substrate analogue or inhibitor) into an existing crystal; alternatively
the enzyme-ligand complex may be crystallized from solution. For example, Blow
and his colleagues (1967) prepared tosyl-chymotrypsin (see section 10.1.3) by
diffusing tosyl-fluoride into a crystal of a-chymotrypsin; they then used X-ray
crystallography to elucidate its structure, the findings supporting much of the data
discussed in section 10.1. The tosyl group was found to be bound to serine-195, which
was in close proximity to histidine-57 and methionine-192 on the surface of the
molecule (Fig. 10.4); the imidazole ring of histidine-57 was shown to be linked by a
hydrogen bond to the side chain carboxyl group of aspartate-102, itself located in the
hydrophobic interior of the molecule; also, the protonated a-amino group of the N-
terminal isoleucine residue (isoleucine-16) was found to form an electrostatic linkage
with the side chain of aspartate-194.

Over a period of years from 1969, Adams, Rossmann and colleagues obtained
crystal structures for dogfish lactate dehydrogenase in the free LDH, LDH-NADH
and LDH-NADH -pyruvate forms, and showed that a loop of the polypeptide chain

bound (see Fig. 12.7). The pyruvamld be seen to be ve very close to hlStld& 195
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245 149

hydrophobic
binding pocket

Fig. 10.4 — A simplified representation of the three-dimensional structure of a-chymotrypsin,
as revealed by the X-ray diffraction studies of Blow and colleagues (1967). (Conventions as for
Fig. 2.8.)

arginine-171, aspartate-168 and arginine-109. Holbrook and colleagues have con-
firmed and extended these conclusions by chemical modification and site-directed
mutagenesis studies. The involvement of histidine-195 in the catalytic process was
shown by treatment with diethylpyrocarbonate, which reacted more strongly with
this histidine residue than any other, and in doing so inactivated the enzyme.
Replacement of aspartate-168 with asparagine reduced the affinity for pyruvate,
suggesting a link between aspartate and histidine residues, as in the serine proteases.
Replacement of arginine-109 by glutamine had no effect on coenzyme binding, but
lowered the rate of reaction significantly. The insertion of a fluorescent tryptophan
residue in place of glycine-106 enabled the movement of the loop region to be studied
by stopped-flow techniques, and it was found that loop closure over the active site
was the rate-limiting step for the overall process.

Further examples of X-ray crystallography in the elucidation of enzyme structure
and function are discussed in Chapter 11.

Spectroscopy in its various forms can give further information about enzyme-
substrate interactions. The nmr technique, for example, detects atoms with an odd
number of protons in their nuclei, so giving them a magnetic moment. If a kilogauss
magnetic field is applied, such nuclei will precess around it with a frequency
depending on the magnetic moment and the magnitude of the applied field; if a
radiofrequency (around 100 MHz) field is then generated so that its magnetic vector

( C



Ch. 10] Summary of Chapter 10 199

rotates perpendicular to the kilogauss field and the conditions adjusted, resonance
will occur when the frequency of oscillation of the field corresponds with the
precession of a nuclear dipole. This resonance is detected as the absorption of energy
by the nucleus from the radiofrequency field. The intensity of a resonance absorption
line is directly proportional to the number of nuclei in an identical environment.
However, chemical shifts in resonance frequency for identical nuclei in different
electronic environments can be detected as can the splitting of resonance peaks into
multiplets of fine structure because of the interaction of neighbouring nuclear spins,
while relaxation times can give a measurement of the exchange of energy with
neighbouring nuclei of the same kind. Nuclei that can be investigated in this way
include those of 'H, *C and N. Of course, before isotopes such as >C and >N,
which do not occur naturally, can be used in the investigation of enzyme structure,
they must first be incorporated into the enzyme, for example by utilizing bacteria to
synthetize it in a medium rich in the isotope. Studies by nmr can give much
information about interactions between particular atoms in an enzyme-substrate
complex, and if carried out at various pH values can indicate the pK, values of
individual groups (see section 11.3.2).

Various techniques have indicated that segments of a protein may be flexible and
free to move within a crystal: flexible, or disordered, segments are ‘invisible’ to X-ray
diffraction analysis, since only regular arrangements of atoms give rise to well-
defined patterns. A disordered region often starts at a glycine residue, the absence of
aside chain allowing maximum flexibility, and usually contains no aromatic residues.

Huber and his colleagues (1977) have shown that trypsinogen contains several
disordered regions, but the active enzyme, trypsin, does not; the inactivity of
trypsinogen may be due to the inability of the binding sites in the disordered regions
to form bonds of sufficient strength with the substrate. The electrostatic linkage
occurring in chymotrypsin between isoleucine-16 and aspartate-194 is also found in
trypsin, but not in trypsinogen or chymotrypsinogen, and it appears to act as a clamp,
holding the enzyme in the rigid structure required for activity.

In other enzyme systems, e.g. acetyl-CoA carboxylase (section 11.5.8), flexibility
is essential for activity, since it appears that an intermediate may be transferred from
one site to another on a flexible protein arm. In some enzymes, e.g. carboxypeptidase
A (section 11.4.4), important conformational changes have been shown to take place
during the binding of a substrate. In general, proteins are likely to be more flexible in
. solution than when crystalline.

SUMMARY OF CHAPTER 10

A major problem in the identification of the amino acid residues involved in
substrate-binding and catalysis is posed by the instability of the enzyme—substrate
complex: substrate and product moleculés will easily dissociate from the enzyme
during investigation, making their positions of attachment difficult to determine.
This problem may be overcome by the use of chemical procedures to prevent the
breakdown of the enzyme—substrate complex, or by the use of substrate analogues,
including irreversible inhibitors, which bind readily to the enzyme but do not easily
dissociate from it.
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If the chemical modification of a particular amino acid side chain results in a loss
of catalytic activity, then it may be assumed that the residue in question is located at
the active site of the enzyme, provided the modification can be prevented by the
presence of excess substrate or competitive inhibitor. The identity of amino acid
residues involved in binding or catalysis may also be indicated by the activity profile
of an enzyme at different pH values.

However, the technique which has so far given most information about the
structure of enzymes and the nature of enzyme-substrate interactions is X-ray
crystallography. Site-directed mutagenesis is now making big advances.

FURTHER READING
As for Chapters 2, 4 and 5.

PROBLEMS

10.1 The hydrolysis of an ester substrate by papain was investigated at fixed
temperature and enzyme concentration, but at a series of pH values. The following
results were obtained:

Initial velocity (umoll~ ! min) at [Sy] (moll~1) =

pH 2.0 25 3.33 5.0 10.0
2.0 1 1 1 2 2
3.0 11 12 14 16 20
4.0 83 93 105 122 143
5.0 156 172 196 222 263
6.0 157 173 197 223 264
7.0 156 173 196 223 263
8.0 139 156 179 208 250
9.0 43 52 66 89 141

10.0 5 7 9 13 25

What can you deduce about the possible involvement of ionizable amino acid side
chains?
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The chemical nature of enzyme catalysis

11.1 AN INTRODUCTION TO REACTION MECHANISMS IN ORGANIC
CHEMISTRY

A covalent chemical bond involves the sharing of a pair of electrons between the
atoms (X:Y). If the bond breaks by homolytic fission, each atom separates as a highly
reactive free radical, possessing an unpaired electron (X-+-Y). Such reactions are
very uncommon in aqueous solutions, where most bonds are broken by heterolytic
fission, leaving one of the atoms with both electrons. If both electrons are retained by
a carbon atom, a carbanion is produced:

R3C:X = R3C_ + X+

carbanion

If neither electron is retained by the carbon atom, a carbonium ion is produced:

R3C:X = R3C+ + X"

carbonium ion

Carbanions and carbonium ions may be stabilized by delocalization of the charge
over other atoms in the molecule. For example:

+ +
CH2 :/C—I;\_ CH, «—> CH2 —CH = CH2

The curved arrow indicates the flow of a pair of electrons which would take place if
one of these canonical structures of the carbonium ion was converted to the other.
The actual structure is somewhere in between the two canonical structures written
down: it should not be imagined that the two forms are being rapidly interconverted.
Conjugated double bond systems (i.e. where double and single bonds occur alterna-
tely) are of particular importance for stabilization, for a charge can be delocalized
over the entire system.
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The formation of carbanions and carbonium ions is likely to occur as part of a
complete reaction sequence. Organic compounds can participate in four main types
of reaction: displacement (or substitution) reactions, addition reactions, elimination
reactions and rearrangements.

Substitution reactions may be nucleophilic, when the group attacking the carbon
atom is an electron donor called a nucleophile since it is attracted to nuclei;
alternatively they may be electrophilic, when the attacking group is an electron
acceptor, or electrophile. Electrophilic substitution reactions often involve the
displacement of hydrogen. For example:

@H + NO} — ©N02 + H*

benzene nitrobenzene

In nucleophilic substitation, an atom other than hydrogen is usually displaced. Such
reactions may have a unimolecular or a bimolecular mechanism.

In unimolecular nucleophilic substitution (Sy1) reactions, the rate-limiting step is
the ionization of a single molecule to form a carbonium ion which then reacts with a
nucleophile, as in the following example:

Rn R, R" + RII RII
Rag - N/ - R LR
-Y +X
\C—Y — C — Ce==X or Xwe=(
RIH / l‘{m Rm / \ Rm

The carbonium ion is planar and, if the resulting product has four different groups
attached to that particular carbon atom (as above), a racemic mixture of optical
isomers wiil be obtained. The overall rate of the reaction is determined by the rate of
ionization, and thus on the basicity of the leaving group (Y™): weak bases are good
leaving groups and depart readily; strong bases are poor leaving groups. The strength
of the attacking nucleophile does not usually affect the rate of the reaction.

In bimolecular nucleophilic substitution (Sy2) reactions, the attacking nucleo-
phile adds to the carbon atom at a point diametrically opposite the leaving group,
which it displaces in one rapid step:

Rn RI RII - RII

"
R

transition-state
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It can be seen that the reaction involves an inversion of configuration at the carbon
atom. The rate of the reaction depends, among other factors, on the relative
strengths of X~ and Y~ as nucleophiles.

Itis unnecessary here to go into details about the other types of reaction. Addition
reactions involve the addition of an electrophile or a nucleophile to form a relatively
stable compound without any group being displaced; elimination reactions involve
the removal of a group, usually in a strongly basic solution, without it being replaced
by another group; rearrangements are reactions where bonds are formed and broken
within a single molecule.

Information about the mechanism of a particular reaction can be obtained from
the stereochemistry of the products, as discussed above for the Syl and Sy2
reactions. Another useful technique is the investigation of the effect of isotopic
substitution on the reaction rate. For example, it is usually found that a C—D bond is
broken more slowly than a C—H bond, so the use of deuterium-labelled reactants can
give information as to which C—H bonds are normally broken as part of the rate-
limiting step.

11.2 MECHANISMS OF CATALYSIS

11. 2 1 Acid-base catalysis

the hydroly51s of an ester by stablhzlng the transmon state. Bases ma may 1y also increase
reaction rates by increasing the nucleophilic character of the the attacking groups. Thus,
hydroxide ions displace halides from alkyl halides more rapidly than do neutral water
molecules. Similarly, acids facilitate the removal of leaving groups, where these are
strong bases. For example, the following reaction would normally proceed extremely
slowly:

R3C—D 0 —R — R,CX + "OR’
x-
In the presence of an acid, however, conditions are much more favourable:
+
R;C—0—R' + H* —> R,(—0—R —> R;CX + HOR'
N
X~ H

In general, acid or base catalysis may be shown to be operating by determining the
rate constants of a reaction at different concentrations of acid or base.
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11.2.2 Electrostatic catalysis

A transition-state may be stabilized by electrostatic interaction between its charged
groups and charged groups on a catalyst. Thus, the positive charge on a carbonium
ion can be stabilized by interaction with a negatively charged carboxylate ion;
similarly, the negative charge on an oxyanion can be stabilized by a positively
charged metal ion. For example, the hydrolysis of glycine esters:

I
H,N.CH,C.0CH; + H,0 = H,N.CH,C.OH + CH;0H

may be catalysed by cupric ions, the mechanism probably involving the following
steps:

Cou? ot
H2N"' 0 = H2N"' “o- - products
N
H,C — C—0CHj,4 H,C — C — OCHj;
\ :OHZ +0H2

11.2.3 Covalent catalysis

In contrast to acid-base and electrostatic catalysis, where the transition-state is
merely modified, covalent catalysis introduces a different reaction mechanism and is
sometimes termed alternative pathway catalysis. In the case of nucleophilic catalysis,
the catalyst is more nucleophilic than the normal attacking groups and so rapidly
forms an intermediate which itself rapidly breaks down to give the products. For
example, Bender and co-workers (1957) have shown that a variety of tertiary amines
catalyse the hydrolysis of esters, as follows:

D »

o

R,NY C—OR" = R,N—CLOR" = Rsﬁ—-? + -OR"
\ I
R R R
| 10
(l)H
R,N + C=0
R'

In contrast, electrophilic catalysts act by withdrawing electrons from the reaction
centre of an intermediate and may be termed electron sinks. This type of catalysis is
found in the reactions of the coenzymes thiamine pyrophosphate (section 11.5.6) and
pyridoxal phosphate (section 11.5.7).
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11.2.4 Enzyme catalysis

All of the above mechanisms of catalysis are seen in enzyme-catalysed reactions.
However, enzymes, because of their great size and range of properties are able to
impose their presence on a reaction to a far greater extent than most catalysts.

All catalysts act by reducing the energy of activation, or more correctly the free
energy of activation (AG ™), of the reaction being catalysed (see sections 6.2.3 and
6.6). As we saw in section 6.1.2, free energy is made up of an entropic and an
enthalpic component, since AG=AH—TAS. Hence AG*=AH¥—TAS™, where
AHTY is the enthalpy of activation and AS™ is the entropy of activation, and so
anything which decreases AH¥ or makes AS™ more positive will lower the value of
AG™ and help the reaction proceed.

There is a great loss of entropy when reactants leave their random existence in
free solution to become bound in the transition-state, so—TAS™ will generally have a
large positive value, possibly making up about half of the total free energy of
activation where there is more than one reactant. In enzyme-catalysed reactions
there is inevitably a similar loss of entropy at some stage, but it occurs largely in the
binding steps when enzyme-substrate complexes are formed, and not to the same
degree in the actual conversion of substrates to products: the binding of substrate
molecules in close proximity to each other on the enzyme surface effectively
increases their concentrations and reduces the entropy loss for the subsequent
formation of a transition-state; this has been called the proximation effect, the
approximation effect and the propinquity effect by Bruice, Jencks and others. The
enzyme may also ensure that the reacting groups of the bound substrates approach
each other with their electronic orbitals correctly orientated, thus ensuring that the
reaction takes place under optimal conditions; Koshland and others have termed this
property of enzymes orbital steering.

The contribution of the catalytic sites on the enzyme to the reaction will generally
be to the enthalpic factor by stabilizing the transition-state; it appears that the
stability of the enzyme-bound transition-state may be the most important single
factor in determining whether the reaction proceeds (section 4.6). It is possible that
several different catalytic processes may be involved in the same enzyme-catalysed
reaction, as may be seen in the examples discussed in sections 11.3-11.5. Another
way in which the enthalpy factor may be reduced occurs if the positions of the binding
sites on the enzyme do not correspond exactly to those on a substrate: as the
substrate binds, some of its bounds may be distorted and weakened, resembling
those found in the transition-state; this is the Haldane and Pauling concept of strain,
discussed in section 4.5. Alternatively, the enzyme—substrate complex may be under
stress from internal interactions which are absent from the enzyme-bound transition-
state complex: again, this would facilitate the forward reaction (section 4.5). A
distortion of the protein to fit the substrate (the Koshland induced-fit hypothesis,
section 4.4) would not have any affect on enthalpy, but would not preclude stress
factors from playing a part.

Some reactions proceed better in organic rather than aqueous solutions. Most
enzymes contain regions of non-polar character (section 2.5.2) and these may be of
importance in the catalysis of such reactions.

So, enzymes create a suitable environment for the reaction to proceed; they
reduce the total free energy of activation required and also spread out the free energy
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requirement over several stages. Nevertheless, some activation energy is still
required for each stage of the reaction sequence. This cannot come from the
substrate because the translational energy that these possess in free solution is lost
the moment they become bound to the enzyme. It seems likely that the required
energy is obtained from collisions between solute molecules and the enzyme—sub-
strate complex, but the mechanism for this is far from clear.

11.3 MECHANISMS OF REACTIONS CATALAYSED BY ENZYMES
WITHOUT COFACTORS

11.3.1 Introduction

Enzymes which operate without cofactors tend to be relatively small and have
relatively straightforward reaction mechanisms. For these reasons, such enzymes
were amongst the first to be investigated in detail. Some examples are given below.

11.3.2 Chymotrypsin

Chymotrypsin is formed by the cleavage of several peptide bonds in the inactive
monomeric protein chymotrypsinogen, which is synthesized and secreted by mam-
malian pancreas; the active enzyme thus produced consists of three non-identical
polypeptide chains (section 5.1.2).

Chymotrypsin catalyses the cleavage of peptide bonds at the carboxyl side of
aromatic amino acid (phenylalanine, tyrosine or tryptophan) residues; it will also
hydrolyse a variety of amides and esters, and these artificial substrates have been
used to investigate the enzyme in great detail. In section 7.2.1 we discussed kinetic
evidence showing that the chymotrypsin-catalysed hydrolysis of an ester proceeded
via the formation of an acyl-enzyme. This is also true for the hydrolysis of amides,
and we can write the reaction in general terms as follows:

H,0
E + RCOY — ERCOY ——> ECOR —2 E + RCOOH

ester or YH acyl
amide enzyme

In sections 10.1.2, 10.1.3 and 10.1.6 we discussed evidence that the substrate can
bind to serine-195; and histidine-57 was also implicated in the reaction mechanism.
X-ray diffraction studies (see section 10.2 and Fig. 10.4) revealed a hydrophobic
binding pocket at the active site for aromatic side chains, and showed that aspartate-
102, buried in the interior of the molecule, could be closely linked to the action of
histidine-57 and serine-195, possibly setting up what has been termed a charge relay
system, with aspartate-102 removing a proton from histidine-57, making it easier for
the latter to remove a proton from serine-195 during the course of the reaction.
Detailed 'H, *C and >N nmr studies showed that histidine-57 has a relatively
normal pK, value near 7, at least in the free enzyme, casting doubt on the charge
relay theory. However, investigations using site-directed mutagenesis (see section
10.1.5) restored it to favour, perhaps explaining why several enzymes have a
‘catalytic triad’ of this type at the active site.
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An outline reaction mechanism for the hydrolysis of an ester or amide by
chymotrypsin (or other serine protease) is as follows. Histidine-57 acts as a base
catalyst to enable the oxygen of serine-195 make a nucleophilic attack on the
carboxyl group of the enzyme-bound substrate. An unstable tetrahedryl inter-
mediate is formed whose negatively charged oxygen atom may be stabilized by
hydrogen bonding with the backbone —-NH of glycine-193. The imidazole group of
histidine-57 then acts as an acid catalyst to facilitate the liberation of the first product
(YH), leaving behind the acyl enzyme. (Note the covalent bond linking the acyl
group to serine-195.)

o -
Y i o
kot Y\ ko QY
© (') ~ N>
x g N N N c=0
+ /t
195 FOH -0 /0\
N N H H
N H H o N
57 > hy) '
\ Z° X >
N 2 |.r—Cc? . N
N
free - OH P AR "‘0/JH OH acyl
enzyme -7 & enzyme
N N
) I
N
N H

The second stage of the reaction, like the first, is initiated by a nucleophilic
attack, this time by water; the liberation of the product (RCOOH) is again assisted
by acid catalysis.

The same mechanism is thought to occur for peptide substrates
R’.NH.C(R").CO.NH.R": if the substrate is again written in the form R.CO.Y, to
be compatible with the illustration above, R— represents R'.NH.C(R"”)—(where R
is the side chain which fits into the binding pocket, the-NH forming a hydrogen bond
with the backbone carboxyl group of serine-214) and —Y represents -NH.R",

11.3.3 Ribonuclease

Bovine pancreatic ribonuclease A has been studied in great detail by enzymologists
and was the first enzyme to have its complete amino acid sequence determined
(Smyth, Stein and Moore, 1963). It catalyses the cleavage of the phosphodiester
backbone of ribonucleic acids by a reaction involving transfer of a phosphate group
from the 5'-position of one nucleotide to the 3”-position of the next nucleotide in the
chain (see section 3.1.1).

In sections 10.1.3 and 10.1.6 we discussed evidence that histidine-12 and
histidine-119 both contribute to the catalytic process, one possibly acting as a proton
donor and the other as a proton acceptor; similar investigations have suggested that
lysine-41 is also involved. The three-dimensional structure of the enzyme, as
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revealed by the X-ray diffraction studies of Kartha and colleagues (1967), shows

these three amino acids are sited close together near a substrate-binding cleft in the
molecule (Fig. 11.1).

substrate-
binding cleft

Fig. 11.1 — A simplified representation of the three-dimensional structure of ribonuclease A,
as revealed by the X-ray diffraction studies of Kartha and colleagues (1967). (Conventions as
for Fig. 2.8.)

In 1962, Rabin and co-workers suggested the following mechanism for the
reaction:

)
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PO3 N NH —= POZ N NH
2 / N\
0 OH 0 0

His-119 His - 119

His-12 His —12.
R” 0 Base

(second product)
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Histidine-12 removes a proton from the substrate, producing a nucleophilic oxygen
atom which attacks the P. Histidine-119 donates a proton to the complex, and the
first product, R'OH, is liberated. The rest of the reaction is the reverse of the first
part, with water replacing the R"OH.

This mechanism is consistent with the evidence now available. It is likely that
lysine-41 helps stabilise the complex by an electrostatic interaction with the negative
charge of the phosphate.

11.3.4 Lysozyme

Lysozyme catalyses the hydrolysis of the polymer consisting of alternating N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) units which gives
shape and rigidity to bacterial cell walls.

CH,OH CH,OH
H O._ oH
4 H !
H
HO H
H NH.COCH, /0 H NH.COCH,
CH,.CH.CO,H
NAG NAM

The lysozyme which has been most studied is that from hen egg-white; this was
the first enzyme to have its complete three-dimensional structure determined by X-
ray crystallography (Blake, Phillips and colleagues, 1965). These and subsequent
investigations revealed that the enzyme has a large cleft which can accommodate six
of the substrate’s amino-sugar units (see Fig. 2.8). This may be represented diagram-
matically as follows:

position of cleavage

NAG — NAM — NAG — NAM ~ NAG —NAM

L NS NI\

A B C D E F

Each of the six amino-sugars is bound to the enzyme by hydrogen bonds, e.g.
those in sites B and C to aspartate-101, that in site B to tryptophan-62 and
tryptophan-63, and that in site F to asparagine-37. NAM, because of its large lactyl
side chain, cannot bind to sites A, C or E, where there is restricted space, and during
or immeditely after binding to site D its hexose ring is distorted from the chair to the
less-stable half-chair conformation.

CH,OH CH,OH

oy

chair conformation half-chair conformation
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The hydrolysis takes place between the units in sites D and E, and therefore must
always involve the B-1,4 glycosidic link between C1 (the reducing end) of NAM and
C4 of NAG. The amino acids near this bond are glutamate-35 and aspartate-52;
evidence that these are involved in the reaction has been discussed in sections 10.1.3
and 10.1.6.

Vernon (1967) suggested the following mechanism for the reaction (many bonds
and atoms not involved in the reaction being omitted from the diagram for the sake of

clarity):
R R
E 9 E 0
H H (first product) OH
( \0 v OH
0-H\O 0 —= 0 .. — on O 0"
/ o I <~ ] S~ 0.0 - 1 D |
c=0 0 0-C c=0 o;_’) C’ €=0 Cc=0
o D 1 1 D | 1
Glu-35 Asp-52 Glu-35 Asp-52 Glu-35 R" Asp-52.
R R" (second product)
Substrate

The substrate binds to the enzyme and ring D is distorted to the half-chair
conformation, which facilitates the formation of a carbonium ion also having the
half-chair conformation. Glutamate-35, which is in a non-polar environment and
thus protonated at pH 5, can act as a general acid catalyst and donates its proton to
the oxygen of the glycosidic bond, causing the bond to break. Aspartate-52 is in a
more polar environment than glutamate-35 and is negatively charged at pH5;
therefore, it can stabilize the carbonium ion by electrostatic interaction. The first
product leaves, and the reaction is completed by a nucleophilic attack on the
carbonium ion by water.

11.3.5 Triose phosphate isomerase

Muscle triose phosphate isomerase is a dimeric enzyme which catalyses the inter-
conversion of glyceraldehyde 3-P(G3P) and dihydroxyacetone-P (DHAP). X-ray
crystallography has revealed that each sub-unit has an inner cylinder of eight strands
of parallel B-pleated sheet linked by predominantly helical regions which form an
outer cylinder. Each of the two identical binding sites contains lysine-13, histidine-
95, glutamate-165 and glycine-232 from one sub-unit and phenylalanine-74 from the
other (Fig. 11.2). The reaction mechanism apparently involves glutamate-165 acting
as a base catalyst and histidine-95 as an acid one:

HC=0 CHOH CH20H
o ol ~H \4 eyl "/‘ 2N - :
\"'COH N7 “NH 0 c-o-g/.N N O\ T=° HND H
o=C

0=C
cuzopoaﬁ = __LCH20P03 = ~LCH20P°3i/

165 G3P DHAP
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sub=unit 1 sub=unit 2 L/

Fig. 11.2 — A simplified representation of the three-dimensional structure of chicken muscle
triose phosphate isomerase as revealed by the X-ray diffraction studies of Phillips and
colicagues (1975). (Conventions as for Fig. 2.8.)

11.4 METAL-ACTIVATED ENZYMES AND METALLOENZYMES

11.4.1 Introduction

More than a quarter of all known enzymes require the presence of metal atoms for
full catalytic activity. Metal atoms usually exist as cations and often have more than
one oxidation state, as with ferrous (Fe?>*) and ferric (Fe**) iron. We have noted that
this positive change can stabilize transition-states by electrostatic interactions, giving
one mechanism for catalysis by metals (section 11.2.2). However, irrespective of the
oxidation state and charge carried, a metal ion can bind a particular number of
groups (ligands) by accepting free electron pairs to form co-ordinate bonds in specific
orientations (section 2.3.2). 4

Therefore, metal ions can be involved in enzyme catalysis in a variety of ways:
they may accept or donate electrons to activate electrophiles or nucleophiles, even in
neutral solution; they themselves may act as electrophiles or nucleophiles; they may
mask nucleophiles to prevent unwanted side reactions; they may bring together
enzyme and substrate by means of co-ordinate bonds, possibly causing strain to the
substrate in the process; they may hold reacting groups in the required three-
dimensional orientation; they may simply stabilize a catalytically active conforma-
tion of the enzyme.

With metalloenzymes, the metal is tightly bound and retained by the enzyme on
purification: with metal-activated enzymes, the binding is less tight and the purified
enzymes may have to be activated by the addition of metal ions. There is no clear-cut
division between the two groups.

Mildvan (1970) has pointed out that ternary complexes formed between an
enzyme (E), metal ion (M) and substrate (S) may be enzyme bridge complexes
(M—E~-S), substrate bridge complexes (E—S—M) or metal bridge complexes
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M
(E-M—-SorE : é ). Metalloenzymes cannot form substrate bridge complexes since

the purified enzyme exists as E—M.

The involvement of metal ions in enzymes may be investigated by nmr, esr and
proton relaxation rate (PRR) enhancement techniques; some examples are given
below.

11.4.2 Activation by alkali metal cations (Na* and K*)

‘Alkali metal cations bind only weakly to form complexes with enzymes, but K*, the

most abundant intracellular cation, is known to activate a great many enzymes,
particularly those catalysing phosphoryl transfer or elimination reactions. It appears

that the role of K* is largely to bind to negatively charged groups on an inactive form

of the enzyme and thus cause a change in conformation to a more active form.

However, in some cases it may also aid substrate binding. For example, muscle

pyruvate kinase, a tetrameric enzyme which catalyses the reaction:

CH,=C.CO; + H* + ADP = CHaﬁ.COQ + ATP
|
OPO%~ 0

phosphoenolpyruvate pyruvate
(PEP)

has a requirement for alkali metal cations and for Mn2™* (or Mg?*), all of which bind
in the region of the active site. Various studies have indicated that the carboxyl group
of PEP binds to the enzyme-bound K*, whereupon a conformational change takes
place which facilitates the progress of the reaction via an E—Mn?*—PEP complex.

11.4.3 Activation by alkaline earth metal cations (Ca?™ and Mg?*)

Oxygen atoms are often involved in the bonds of both alkali metal and alkaline earth
metal cations, bonds of the latter being relatively stronger. The divalent cations,
Ca>* and Mg?*, can form six co-ordinate bonds to produce octahedral complexes.

Mg?* is accumulated by cells in exchange for transport of Ca®* in the opposite
direction. As might be expected, therefore, enzymes requiring Ca?* for activation
are mainly extracellular ones, e.g. the salivary and pancreatic a-amylases: the Ca?™
appears to play a role in maintaining the structure required for catalytic activity. A
variety of intracellular enzymes require Mg?* for activity, and in most cases this
requirement can be replaced in vitro by one for Mn?*. Mn2* is paramagnetic, which
enables the system to be more easily investigated.

It has been shown that all possible types of ternary bridge complexes involving
divalent cations can exist. Most kinases form E—S—M complexes, where S is the
reacting nucleotide. Let us consider, as an example, the reaction catalysed by muscle
creatine kinase:

creatine + MgATP = MgADP + phosphocreatine + H*
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The true substrate is MgATP and the reaction proceeds via the formation of the
_ATP—-Mg**
~creatine
cation binds to the a- and B-phosphates of the nucleotide but not to the terminal (y)
phosphate which is transferred to creatine. The cation helps in the orientation of the
complex and may also assist in the breaking of the pyrophosphate bond by
withdrawing electrons from the B-phosphate. The overall reaction has a random-
order rapid-equilibrium kinetic mechanism and dead-end complexes may be formed
(see section 9.3.2); identification of these, e.g. creatine~E-ADP-Mn?*, has helped
in the elucidation of the reaction mechanism.

In contrast, the reaction catalysed by pyruvate kinase (see section 11.4.2)
involves a cyclic metal bridge complex

complex E . Cohn and colleagues (1971) have shown that the divalent

M
/1 g
E—ATP

pyruvate

Metal bridge complexes are found with many enzymes which use pyruvate or
phosphoenolpyruvate as substrate. Another example is enolase, which catalyses the
reaction:

CH, = C.CO; + H,0 = HOCH,.CH.CO;
I
OPOZ" OPO?"

phosphoenolpyruvate 2-phosphoglycerate

Enolase is a dimeric enzyme, two Mg?* ions being required to stabilize the active
dimer; a further two Mg?* ions are required if each of the two active sites binds a
substrate. Nowak, Mildvan and colleagues (1973) have demonstrated that the
eenzyme-bound cation probably binds to water, forming a co-ordinated hydroxyl
group which can attack the phosphoenolpyruvate:

H2C£C — CO;
E— Mg

A few enzymes, e.g. E. coli glutamine synthetase, have a mechanism involving an

enzyme bridge complex. Here the divalent cation presumably has a purely structural
role.
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11.4.4 Activation by transition metal cations (Cu, Zn, Mo, Fe and Co cations)
Transition metal ions bind to enzymes much more strongly than the metal ions
discussed above, and usually form metalloenzymes; this makes their involvement in
enzyme-catalysis relatively easy to investigate. They are found in only trace amounts
in living organisms, for larger amounts can be toxic.

The trace metals Mo and Fe are found in nitric-oxide reductase, the nitrogen-
activating complex of nitrogen-fixing bacteria, and Fe is a component of haemo-
globin, the oxygen-carrying haemoprotein of the erythrocytes of vertebrates.
Another trace metal, Co, is found in vitamin B, (see section 11.5.10). We will now
consider, in a little more detail, an example of a Cu- and a Zn-metalloenzyme.

Superoxide dismutase is a copper-metalloenzyme which catalyses the removal of
the highly reactive O5 produced, for example, by oxidation of xanthine by mole-
cular oxygen in the presence of xanthine oxidase. Fridovich and colleagues (1969)
have demonstrated that the dismutase reaction is as follows:

205 +2H* =H,0,+ 0,

Bovine erythrocyte superoxide dismutase is a dimeric protein containing two
Cu?™ ions and two Zn?* ions. The Zn?* ions appear to have a structural rather than
a catalytic role, while the Cu?* ions are involved in the reaction sequence:

E-Cu’*+0; -E-Cu* +0,

¢ +2H*
E—-Cu++02_ e E—Cu2++H202

In contrast to the above, Zn>" has a catalytic role in the reaction catalysed by
carboxypeptidase A, where the C-terminal amino acid of a polypeptide is removed,
provided it has a non-polar side chain. Carboxypeptidase A from bovine pancreas is
a monomeric enzyme which contains one atom of zinc. X-ray crystallography studies
(by Lipscomb and colleagues, 1967) and the determination of the complete amino
acid sequence (by Bradshaw and co-workers, 1969) have shown that the active site
contains the co-ordinated Zn?>* ion bound to histidine-69, glutamate-72, histidine-
196 and H,O, as well as a groove for the polypeptide substrate and a hydrophobic
pocket for binding the side chain of the C-terminal amino acid (Fig. 11.3); the
terminal carboxyl group of the substrate forms an electrostatic interaction with
arginine-145.

During the reaction, the carbonyl oxygen of the peptide bond being hydrolysed
replaces the water molecule bound to Zn?*; the metal ion probably facilitates
cleavage of the peptide bond by withdrawing electrons from this carbonyl group.
Vallee (1964) proposed a general mechanism for the reaction which involved acid
and base groups on the enzyme; X-ray diffraction studies have shown that tyrosine-
248 is located in such a position in the enzyme—substrate complex that it could donate
a proton to the nitrogen of the peptide bond being hydrolysed and there is also
evidence that the carboxyl group of glutamate-270 acts as a general base catalyst to
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hydrophobic binding
pocket

Fig. 11.3 — A simplified representation of the three-dimensional structure of carboxypeptidase
A, as revealed by the X-ray diffraction studies of Lipscomb and colleagues (1967). (Conven-
tions as for Fig. 2.8.)

»

make the attacking water molecule nucleophilic. However, site-directed muta-
genesis experiments, in which tyrosine-248 was replaced by phenylalanine without
affecting catalytic activity, have suggested that this tyrosine residue may simply have
a binding function. Thus the reaction appears to involve:

0 side chain binding pocket

/7 N\
Glu-270}-cO; VYH\ H

- +
R™=C=N-C~—CO7 NH= Arg-145

HC —| Tyr-248

where R" is the side chain of the C-terminal amino acid, and R’ represents the rest of
the peptide molecule.

X-ray diffraction studies have also shown that substrate-binding results in
arginine-145, glutamate-270 and especially tyrosine-248 moving to new positions
close to the substrate, forcing water molecules out of the active site and thus creating
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a hydrophilic environment; the substrate is so tightly enclosed that it would not have
been able to get into this position but for the mechanism of the conformational
change.

11.5 THE INVOLVEMENT OF COENZYMES IN ENZYME-CATALYSED
REACTIONS

11.5.1 Introduction

Coenzymes are organic compounds required by many enzymes for catalytic activity;
they are often vitamins, or derivatives of vitamins. Sometimes they can act as
catalysts in the absence of enzymes, but not so effectively as in conjunction with an
enzyme. -

As with metal-enzyme linkages, tpggg; alS‘/ii range of bgnd,},gtrengths for co-
enzyme-enzyme links, the point of distinction between ti‘g‘l‘{ay bound ‘cofactor
(prosthetic group) and loosely bound cofactor being arbitrary. Coenzymes which are
prosthetic groups form an integral part of the active site of an enzyme and undergo no
net change as a result of acting as a catalyst; loosely bound coenzymes can be
regarded as co-substrates since they often bind to the enzyme—protein together with
the other substrates at the start of a reaction and are released in an altered form at the
end of it. They are regarded as coenzymes since they usually bind to the enzyme
before the other substrates are bound, since they participate in many reactions, and
since they may be reconverted to their original form by many enzymes present within
cells.

ome important coenzymes are discussed below.

11.5.2 Nicotinamide nucleotides (NAD* and NADP™)

These are derived from the vitamin niacin, which is nicotinamide or nicotinic acid.
The structure of nicotinamide adenine dinucleotide (NAD™) in its oxidized and
reduced forms is given below:

H
H H H
(I:/( ) (ﬁ \C/ (I?
HC]/ Ne_c—nH, & ch/ \(|3—C—NH2 + H
| | !
HC_  CH HC  CH
\\T/ N
- |
R\(e ) R
. NAD" NADH

where —R represents D-ribose-phosphate-phosphate-D-ribose-adenine.
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It can be seen that the reduction of NAD* to NADH requires two reducing
equivalents per molecule; one electron (e”) and one hydrogen atom (H=H"+e")
add to the pyridine ring of nicotinamide as shown. The pyridine ring is conjugated, so
the positive charge may be delocalized, making several points vulnerable to nucleo-
philic attack. However, the exact mechanism of the reaction is not known.

Nicotinamide adenine dinucleotide phosphate (NADP™) is identical to NAD™,
" except that the 2’-position of the D-ribose unit attached to adenine is phos-
phorylated. This does not affect the oxidation/reduction properties, but results in
NAD™ and NADP™ acting as coenzymes for different enzymes: enzymes utilizing
NAD™ usually have a catabolic function, the NADH produced being an energy
source for the cell; anabolic enzymes, in contrast, frequently involve NADPH as
coenzyme.

The names and abbreviations given above are those currently recommended by
the International Union of Biochemistry: NAD™* has also been known as diphospho-
pyridine nucleotide (DPN™) or Coenzyme I; NADP" as triphosphopyridine nucleo-
tide (TPN™) or Coenzyme II.

Needless to say, NAD* and NADP™ act as coenzymes for oxidation/reduction
reactions; they are loosely bound, and leave the enzyme in a changed form at the end
of the reaction. :

The kinetic mechanism of horse liver alcohol dehydrogenase, an enzyme which
involves NAD™ as coenzyme in the catalytic oxidation of primary or secondary
alcohols, was discussed in section 9.4. It was noted that NAD™ is the first substrate to
be bound and NADH the last product to leave, the dissociation of NADH from the
enzyme being the rate-limiting step of the overall reaction; this is one reason gh
NAD™" is regarded as a coenzyme rather than simply as a substrate. Horse w
alcohol dehydrogenase is a dimer, each sub-unit containing one binding site for
NAD™ and two sites for Zn>"; only one of these zinc ions is directly involved in
catalysis. From results of X-ray diffraction studies, Brinden and colleagues (1975)
have deduced that the ternary complex may be of the form:

Cys-174

|

S .

I _N{ His—67
’ 'Zn\

bstrate binding pocket R>C-0'.'"' s{Cys-48

substrate binding pocke R* :1 ""H-0 Ser—48

g

H—N- His - 51

NAD binding crevice
and the reaction mechanism may involve:

\I/ R \l/
NAD* /H\— C Q)‘----an* = NADH + >C=O ----- Zn**
Rr/ \Rn R"
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Dogfish muscle lactate dehydrogenase, which catalyses the reaction:

CH3.(|JH.CO§ + NAD* = CH3(|3.C05 + NADH + H*
|
OH

L-lactate pyruvate

has also been investigated in detail (see section 10.2 and Fig. 12.7). It is a tetrameric
enzyme, each sub-unit having a binding site for NAD*; no metal ions are bound.
Like alcohol dehydrogenase, the reaction has a compulsory-order mechanism, the
coenzyme binding first and bringing about a conformational change in the enzyme
which enables the substrate to bind. From the studies of Adams and others it seems
that the reaction mechanism involves:

His-195

L 0  HoN;

bst -C-Cr2 2N~ - -

substrate  CHj E C%0 l‘dzNVC NH-|Arg-171.
C-NH
C-NHz

NAD 0

' binding N HN- Lys-250
site

Arginine-171 binds the carboxyl group of the substrate by electrostatic interaction;
and histidine-195 acts as an acid-base catalyst, removing a proton from lactate during
its oxidation. Arginine-109 may help stabilize the transition-state.

11.5.3 Flavin nucleotides (FMN and FAD)

Flavin nucleotides are derived from riboflavin, vitamin B,; like the nicotinamide
nucleotides, they function in oxidation/reduction reactions, the reducing equivalents
being carried by the fused three-ringed system of flavin as shown below:

0
H ¢y & I H H I
éc\ /N\ /C\ 7 N7 N\ /N
HCc—c” ¢/ N¢” "N,y H,c—c” N¢” “¢” Ownm
| I ] | = | I I |
H, C c=o0 H,C—C C C c=0
Ne” N Xy Ne” NN Ny
H I L H | H
R R

FMN or FAD FMNH, or FADH,
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For flavin mononucleotide (FMN), —R=|ribitol-phosphate; for flavin adenine dinuc-
leotide (FAD), —R=|ribitol-phosphate-phosphate-D-ribose-adenine.

In contrast to NAD* and NADP*, FMN and FAD are prosthetic groups and
cannot be separated from the protein without denaturing it: the protein-flavin
nucleotide complex is termed a flavoprotein.

Because the flavin nucleotide does not have an independent existence, reactions
catalysed by flavoproteins usually involve the transfer of reducing equivalents from a
donor via the flavin to some specific external acceptor. For example, glucose oxidase,
which catalyses the reaction

D-glucose + O,=D-glucono-é-lactone+H,0,

utilizes FAD as prosthetic group and O, as hydrogen acceptor. Bright and Gibson
(1967) have shown that this is a two-stage reaction:

E-FAD+D-glucose=E-FADH, +D-glucono-6-lactone

E-FADH,+0,=E-FAD+H,0,

With some flavoproteins, the reduction of the flavin has been shown to be a two-step
process, involving an unstable free radical semiquinone as intermediate:

0
H |
N NH H
+] . +
FMN or FAD = H3C<I == FMNH, or FADH,
H,C 0

N N
|

R

flavosemiquinone
(FMNH-or FADH")

The unpaired electron, which can be delocalized about the ring system, has been
revealed by esr studies. Many flavoproteins are also metalloproteins and one of the
roles of the metal ion could be to stabilize this semiquinone.

However, it seems likely that not all reactions involving flavin nucleotides as
coenzymes proceed via an identical mechanism: the reaction catalysed by NADH
dehydrogenase has been shown to involve semiquinone formation, but that catalysed
by glucose oxidase (discussed above) apparently does not. Similarly, Massey and his
colleagues (1973) have pointed out that the reoxidation of E-FFADH, can proceed by
a variety of mechanisms: where molecular oxygen is the acceptor, the products may
be H,O, (with oxidases), H,O and hydroxylated products (with hydroxylases), or
the superoxide anion (O .) and flavin semiquinone.
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11.5.4 Adenosine phosphates (ATP, ADP and AMP)
The nucleoside phosphates ATP, ADP and AMP are involved in phosphate transfer
reactions.

PR b 0
‘0—-}"—0—11’—0—l|’—0--CH2 adenine 'O—IT—O—Il’—O—CHZ adenine
o o O 0 o o 0
OH OH OH OH
ATP ADP
0
-0 —l?— O-CH, adenine
o- 0
OH H
AMP

ATP and ADP may be interconverted by the reaction
ATP +H,0<=ADP+P;

T? tends to go strongly in the forward direction as written (AG°’ = —31.0 kJ
mol ~!) because the four negative charges which are in close proximity on ATP make
it an unstable molecule (although the product, ADP, itself has three negative charges
close together), and because the reverse reaction requires negatively charged ADP
‘to react with negatively charged P;. The reaction can be coupled to others, so that
phosphate may be transferred between ATP and other organic compounds without
ever being present as free P; (section 6.2.5).

The importance of ATP in energy metabolism is that, by comparison to other
organic phosphates, it is only moderately unstable. Hence it may be synthesized by
the transfer of phosphate to ADP from a more unstable organic phosphate (e.g.
phosphoenolpyruvate) by substrate level phosphorylation, or by oxidative phos-
phorylation; however, ATP is sufficiently unstable to be able to force the transfer of
the phosphate to a whole variety of other compounds, thus driving such processes as
biosynthesis, active transport and muscular contraction.

In the cell, adenosine phosphates are stabilized by binding to Mg?* ions, and
their metabolism is strictly mediated by enzymes (see section 11.4.3); in some
instances two phosphate groups, rather than one, may be removed from ATP to
liberate inorganic pyrophosphate:

ATP + H,0 = AMP + (PP),

Adenosine phosphates, like the nicotinamide nucleotides, are loosely bound by
enzymes and may be regarded both as coenzymes and as co-substrates/co-products of
the reactions in which they participate.
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11.5.5 Coenzyme A (CoA.SH)
Coenzyme A has the structure:

HS.CH,CH,NH-pantothenic acid-OPO3 .POj5 -ribose-3-P-adenine
With carboxylic acids it can form thioesters:

RCO,H + HS.CoA = R.COSCoA + H,0.
acyl-CoA

These thioesters are of great importance in biochemical metabolism since they can be
attacked by electrophiles (including other acyl-CoA molecules and CO,) to form
addition compounds, and by nucleophiles (including water) to displace the —SCoA
group:

H 0%
Y

R— C —C—SCoA

' 8- 5+
H nucleophile
electrophile
Some examples are given in sections 11.5.6, 11.5.8 and 11.5.10. Y

11.5.6 Thiamine pyrophosphate (TPP)
Thiamine pyrophosphate is derived from vitamin By, thiamine, and has the
structure:

CH;  CH,CH,OPO;.0PO%"

CH3 R" CH3 R/r
! + /\( -H* ' +
R —N S = R'—N
H —

This is a potent nucleophile and can participate in covalent catalysis, particularly
with a-keto (oxo) acid decarboxylase, a-keto acid oxidase, transketolase and
phosphoketolase enzymes.
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For example, pyruvate decarboxylase, found in yeast and some other micro-
organisms, utilizes TPP to catalyse the production of acetaldehyde from pyruvate.
Breslow (1957) proposed the following reaction mechanism:

CHg CH3
* +* + "
R- N R- RN R- N R
\&f 4\/ ~ /\/ /\/ =
(TPP) \;s Co, S
_ h )
CHAC —CO;3 CH5C-COz cnsc CHsc-’\ CH3CH
pyruvate < [} | I H* 1
0\ OH OH -H
HO

=0

crhﬁn + TPP
0

acetaldehyde

The actual decarboxylation step is facilitated by electrophilic catalysis as the thiazole
ring withdraws electrons. The reaction will proceed in the absence of enzyme, but the
TPP-C~—-OH

acetaldehyde formed tends to react with the C'H complex to produce
3

acetoin as the final product. Juni (1961) has suggested that the enzyme stabilizes the
TPP-acetaldehyde complex and prevents this condensation occurring.

The multienzyme complex known as pyruvate dehydrogenase (see section 5.2.5)
also catalyses the decarboxylation of pyruvate, but it utilizes a second coenzyme,
li£ic acid, to introduce an oxidation step and a third coenzyme, coenzyme A
(CoA.SH) to react with the acetyl-lipoamide complex, giving acetyl-CoA as the final
TPP— (ll ~—OH
thought to proceed as follows:

pyruvate

C\Ts 's'/\H*

—5 (? k/LCH?)“ CONH—E
U(CHz)‘,CONH—E H
. . .

zyme -bound lipoamide

product. The complex is formed as above, and then the reaction is

- dihydrolipoamide
2H\ reductase
SH SH
dihydrolipoamide
CH3G.SCoA « transacetylase  CH3 - SH
0 CHyls CONH —E 0 + TPP.
CoASH CH_)s CONH—E

acetyl — CoA .
enzyme — bound dihydrolip oamide
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11.5.7 Pyridoxal phosphate . . o
Pyridoxal phosphate is derived from pyridoxal, pyridoxine or pyridoxamine, vitamin
Bg; it has the structure:

CHO
2-0,POH,C _OH

CH,
.
N
H

The coenzyme is important in amino acid metabolism, being involved in amino-
transferase (transaminase), decarboxylase and racemase reactions. There is much
evidence to suggest that in each case a Schiff’s base linkage (—N=CH—) is formed,
involving the aldehyde group of the coenzyme (as suggested by Braunstein and Snell,
1953). The phenolic group of the coenzyme is also important, as it may help to
stabilize the Schiff’s base intermediate:

H H
R—C—c” R—C—-c”
l o I \O_
N N
V4
uc” “H He” * u
O/ > O'_
2-0,POH,C 2-0,POH,C
+ +
N N
H H

A conjugated double bond system links the pyridine ring with the substrate, and the
positively charged nitrogen atoms tend to withdraw electrons from the a-carbon of
the amino acid, weakening its bonding to R, H and CO; . Any of these three bonds
may thus be cleaved as a result of this electrophilic catalysis to form an anion which is
stabilized by the conjugated system.

The simplest mechanism to consider is that of the amino acid racemase enzymes,
where a racemic mixture of D- and L-stereoisomers is produced from a single
stereoisomeric form. The coenzyme binds to the enzyme by a Schiff’s base linkage to
a side chain amino group of a lysine residue and also by an electrostatic linkage
between the coenzyme-phosphate and a positively charged group on the enzyme.
When the amino acid substrate binds to the enzyme, the carbon of the Schiff’s base
undergoes electrophilic attack by the a-amino group of the substrate and a new
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Schiff’s base linkage is formed, this time between coenzyme and substrate. The weak
C—H bond in the complex is then broken to release a proton:

N
~R— (ll—H (I:o; $0;
NH, (several steps) R— ij H R— (|:| +H*
+ - + =
- N=c = |-NH, N T N
H H HCQ H HC 'H
OH O/ O/
..270,P -2T0,PTF ) ..270,P
. Jcn, Y JcH, - o,
N N N
H H H

The whole process is reversible, so a proton could add on to the complex and re-form
the free amino acid. However, the initial loss of the proton also results in the loss of
asymmetry of the a-carbon atom, so the amino acid produced is not necessarily the
same stereoisomer as that present at the start.

Aminotransferase (transaminase) reactions proceed as above, with loss of a
proton from the Schiff’s base. However, the resulting complex is then attacked in a
different place by a proton and undergoes hydrolysis to form pyridoxamine phos-
phate, with the liberation of an oxo acid:

'r j
C—CO; C—CO0; R
N I o .
. N s NH, + C—-CO;
HeS H ' H ' \
SHES ; 2 / H,C o
} 0 0 oxo acid
T0,P 2o,pP 270,P OH
(\ CH! + CHS + CH!
N N N
H H H
pyridoxamine
phosphate

The reverse sequence may then take place, initiated by the attack on pyridoxamine
phosphate by a different oxo acid, and so producing a different amino acid from that
initially present. A mechanism of this type has been established for aspartate
aminotransferase by Jenkins and co-workers (1966). The two-stage reaction

sequence is:

L-glutamate + E-pyridoxal-P = 2-oxoglutarate + E-pyridoxamine-P
oxaloacetate + E-pyridoxamine-P = L-aspartate + E-pyridoxal-P
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Kinetic studies have indicated a ping-pong bi-bi mechanism, which is consistent with
the above chemical mechanism.

Decarboxylase reactions involving amino acid substrates commence in much the
same way, but the Schiff’s base complex loses the a-carboxyl group rather than the
hydrogen atom; the resulting complex is then hydrolysed to reform the coenzyme
and give an amine (RCH,NH,) as product.

11.5.8 Biotin

Biotin, like lipoic acid, is always found firmly bound to a side chain amino group of
one of the lysine residues of a protein. Protein-bound biotin can link with CO, to
form a biotin carboxyl carrier protein (BCCP), which is important in carboxylation
reactions, e.g. that catalysed by acetyl-CoA carboxylase.

(6] (6]
| |
C
PN /N
HN NH HN NH
\ |
HC CH
I \ (CH,)sCO,H
(CH,)4CONH-protein
\ / Ny S
free biotin protein-bound biotin

Acetyl-CoA carboxylase from E. coli has been shown, by Lane and co-workers
(1971) and Vagelos and colleagues (1973), to dissociate into three distinct sub-units:
one is the BCCP, another is biotin carboxylase, which catalyses the reaction:

ATP + HCO35 + BCCP = BCCP - CO; + ADP + P,

and the third is carboxyltransferase, which mediates the reaction:

BCCP — CO; + acetyl-CoA = malonyl-CoA + BCCP

The BCCP appears to act as a flexible arm, transporting the CO;™ from the active site
of biotin carboxylase to that of carboxyltransferase, where it is presented to the
acetyl-CoA. The chemical mechanism has not been established beyond doubt, but it
may involve:
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o)
_ Mg2¢ [1
ATPOHC03 T‘ '0~P—0'
Y ;
AP A 0
0=c®% + N W —— 3¢c-N NH
V) l\_/ P o
0-
(CH,)4 CONH - prote CONH-
2)a protein s CHZ)“protun
BCCP
BCCP—-CO,
(o] 0~
55‘03 Nes
1
BCCP=C-0" (Eg (':' SCoA —/—— CH,. C.SCoA + BCCP
H= 0 S
acetyl-CoA malonyl ~ CoA

11.5.9 Tetrahydrofolate
Tetrahydrofolate (FH,) is derived from the vitamin folic acid and has the structure:

HzN\r"’N L‘
H
N Ha (C 2)2
CH, NH C—(‘NH CH CO.)3 OH.

OH

cozu

Atoms N5 aned N10 can carry one-carbon units for transfer to a suitable acceptor.
Formyltetrahydrofolate synthetase catalyses the addition of formate to FH, by the

reaction:
Mg2*
ATP + formate + FH, = 10-formyl-FH,+ ADP + P;

The mechanism for this is likely to resemble that for the carboxylation of biotin
(section 11.5.8), except that it involves addition of a formyl group-and not a carboxyl
group. 10-formyl-FH, can then react further to produce a variety of one-carbon
groups carried by the coenzyme:

qu]/ It‘; el f I N f Iﬁ
CH2N -R CH2NR CHNHR

Z¢t=0 HC=0
10-formyl-FH, 5,10 methenyl-FH4 : 5-formyl-FH,
0 NADPH

H HoN H

2N { H NADPH f H

H

CHzNR CH,NHR

\C H2 OH C H3

5,1O-methy|ene-FH4 5-methyl-FH,
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These, and other, one-carbon units may then be transferred to an acceptor.
Consider, for example, the reaction catalysed by serine transhydroxymethylase:

CH,OH
+H,0
H,N.CH,CO,H + 5,10-methylene-FH, = H,NCH.CO,H + FH,

glycine L-serine

Pyridoxal phosphate is also involved and, as is usual with reactions involving this
coenzyme (see section 11.5.7), the substrate (glycine) binds by a Schiff’s base linkage
and then goes on to lose a proton from the a-carbon atom; the methylene-FH,
complex then presents the one-carbon unit in a suitable orientation and the reaction
is completed.

11.5.10 Coenzyme B,,

Hodgkin (1956) showed that cobalamin (vitamin B,,) has a central core of a cobalt
ion surrounded by a corrin ring (Fig. 11.4): the metal ion is linked to the four
nitrogen atoms of the ring by one covalent and three co-ordinate bonds, but, because
of resonance, the four bonds are almost equivalent. One of the pyrrole components
of the corrin ring is joined to dimethylbenzimidazole, which co-ordinates Co from
‘below’ the ring; the sixth co-ordination site is believed to be occupied in vivo by

RCH>

b)

Fig. 11.4 — Vitamin B, (hydroxocobalamin): (a) complete structure (-R = —CH,CONH,,
—Me =—-CH3); (b) simplified representation.
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OH ™. In this naturally occurring compound, hydroxocobalamin (B,,,), the metal ion
has an oxidation state of +3, but possesses only a single positive charge because of its
interactions with various groups; this is indicated as Co(IIT)*.

The coenzyme forms are obtained after activation of the vitamin by NADH-
linked reducing systems:

Co(tII)* —%—» Co(l) —> Co(D).
—OH

Bpa Bor Bias

The Co(I) in B, is strongly nucleophilic and can be alkylated, a bond of largely
covalent character being formed. Reaction with ATP, mediated by an adenosyl-
transferase, results in the formation of 5-deoxyadenosylcoenzyme B, (Fig. 11.5(a)),
also called 5’-deoxyadenosylcobalamin. Alternatively, methylation may take place,
with the formation of methylcobalamin (Fig. 11.5(b)).

OH OH
H/H H
0 .
CH 2 adenine CH3
|
a) , b)

Fig. 11.5 — Simplified representation of the B, coenzymes: (a) 5'-deoxyadenosylcobalamin;
(b) methylcobalamin (for detailed structure, see Fig. 11.4).

5’-Deoxyadenosylcobalamin acts as a coenzyme for a variety of transfer reactions,
usually those of an intramolecular kind, in animals and bacteria. An example is the
reaction catalysed by methylmalonyl-CoA mutase:

H

HQC - CHCHQCOgH g H3CCH.CH2C02H
....... . |
CoAs € c=0
; I
O: SCoA

propionyl-CoA methylmalonyl-CoA
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There is evidence, as with all reactions of this type, that the hydrogen atom is
transferred via the coenzyme.

Methylcobalamin acts as a coenzyme in several methyl transfer reactions, e.g. in
the conversion of homocysteine to methionine in some bacteria and mammals:

+ +
NH, NH,4

N5-methyl-FH, + HS.CH,CH,.CHCO; -~ FH, + H;C.S.CH,CH,CHCO;

homocysteine methionine

The methyl group is transferred via the cobalt ion of B,: in other bacteria, as well as
in fungi and higher plants, this reaction does not involve B,.

The detailed mechanisms of action of 5’-deoxyadenosyl- and methyl-cobalamin
are not known for certain; they may well involve further changes in the oxidation
state of cobalt.

SUMMARY OF CHAPTER 11

Enzyme-catalysis can include, within a single reaction mechanism, acid—base,
electrostatic and covalent catalysis as well as proximity effects, orbital steering and
stress/strain factors. In this way the total free energy of activation required for the
reaction to proceed is reduced and also spread out over several stages. The free
energy requirement for each stage may be provided in some way from the energy
made available by collisions between the enzyme—substrate complex and solute
molecules.

Some enzymes can catalyse reactions without requiring cofactors. Other enzymes
require the presence of metal ions for full catalytic activity: these ions can play a
structural role or act as catalysts in a variety of ways. Coenzymes are also required by
many enzymes, in some cases in addition to metal ions: coenzymes usually play a
catalytic role.
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The binding of ligands to proteins

12.1 INTRODUCTION

In this chapter we will discuss the binding of ligands to monomeric and oligomeric
proteins. Anything which binds to an enzyme or other protein is a ligand, regardless
of whether or not it is a substrate and undergoes a subsequent reaction. Here, in
general, we will be considering binding processes where no subsequent reaction is
taking place, e.g. the binding to a protein of a non-substrate, or of a substrate for a
two-substrate reaction in the absence of the second substrate. However, we will
briefly consider what effects the binding characteristics might have on the kinetics of
a subsequent reaction. We will also take into consideration the possibility of
interaction between binding sites, particularly in the case of oligomeric proteins
where there are several identical binding sites for the same ligand (i.e. one on each
identical sub-unit).

12.2 THE BINDING OF A LIGAND TO A PROTEIN HAVING A SINGLE
LIGAND-BINDING SITE

Consider the binding of a ligand (S) to a protein (E), according to the following
reaction: "

E+S=ES
The binding constant
[ES]
K. =
° [EIS]

(note that K, = 1/K,). _
The fractional saturation, Y, of the protein is given by:

_[Es]  [ES]  KJEISI  KulS]
" [Eo]l [ES]+[E] Ku[E][S]+[E] Ky[S]+1

~i
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From this, it can be seen that a plot of ¥ against [S], at constant [E], will be
hyperbolic (Fig. 12.1).

Tv

sl
—_—

Fig. 12.1 — Graph of fractional saturation (Y) against ligand concentration, [S], at fixed
concentration of a protein having a single binding site for S.

Let us now consider the situation where the binding of S to E is the first step in a
process whereby a product P is formed. If the reaction proceeds under steady-state
conditions, where [Sg] > [Eg] and [S]=[S,], then [ES] does not vary with time and, in
the most straightforward system, v, is proportional to [ES]. Under these conditions,

Vmax_ [EO] =Y

so a graph of v, against [Sy] will be the same shape as that of Y against [S], i.e.
hyperbolic. This hyperbolic relationship between v, and [Sy] under steady-state
conditions is, of course, predicted by the Michaelis-Menten equation (see sections
7.1.1 and 7.1.2).

If, on the other hand, the reaction proceeds in a way which is not consistent with
all of the assumptions made in the derivation of the Michaelis-Menten equation,
then the kinetic characteristics of the reaction will not usually run parallel to the
binding characteristics.

12.3 COOPERATIVITY

If more than one ligand-binding site is present on a protein, there is a possibility of
interaction between the binding sites during the binding process. This is termed
cooperativity.

Positive cooperativity is said to occur where the binding of one molecule of a
substrate of ligand increases the affinity of the protein for other molecules of the same
or different substrate or ligand.
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Negative cooperativity occurs when the binding of one molecule of a substrate of
ligand decreases the affinity of the protein for other molecules of the same or
different substrate or ligand.

Homotropic cooperativity occurs when the binding of one molecule of a substrate
or ligand affects the binding to the protein of subsequent molecules of the same
substrate or ligand (i.e. the binding of one molecule of A affects the binding of
further molecules of A).

Heterotropic cooperativity occurs when the binding of one molecule of a substrate
or ligand affects the binding to the protein of molecules of a different substrate or
ligand (i.e. the binding of one molecule of A affects the binding of B).

Cooperative effects may be positive and homotropic, positive and heterotropic,
negative and homotropic or negative and heterotropic. Allosteric inhibition (section
8.2.7) is an example of negative heterotropic cooperativity and allesteric activation
an example of positive heterotropic cooperativity.

12.4 POSITIVE HOMOTROPIC COOPERATIVITY AND THE HILL
EQUATION

Let us consider the simplest case of positive homotropic cooperativity in a dimeric
protein: there are two identical ligand-binding sites, and when the ligand binds to
one, it increases the affinity of the protein for the ligand at the other site, so the
reaction sequence is:

slow

M2+S —> Mzs

rapid
Mzs +S — M2Sz

(where M is the monomeric sub-unit, termed a protomer, and M, is the dimeric
protein).

If the increase in affinity is sufficiently large, M,S will react with S almost
immediately it is formed; under these conditions, [M,S,] > [M,S] and

[MaS2]

[(M2)o] ~

where [(M,),] is the total concentration of dimer present. Also, a graph of Y against
[S] will be sigmoidal (S-shaped) rather than hyperbolic (Fig. 12.2).

For complete cooperativity, where each protein molecule must be either free of
ligand or completely saturated, the reaction may be written

M, +2S=M,S,
The binding constant of this reaction is given by the expression
RS

T [M][SP

Y=
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T?

(s]
—

Fig. 12.2 — Graph of Y against [S], at fixed protein concentration, where the binding shows
positive homotropic cooperativity.

from which

K[SF
1+ Ky[S]?
Alternatively, taking logs,

[M,S,] [M,S,]
ot K,+2 ogis1=tog (") =1 (i)

In the general case of complete positive homotropic cooperativity of a protein with n
identical binding sites, this becomes

[Mﬂsﬂ] }_,
o2 Ko ot =10 (g ) =t (=)

1_]=

This is called the Hill equation, after its deriver. If it is obeyed, a graph of log
[Y/(1 - Y)] against log[S] will be linear with slope = # and intercept = log K;,. Such a
graph is called a Hill plot, and its experimentally determined slope is known as the
Hill coefficient and given the general symbol & (Fig. 12.3).

o2 =

slope=Hill coefficient=h

\intercept =log Ky

7
”
-

- logls]
Fig. 12.3 — The Hill plot of log [Y/(1 — Y)] against log [S], at fixed protein concentration,
where the binding shows positive homotropic cooperativity.
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At values of Y below 0.1 and above 0.9, the slopes of Hill plots tend to a value of
1, indicating an absence of cooperativity. This is because at very low ligand
concentrations there is not enough ligand present to fill more than one site on most
protein molecules, regardless of affinity; similarly at high ligand concentrations there
are extremely few protein molecules present with more than one binding site
remaining to be filled.

The Hill coefficient is therefore taken to be the slope of the linear, central portion
of the graph, where the cooperative effect is expressed to its greatest extent (Fig.
12.3). For systems where cooperativity is complete, the Hill coefficient (%) is equal to
the number of binding sites (n). Proteins which exhibit only a partial degree of
positive cooperativity may still give a Hill plot with a linear central section, but in
such cases A will be less than 7, and the linear section is likely to be shorter than that
for a system where cooperativity is more nearly complete.

In the case where S is a substrate and the reaction proceeds to yield products in
such a way that the Michaelis—-Menten equilibrium assumption is valid, then initial
velocity is proportional to the concentration of enzyme-bound substrate, i.e.
vy o< [MS], and

ve [MS] _
Vomr Mo

(where [MS] is the number of substrate-bound sub-units present per unit volume,
and [My] is the total number of sub-units per unit volume, i.e. [My] = [M] + [MS]).
Under these conditions,

? Vg

1-Y Vinax — Vo

so a Hill plot of

log
°8 Vmax_ )

against log [So] may be substituted for the one shown in Fig. 12.3. The slopes of the
two graphs will have the same value and meaning. Note that although the
relationship

Vo
Vm ax

may be assumed valid for systems involving monomeric enzymes under general
steady-state conditions, the same is not true for the more complicated systems
involving oligomeric enzymes; in the latter case,

Y =

Vo
Vm ax

only if the binding process is at or very near equilibrium.

Y=
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One of the main problems in constructing a Hill plot from kinetic data is to obtain
an accurate estimate of V,,,,: this is particularly true for cooperative systems, since
the primary plots (sections 7.1.4 and 7.1.5) are not linear. Nevertheless, an estimate
of V.., can be obtained from an Eadie-Holstee or other plot, enabling a Hill plot to
be constructed and a Hill coefficient (k) determined. The primary plot can then be
redrawn substituting [S]" for [S], which should give more linear results and a more
accurate estimate of V.. If this differs markedly from the initial estimate of V.,
the Hill plot should then be redrawn, incorporating the new (and better) estimate of
VmaX'

12.5 THE ADAIR EQUATION FOR THE BINDING OF A LIGAND TO A
PROTEIN HAVING TWO BINDING SITES FOR THAT LIGAND

12.5.1 General considerations

Let us now investigate the binding of a ligand to a protein having a number of
identical binding sites for that ligand, making no assumptions at all about cooper-
ativity. The intrinsic (or microscopic) binding constant, K, for each site is defined as
the binding constant which would be measured if all the other sites on the protein
were absent. Since all the sites are identical in the example we are considering, each
will have the same Kj,. However the actual, or apparent, binding constant for each
step of the reaction will not be the same. In the case of a dimeric protein (M,) having
two identical binding sites for a ligand (S):

M, + S=M,S apparent binding constant = K, ;
M,S + S=M,S, apparent binding constant = K,

Note that Ky,; and K, depend solely on the position in the reaction sequence and do
not refer to any particular binding site.
Fractional saturation,

number of protomers per unit volume which are bound to ligand

Y= .
total number of protomers per unit volume

[MS] [MS]
“M,]  [MS+M]

However, there are no isolated protomers present: they are part of the dimeric
protein. Hence it is necessary to express Y in terms of the various protein-ligand
complexes which are actually present.

The species M, consists of two protomers, both unbound;
the species M,S consists of one bound and one unbound protomer; and
the species M,S, consists of two protomers, both bound.

Therefore, the total concentration of ligand-bound protomers present ([MS]) is
given by [MS]=[M,S] + 2[M,S,]. Similarly, the total concentration of unbound
protomers present ([M]) is given by [M] = 2[M,] + [M,S]. Also,
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[MS] + [M] = [M,S] + 2[M,S,] + 2[M,] + [M,S]

=2([M;] + [M,S] + [M,S;])
_ [MS] [M,S] +2[M,S,]
Y T IMSTF M T 20M,] + [MoS] + [M5S5)
By definition,

Ky, = [ﬂé]_ s0  [MS] = K [M,][S]
[M][S] °
Also,
., s

[MoS][S]

Substituting for [M,S] and [M,S,] in the expression for Y obtained above,
K1 [ML][S] + 2Ky Kio[ML][ST?

2([M3] + K1 [M][S] + Ky Kia[M][S]?)

_ Ky[S]+2Kp Kpo[S)?

~ 2(1 + Ky [S] + Ko Kl SP)

so  [M5S;] = Kix[M,S][S] = K,y sz[le[S]2

?:

[Ch. 12

This is the Adair equation (see section 12.9) for the binding of a ligand to a dimeric

protein.

12.5.2 Where there is no interaction between the binding sites

Let us now look at the relationship between the intrinsic and apparent constants
where there is no interaction between the binding sites. We will compare the reaction
for the dimer with that for the hypothetical isolated protomer under identical
conditions of molar concentration, assuming that each binding site behaves in an

identical manner, regardless of its surroundings.
The first step in the reaction involving the dimer is

M, + S=M,S (binding constant Ky;)
whereas the reaction for the promoter is
M + S=MS (binding constant Ky).

In diagrammatic form, these reactions can be written:

a

dimer M, S

G e - e

protomer S MS

1
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In the forward direction, the dimer has two free binding sites whereas the isolated
protomer has only one. Therefore, the ligand is two times more likely to bind to a
molecule of the dimer than to a molecule of the isolated protomer. In the reverse
direction in both cases there is only one site from which S can dissociate, i.e. that to
which it is attached. Hence there is no difference between the rates of dissociation of
the dimer and the isolated protomer. Taking the forward and back reactions
together, we see that Ky, = 2K,,.
The second step in the reaction involving the dimer is

M,S + S=M,S, (binding constant K, )

In diagrammatic form, this is:

o (s %
or + =
(s 3
M,S M,S S M,S,

while for the isolated protomer we again have

G eoa - G

M S MS

In the forward direction, both the dimer and the hypothetical isolated protomer have
one free binding site and so the ligand is equally likely to bind to either. In the reverse
direction, there are two sites in the dimer from which S can dissociate, but only one
on the isolated pratomer. Hence a molecule of ligand is twice as likely to dissociate
from a molecule of dimer M,S, than from a molecule of protomer MS. Therefore, for
the overall reaction, K, = K,,.

If we substitute these relationships in the general equation for Y (section 12.5.1).

2Ky[S] +2.2K,, 1K, [S]?

Y= 2(1 + 2K,[S] + 2K, [SP)

_ KuISI+ KRS Ke[SI(1 +K[S])
C(L+2K,[S]+KZSP)  (1+K[S])?

_ Ky[S]
1+ K,[S]
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This is identical to the expression obtained for a protein with a single ligand-binding
site, which gives a hyperbolic plot of Y against [S] (section 12.2). In general, for the
binding of a ligand (S) to a protein having several identical binding sites for the
ligand, a hyperbolic plot of Y against [S] will be obtained provided there is no
interaction between the binding sites. If this binding is the first step in a process by
which S is converted to a product in such a way that the equilibrium assumption is
valid and v, [MS], then a plot of v, against [Sy] will also be hyperbolic. This
conclusion has already been stated (in section 7.1.3); here we have seen the
justification for that statement.

One further relationship can be obtained for the reaction involving the binding of
aligand to a dimeric protein with no interaction between the binding sites. From the
above discussion, K,; = 2K, and K,, =3K},. Hence K,,;=4Ky;.

12.5.3 Where there is positive homotropic cooperativity
If the binding of the first molecule of the ligand increases the affinity of the protein for
the ligand, the second step of the binding process will be faster than it is in the
situation where there is no interaction between the binding sites, i.e. where
Kp1 = 4Ky;. ,
Hence for positive homotropic cooperativity, K,; <4K,,. According to the
Adair equation, this relationship results in a sigmoidal plot of Y against [S] being
.obtained (see Fig. 12.4(a)); the sigmoidal character of the curve is more marked the
greater the degree of cooperativity.
When cooperativity is complete

Ky[ST
" 1+ K,[SP?

where K, in this case is the binding constant for the overall process M, + 2S =M,S,
(see section 12.4).

12.5.4 'Where there is negative homotropic cooperativity
Negative cooperativity results in the second step of the binding process being slower
than it would be if there were no interaction between the binding sites. Hence, for

Tv no cooperativity T 1

negative
cooperativity _

negative
cooperativity

A positive
/ cooperativity

positive
Cooperativity

[s)

‘_.

a) b)

l
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negative
(S cooperativity . -
Y -

-<|E

positive
. cooperativity

posmve
cooperativity

no cooperativity

negatlve, e

—_NO__. .
cooperativity \ cooperativity

(sl

<t

]

c) { ]; d)

Fig. 12.4 — Plots of (a) Y against [S], (b) /Y against 1/[S], (c) ¥ against Y/[S] and (d) [S}/Y
against [S], all at constant [E,], showing the effects of positive and negative homotropic
cooperativity.

negative homotropic cooperativity, Ky,; > 4K,,. In this case, a plot of Y against [S]is
neither sigmoidal nor a true rectangular hyperbola (see Fig. 12.4(a)).

12.6 THE ADAIR EQUATION FOR THE BINDING OF A LIGAND TO A
PROTEIN HAVING THREE BINDING SITES FOR THAT LIGAND

For a trimeric protein (M3) having three identical binding sites for a ligand (S), there
are three steps in the binding process:

M;+S—=M,S (apparent binding constant Ky,)
M;S + S=M,S, (apparent binding constant K, )
M;S, + S=M;S; (apparent binding constant K, ;).

Using reasoning exactly as for the dimeric protein in section 12.5,
K:1[S] + 2Ky Ka[S]? + 3Ky Kiy Ko SP

Y = -
3(1 + Ky[S] + Kipy Ko S]? + Ky Koz Kia[S])

This is the Adair equation for a trimeric protein.
If there is no interaction between the binding sites,

Kbl = 3Kb7 sz = Kb and Kb3 = %Kb

Hence Ky, = 3K, and Ky, = 3K,,3, and the Adair equation reduces, as before, to
K[S]

)
1+ Ky[9]
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If there is positive homotropic cooperativity,
Ky <3Ky, and K, <3Kg3

and, if cooperativity is complete, the Hill coefficient (k) = 3.
If there is negative homotropic cooperativity,

Kbl > 3Kb2 and sz > 3Kb3

12.7 THE ADAIR EQUATION FOR THE BINDING OF A LIGAND TO A
PROTEIN HAVING FOUR BINDING SITES FOR THAT LIGAND

A tetrameric protein (M,) having four identical binding sites for a ligand (S) will have
four steps in the binding process, with apparent binding constants K, K,,, K3 and
Kb4'

The Adair equation for a tetrameric protein is found to be

Ky1[S] + 2Ky Ko S] + 3Ky1 Kipy K[ S + 4K Koo Kips K[ S]*

Y =
4(1 + K [S]+ Kyp1 Ko SI + Ky Kiz Kus[SPP + Kiy Kz Koz Koa[S])

If there is no interaction between the binding sites,
Ky =4K,, Ky, =’32Kba K3 =’.2§Kb, and Ky, =21Kb

Under these conditions, Ky =$Ky,,, Ky, =3Ky3, Ki3 =$K,,, and the Adair equation
again reduces to

If there is positive homotropic cooperativity,
Ky <3Kpp, Ky <3Kps and  Ki3<$Kps

and if the cooperativity is complete, the Hill coefficient (k) = 4.
If there is negative homotropic cooperativity,

Ko >3Kys, Kpp>9Kys and  Ky3>3$K,,

12.8 INVESTIGATION OF COOPERATIVE EFFECTS

12.8.1 Measurement of the relationship between Y and [S]

If there is some measurable difference between a ligand in its free and protein-bound
forms, or between the free protein and the protein-ligand complex, then the
relationship between fractional saturation (Y) and free ligand concentration ([S]) is
relatively easy to determine. For example, as mentioned in section 9.4.2, there is a
difference in absorbance at 350 nm between free NADH and NADH bound to
alcohol dehydrogenase; hence it is possible to investigate the binding of NADH to
this enzyme at different NADH concentrations in the absence of all other substrates.



Sec. 12.8] Investigation of cooperative effects 241

Other methods for the investigation of ligand-binding to protein include the
observation of changes in the fluorescence or nmr spectra, or the measurement by
ion-selective electrodes of the loss of free ligand as binding takes place.

In general, for an oligomeric protein (E, or M,) having n identical and non-
interacting binding sites for a ligand (S),

_ KlS]
T 1+ K,[S]

This is valid where M, and S are at or near equilibrium, regardless of whether or not a
product is being formed, since in either case, [S] and [MS] may be assumed constant
(section 12.5.2). If possible, it is best to investigate under conditions where
equilibrium can be ensured, e.g. to determine the binding characteristics for one
substrate or a multi-substrate reaction in the absence of the other substrates: this
minimizes the assumptions being made and excludes possible heterotropic effects.

This relationship between Y and [S] in the absence of cooperativity is the
equation of a rectangular hyperbola, like the Michaelis—-Menten equation derived in
section 7.1. As with the Michaelis—Menten equation, it is possible to manipulate the
binding equation to obtain linear relationships between variables: if the equation is
obeyed, linear plots are obtained of 1/Y against 1/[S], Y against Y/[S] and [S}/Y
against [S] (exactly analogous to the Lineweaver-Burk, Eadie-Hofstee and Hanes
plots of section 7.1). These are shown in Fig. 12.4.

Where positive homotropic cooperativity occurs, a sigmoidal plot of Y against [S]
is obtained; the other plots are non-linear, as shown in Fig. 12.4. In general, it is
considered that departures from linearity are more obvious on Eadie—Hofstee and
Hanes-type plots than on those of the Lineweaver-Burk type.

Where negative homotropic cooperativity occurs, the plot of Y against [S] is
neither sigmoidal nor a rectangular hyperbola, although it could easily be mistaken
for the latter. For this reason, it is essential to investigate the other relationships, the
plots for negative cooperativity being non-linear and of the opposite curvature to
those for positive cooperativity (Fig. 12.4). '

12.8.2 Measurement of the relationship between v, and [Sy]

If S is a substrate and reacts to form products in such a way that the binding process

remains at or near equilibrium, then [MS] is constant, v, is proportional to [MS] and
Yo

Vmax

Y=

Under these conditions and provided [So] > [E ], kinetic data may be used to plot the
graphs shown in Fig. 12.4, with v, replacing Y and [S,] replacing [S]. The conclusions
would be unchanged.

This gives a more versatile way of investigating cooperative effects, for only a
limited number of binding processes can be monitored directly by the use of
spectroscopy or ion-selective electrodes. However, more assumptions are involved,

and complexities in the kinetic mechanism could give misleading results (see section
13.5).
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12.8.3 The Scatchard plot and equilibrium dialysis techniques
For systems where a single ligand (S) binds to an oligomeric protein (E, or M,)
having n identical and non-interacting binding sites for that ligand,

[MS] Ky[S]
[MS]+[M] 1+ K[S]
~[MS] + [MS]K[S] = K,[S][MS] + Ky[S][M]

Y=

(see section 12.5)

[MS] [MS]
* T IMI[S]~ (M) - [MS])[S]
[—ME]- = K [M] — K,[MS]
[S] b

Scatchard (1949) pointed out that, under these conditions, a graph of [MS]/[S]
against [MS] will be linear, with characteristics as shown in Fig. 12.5. Note that, since
Y =[MS]/[M,], this is basically a plot of the Eadie-Hofstee type (Fig. 12.4(c)), with
the axes reversed.

(MS)

intercept= Kb[MOJ =Kp.nlE)
{s]

~ N positive
-~ ¥ cooperativity
N

no cooperativity
\\ [slope = —Kb]

negative
cooperativity

\\\ intercept=[MJ=n [Eol

LMS]
—_—

Fig. 12.5 — Scatchard plot of [MS]/[S] against [MS], at fixed [E,)], showing the effects of positive
and negative cooperativity.

The Scatchard plot may be used to determine the type of cooperativity, and also
the number of binding sites, from the results of equilibrium dialysis studies: a
solution of protein of known concentration ([Ey] = [(M,)¢]) is dialysed against a
solution of ligand of known concentration ([Sy]) and allowed to come to equilibrium.
(Note that this limits the use of such investigations to systems where binding is not a
prelude to product formation, and to systems where both protein and ligand are
stable for several hours.) The ligand will be able to pass freely through the dialysis
membrane, but the protein will be trapped within its compartment (e.g. dialysis
bag). The concentration of free ligand outside the protein compartment can be easily
determined at any time, and at equilibrium it should be equal to the free ligand
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concentration within the protein compartment (= [S]) (Fig. 12.6). Radioactive
labelled ligands are often used for equilibrium dialysis experiments, since they result
in greater sensitivity being obtained.

dialysis membrane
T 1 Protein
:[Msl "fgompartment

LSE s

. J

Fig. 12.6 — Diagrammatic representation of an equilibrium dialysis experiment, showing the
concentrations present in the two compartments at equilibrium.

If the volume of liquid within tke protein compartment is negligible compared to
the total volume of liquid present, then [S] = [So] — [MS], from which [MS] may be
calculated. Alternatively, and without making this assumption, the total ligand
concentration within the protein compartment ( = [MS] + [S]) can be determined,
and [MS] calculated as the difference between this and the total ligand concentration
outside the protein compartment (= [S]).

For example, the binding of NADH to lactate dehydrogenase has been investi-
gated by these techniques: it is found that there is no interaction between the binding
sites on the four sub-units. The location of this binding site is shown in Fig. 12.7, the
adenine component binding to tyrosine-85 and nicotinamide to lysine-250.

NHg

binding-site

Fig. 12.7 — A simplified representation of the three-dimensional structure of one of the four

identical sub-units of dogfish muscle lactate dehydrogenase as revealed by the X-ray diffraction

studies of Adams, Rossmann and colleagues (1972). (Conventions as for Fig. 2.8). The loop

which comes towards the reader left of residue 85 closes over the NAD after substrate-binding.
Areas of contact with the three other sub-units are indicated by arrows.
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Similar results to those obtained in equilibrium dialysis experiments may be
obtained by the use of ultracentrifugation or gel filtration techniques, both of which
involve moving an initially ligand-free protein through a solution of ligand and
observing the changes which take place as it binds ligand.

12.9 THE BINDING OF OXYGEN TO HAEMOGLOBIN

The stimulus for much of the work described in Chapter 12 was experimental
evidence regarding the binding of oxygen to haemoglobin. In 1904, Bohr and co-
workers showed that if the fractional saturation of haemoglobin with oxygen was
plotted against the partial pressure of oxygen gas (equivalent to the concentration), a
curve was obtained which was clearly sigmoidal.

Hill (1909) explained this on the basis of interaction between binding sites causing
positive cooperativity. At that time it was known that each haem (iron pro-
toporphyrin) group bound one oxygen molecule, and Hill correctly suggested that
each haemoglobin sub-unit contained one haem group, but it was not known how
many sub-units made up the oligomeric protein. Hill assumed that cooperativity was
complete, so if there were n sub-units in the haemoglobin molecule, the overall
reaction was

Hb +#0,=Hb (0,), .

On this basis he derived the Hill equation (section 12.4) and found the Hill
coefficient (/1) to be about 2.8.

It was subsequently shown that there were four binding sites to each haemoglobin
molecule, so cooperativity was far from complete. Adair (1925) then developed the
theory of ligand binding to protein which was described in general terms in section
12.5: he saw that oxygen molecules could bind to a haemoglobin molecule in four
separate steps, each with a different apparent binding constant, and derived the
Adair equation for a tetrameric protein; he also showed what the relationship
between the apparent binding constants must be to explain positive cooperativity.

Results from X-ray diffraction studies, reported by Perutz and co-workers in
1960, showed that the four binding sites are in very similar environments, so the
assumption that they behave identically is a reasonable one. However, these studies
also showed that the four haem groups are completely spatially separate in the
molecule, so direct interaction between the binding sites is impossible. It seems
likely, therefore, that the mechanism of cooperativity involves interactions between
sub-units at places other than the binding sites.

All four C-terminal amino acid residues, and possibly some others, form
electrostatic linkages with groups on other sub-units in the oxygen-free molecule
(deoxyhaemoglobin), but not in the fully oxygenated molecule (oxyhaemoglobin).
Conformational changes also take place as the oxygen binds to the haemoglobin
molecule, the binding site on each sub-unit being a Fe(II) atom attached to a
histidine residue and to the four pyrrole groups of a protoporphyrin ring. In the
unbound form, the Fe atom is too large to fit into the hole in the centre of the
porphyrin ring, so lies about 0.75 A out of the plane of this ring; when oxygen fills the
vacant sixth coordination position of the Fe atom it decreases the atomic radius,
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enabling the metal atom to move into the plane of the porphyrin ring. This it
proceeds to do, pulling the histidine residue after it and so altering the tertiary
structure of the sub-unit. The tyrosine adjacent to the C-terminus is forced out of a
pocket between two helical regions, where in deoxyhaemoglobin it plays a role in
stabilizing the tertiary structure, and with it moves the C-terminal amino acid. As a
result, the electrostatic linkages with other sub-units are broken and a less con-
strained (or more relaxed) conformational state is assumed.

Although it is still not entirely clear how this facilitates oxygen binding to other
sub-units, one relevant factor is that the breaking of some electrostatic interactions
between sub-units when the first molecule of oxygen binds means that there are
fewer such interactions remaining to be broken when subsequent molecules bind, so
these processes are energetically more favourable than the first.

SUMMARY OF CHAPTER 12

If there are several ligand-binding sites on a protein, it is possible that there could be
interaction between them: the binding of one ligand might increase or decrease the
affinity of another site on the protein for the same or a different ligand. Such
interaction between binding sites is called a cooperative effect: positive cooperative
effects increase affinity, while negative effects decrease it; homotropic effects
concern identical ligands, whereas heterotropic effects concern different ligands.

If the ligand is a substrate and goes on to give a product in such a way that the
Michaelis-Menten equilibrium assumption is valid, then initial velocity is pro-
portional to the concentration of enzyme-bound substrate and cooperative effects
are reflected in the Kinetics of the overall reaction; in the presence of cooperativity,
Michaelis-Menten plots will not be rectangular hyperbolae, and other primary plots,
e.g. those of Lineweaver-Burk and Eadie-Hofstee, will not be linear.

From initial studies on the binding of oxygen to haemoglobin, Hill derived an
equation relating fractional saturation to ligand concentration; this is strictly valid
only where positive homotropic cooperativity is total. Adair formulated an equation
which is of more general application; it is valid for any oligomeric protein which has
several identical binding sites for a particular ligand, since it makes no assumptions
about cooperativity.

Cooperative effects can be investigated by the use of spectroscopy to determine
fractional saturation, by equilibrium dialysis experiments in association with the
Scatchard pleot, or by kinetic studies under steady-state conditions.
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PROBLEMS

12.1 A single-substrate enzyme-catalysed reaction was investigated at.fixed total
enzyme concentration and the following results were obtained:
[So] (mmol1~Y) 1.0 1.67 2.0 25 33 50 100

vy (umol min~!) 1.10 1.43 1.54 1.75 2.00 2.56 4.00
Draw Michaelis-Menten, Lineweaver-Burk, Eadie-Hofstee and Hanes plots of
these data. Assuming the reaction was proceeding under steady-state conditions in
each case, what type of cooperative effect is indicated?

12.2 The following results were obtained during an investigation of the binding of a
ligand to a protein at fixed total protein concentration:

ligand concentration (mmol 17 !) 1.0 1.67 2.0 2.5 33 5.0 10.0
fractional saturation 0.06 0.14 0.19 0.24 0.35 0.53 0.80

What can you conclude about the binding of the ligand? Draw a Hill plot from these
data and determine the Hill coefficient.

12.3 An enzyme was dialysed against one of its substrates at a series of different
initial substrate concentrations. The system was allowed to come to equilibrium in
each case and the total concentration of substrate inside and outside the d1alys1s bag
was measured. The following results were obtained at equilibrium:

Total enzyme concentration Total substrate concentration
(mmol 171) (mmol 171)
inside dialysis bag outside bag inside dialysis bag outside bag

2.0 0 2.40 0.80
2.0 0 3.33 1.28
2.0 0 5.25 2.34
2.0 0 8.55 4.55
2.0 0 11.60 6.78
2.0 0 17.90 12.10
2.0 0 34.5 27.6

What can you deduce from these data about the binding of the substrate?
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Sigmoidal kinetics and allosteric enzymes

13.1 INTRODUCTION

In Chapter 12 we discussed how interaction between the ligand-binding sites of
oligomeric proteins could give rise to cooperative binding, and how this would be
reflected in departures from linearity of Lineweaver—Burk and similar plots if the
ligand was a substrate. This is an important consideration, for many enzymes are
oligomeric proteins made up of several identical sub-units or protomers. As we shall
see later (section 13.5), similar departures from linearity may be seen in the absence
of cooperative binding if the kinetic mechanism of the reaction is not straight-
forward. However, first we must consider in a little more detail how the cooperative
binding of ligand to protein may occur. How do the binding sites interact?

It appears that with most proteins, as with haemoglobin (section 12.9), binding
sites-are clearly separated and so cannot interact directly. Hence it seems that the
mechanism of cooperative binding must involve more general interactions between
sub-units and the occurrence of conformational changes. The simplest treatment
considers that each protomer can exist in two conformational forms: the T-form is
that which predominates in the unliganded protein, whereas the R-form pre-
dominates in the protein-ligand complexes. On the basis of the findings with
haemoglobin, the T-form may be taken to represent a tensed (or constrained) sub-
unit and the R-form a more relaxed one, but this is not necessarily always the case.

From this starting point, Monod, Wyman and Changeux (1965) and Koshland,
Némethy and Filmer (1966) have put forward models to account for cooperative
binding. These models do not give a detailed chemical explanation for cooperativity,
but they provide a framework within which the factors involved may be discussed.

13.2 THE MONOD-WYMAN-CHANGEUX (MWC) MODEL

13.2.1 The MWC equation
The MWC model is sometimes called the symmetrical model because it is based on
the assumption that, in a particular protein molecule, all of the protomers must be in
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the same conformational state: all must be in the R-form or all in the T-form, no
hybrids being found because of supposed unfavourable interactions between sub-
units in different conformational states. The two conformational forms of the protein
are in equilibrium in the absence of ligand, and the equilibrium is disturbed by the
binding of the ligand; this alone can be the explanation for cooperative effects.

Let us consider a dimeric protein having two identical binding sites for a substrate
or ligand (S). In the absence of ligand, there will be equilibrium between the two
conformational forms of the dimer (R,=T,), the equilibrium constant being termed
the allosteric constant and given the symbol L. The hybrid RT is held to be unstable
and ignored.

The ligand can bind to either of the sites on the R, molecule, each having an
intrinsic dissociation constant Ky. In the simplest form of the hypothesis, it is
assumed that S does not bind to T to any appreciable extent. Therefore, the only
processes which need to be considered (apart from any subsequent reaction to form
products) are:

R,=T, (equilibrium constant L),
R, +S=R,S (intrinsic dissociation constant K),

R,S + S=R,S, (intrinsic dissociation constant Kp).

In diagrammatic form this may be written:

M- - 3 - 00

T, R, R,S,

Let us apply exactly the same logic to this sequence of reactions as we applied in
section 12.5: again we are considering the binding of a ligand to a dimeric protein, but
on this occasion we have the extra complication of two conformational forms. We
will assume that the binding of one molecule of S to R, does not alter the affinity of
the other binding site for S.

The concentration of bound sub-units present =[R,S]+ 2[R,S,]. The total
concentration of sub-units present = 2[R,] + 2[R,S] + 2[R,S,] + 2[T,].

.. Fractional saturation Y =
[R5S] +2[R,S;] - [R,S]+2[R,S;]
2([Ra] + [RyS] + [RoS;] +[T2])  2([Rz] + [R2S) + [R2S;] + L[Ry))

For the first step of the binding process, R, + S&=R,S, the apparent binding constant
[R,S]

[Ro][ST
-~ [RoS] = Ky [R,][S]

Ky =




Sec. 13.2] The Monod—Wyman—Changeux (MWC) model 249
Since there are two unbound sites which may be filled in the forward reaction but
only one bound ligand to dissociate in the reverse reaction,

2

2
intrinsic dissociation constant Ky

K1 =2 X intrinsic binding constant =

Hence substituting for K, in the expression for [R,S] above,

2
[R>S] = i; [RA][S]
For the second step of the binding process, R,S + S=R,S,, the apparent binding
[R2S;]

constant K, = m
-+ [Ry8,] = Kip[R5S][S] = K1 Kip[Ro[SF

Since there is only one unbound site which may be filled in the forward reaction but
two bound ligand molecules to dissociate in the reverse reaction,

1 1

2 X intrinsic dissociation constant 2Kg

Ky, =1 X intrinsic binding constant =

Hence, substituting for Ky; and Ky, in the expression for [R,S,] above,
[Ro][S]?
(Kr)?
Now substituting for R,S and R,S, in the expression for Y above,
2[R,][S] N 2[R,][SP
Ky (Kr)?

2[R[S] [RL][SP
2([Ro] + [ Kl[ ]+[ (K]LJ +L[R,)

S (IS
K\ " Kn

L+ (1)’

2 1
[R,S,] = TR [R:][S]*=

Y =

Kgr

This is the Monod-Wyman-Changeux equation for a dimeric protein. It may
similarly be shown that for a protein consisting of n protomers, each with a binding
site for the substrate or ligand (S), the MWC equation is

E <1 [S])n—l
Ke \' " Ke

Y=
L+<1+%)
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According to this equation, the greater the value of L, the more sigmoidal a plot of Y
against [S]. If L =0, a hyperbolic curve is obtained; a hyperbolic curve is also
obtained, as would be expected, for a monomeric protein, i.e. where n =1, and for
the situation where the substrate can bind equally well to the R and the T
conformational forms.

13.2.2 How the MWC model accounts for cooperative effects

The MWC equation is consistent with a sigmoidal binding curve, even though its
derivation assumes that the binding of one molecule of ligand does not affect the
affinity for the ligand of other binding sites on the molecule. The explanation for the
cooperative effects lies in the R,/T,, equilibrium.

When L is large, this equilibrium is in favour of the T,, form in the absence of
ligand. If ligand is introduced, but at very low concentrations, there will not be
enough present to react significantly with the small amounts of R,, present, so very
little formation of R .S, R, S, and the other liganded species of protein will take place.
At higher ligand concentrations, however, there will be enough ligand present to
force formation of significant amounts of R, S, R,.S, etc.; thus, some free R, will be
removed from the system, thereby disturbing the R,/T, equilibrium and causing
more R,, to be formed from T,,. This freshly formed R,, can also react with ligand,
resulting in yet more formation of R, S, RS, and the other liganded forms. Hence
the T,, species can be regarded as a reservoir of R, which only becomes available
when the ligand concentration is high enough to cause the formation of appreciable
amounts of protein-ligand complex; there will be a surge in the binding curve in the
region of the critical ligand concentration.

At still higher ligand concentrations, more of the reservoir of protein will be
utilized, and this process will continue until a ligand concentration is reached which is
high enough to force conversion of all T, to R,;; at this point the protein will be fully
saturated with ligand.

Thus the overall binding curve will be sigmoidal, a characteristic of positive
homotropic cooperativity; it will be apparent from the above that the MWC model
cannot explain negative homotropic cooperativity.

13.2.3 The MWC model and allosteric regulation

One of the main reasons for the introduction of the MWC model was an attempt to
explain the phenomena of allosteric inhibition and activation: Umbarger (1956) first
found that isoleucine could inhibit threonine dehydratase, an enzyme involved in its
biosynthesis in bacteria; other similar examples of end-product inhibition, and also of
allosteric activation, were soon reported. In 1963, Monod, Changeux and Jacob put
forward the allosteric theory of regulation: they pointed out that these naturally
occurring metabolic regulators (also called effectors and modifiers) generally do not
resemble the substrate in structure, so are likely to bind to the enzyme at a separate
site and affect the binding of the substrate by heterotropic cooperativity. The word
allosteric was originally used to stress the difference in shape between regulator and
substrate (allo meaning other); since then it has been used loosely to describe any
kind of cooperative effect, homotropic as well as heterotropic.
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According to the MWC model, allosteric inhibitors bind to the T-form of the
enzyme, stabilizing it and thus increasing the value of L. Allosteric activators have
the opposite effect, binding to and stabilizing the R-form and decreasing the value of
L. In either case, the binding of the modifier to one of the forms of the enzyme will
disturb the R/T equilibrium and therefore show some degree of sigmoidal character
if investigated in the absence of substrate. Enzymes subject to allosteric control may
fit into either of two categories: they may be K-series or V-series enzymes.

K-series enzymes are those where the presence of the modifier changes the
binding characteristics of the enzyme for the substrate but does not affect the V,,, of
the reaction. The term K, has no real meaning for an allosteric enzyme, particularly
if the binding rather than the kinetic properties are being considered: a more
appropriate term is S s, which is the ligand concentration required to produce 50%
saturation of the protein. For a K-series enzyme, (Sg s)substrate, 1-€- the substrate
concentration required to half-saturate the enzyme, varies with the concentration of
modifier. The MWC hypothesis is that the substrates of such enzymes bind preferen-
tially to the R-form, giving a sigmoidal binding curve as discussed in section 13.2.1;
the subsequent reaction is straightforward, so the shape of the Michaelis-Menten
plot is determined simply by that of the binding curve. Allosteric inhibitors, by
increasing the value of L, increase the sigmoidal nature of the binding curve for
substrate; thus they decrease the fractional saturation of an enzyme with its substrate
at low and moderate substrate concentrations, decreasing the value of v, under these
conditions (Fig. 13.1). Allosteric activators, on the other hand, tend to increase the
hyperbolic nature of the substrate binding curve. In each case, the degree of
allosteric effect depends on the concentration of modifier, but the value of V., is not
affected.
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activator _ _ _ ——==
4 - ” ' -7
I 7
/ /
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Fig. 13.1 — Effect of allosteric activators and inhibitors on the binding of a substrate to a
K-series enzyme, at fixed concentrations of modifier and enzyme.

V-series enzymes are those where the presence of a modifier results in a change in

the V., but not in the value of the apparent K, (or So.5) for the substrate; the
-binding curve (and Michaelis-Menten plot) for the substrate at constant modifier
concentration is a rectangular hyperbola, but the binding curve for the modifier itself
is sigmoidal. This can be explained, according to the MWC model, if the substrate
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can bind equally well to the R- and T-forms of the enzyme, but the reaction catalysed
by the R-form is faster than that catalysed by the T-form. V-series enzymes are much
less common than K-series enzymes, but Tipton and colleagues (1974) have shown
that possible examples include fructose-1,6-bisphosphatase, of which AMP is an
allosteric inhibitor, and pyruvate carboxylase, activated by acetyl-CoA.

Enzymes are also likely to exist in which the R- and T-forms have different
affinities for the substrate and also catalyse the reaction at different rates; in this case,
allosteric modifiers would affect both the V., and apparent K, values.

13.2.4 The MWC model and the Hill equation
For the MWC model where the substrate binds only to the R-form of the enzyme, the
fractional saturation, as we saw in section 13.2.1, is given by the expression

51, 18
Kr Kr
L+(1+ Iy
Kr
If L is very large, most of the enzyme will usually be in a form (T) which will not bind

S, keeping free [S] relatively high. Also, if it is the R-form that binds S, Ky will be
relatively low. Hence [S]/Ky will tend to be large, so

. 18h 81
Kg KR

Under these conditions,
&) &

Kr KgL

5] ST
L+ (KR) Lo

Y=

Y=

However, Kg, L and n are all constant, so 1/(Kg L) = constant( = K").
KI[S]H
1+K'[S]"

Y=

This is a form of the Hill equation (see section 12.4) and implies that, if L is
sufficiently large, the only enzyme species present are T,,, R, and R, S,,.

Hence, if a Hill plot of log [Y/(1 — Y)] against log[S], or of log[vy/(Vmax — Vo)]
against log[Sy], is drawn from experimental data and the Hill coefficient (%) is found
to be equal to the number of binding sites (), as determined by an independent
experiment, then this series of assumptions must be valid for the system under
investigation. A value of & = n will therefore imply that the MWC model is operating
in this instance, that S does not bind to the T-form of the enzyme and that L is very
large; no other model has been proposed which is consistent with the Hill equation.
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In the simple system discussed in section 12.4, a value of A<<n was taken to imply
that cooperativity was not complete; in the slightly more complicated system being
considered here, a value of h<n would indicate that one (or more) of the assump-
tions made above was not valid for the enzyme under study. It would not in itself
exclude the possibility that the MWC was operating because, for example, the value
of L might not be large enough to enable a Hill-type equation to be obtained. Since
allosteric inhibitors are assumed to increase the value of L, it is common for the Hill
coefficient to be determined in the presence of an allosteric inhibitor, so that the best
indication as to whether or not the MWC model is operating may be obtained. For
example, Scarano and co-workers (1967) showed that, for the reaction catalysed by
donkey spleen deoxycytidine monophosphate deaminase,

dCMP + H,0 = dUMP + NH,

the Hill coefficient in the presence of the allosteric inhibitor dTTP is 4. From other
evidence it was known that there are four binding sites for dCMP, so it was concluded
that the MWC model operates for this reaction.

According to this model, the limiting value of 4 is n, this being obtained when the
substrate binds only to the R-form of the enzyme and where L is very large; a value of
h > n should never be obtained.

13.3 THE KOSHLAND-NEMETHYL-FILMER (KNF) MODEL

13.3.1 The KNF model for a dimeric protein
The KNF model differs from the MWC one in that it does not exclude hybrids
between the two conformational forms of the protein. Therefore, for a dimeric
protein where each protomer can exist in R- and T-forms, the species R,, T,, R,S,
R,S,, R. TS, RS.TS, T,S and T,S, can all exist. However, in order to explain
cooperative effects, some restrictions have to be made.

In the KNF linear sequential model, the only protein species present to any
appreciable extent at (or near) equilibrium are T,, T.RS and R,S,. The reaction
sequence may therefore be written:

T, +S=T.RS (apparent binding constant Ky,),
T.RS + S=R,S, (apparent binding constant Ky,).

There is no fundamental difference between this reaction sequence and that used in
section 12.5 to derive the Adair equation for a dimeric protein existing in one
conformational form. Hence, in both cases, fractional saturation

Ku1[S] + 2Kp1 K[ SJ?

Y= 2(1+ K [S] + K1 Kol S]P)

If Ky,; = 4K,,5, there is no cooperativity.
If K,,;<4K,,, there is positive homotropic cooperativity.
If K,,;>4K,,, there is negative homotropic cooperativity.

The KNF linear sequential model was developed from the induced-fit theory of
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Koshland (see section 4.4) and implies that the substrate or ligand induces a
conformational change to take place (T — R) as it binds to the T-form of the protein:

T,+S—>T.TS—T.RS

However the same results could be obtained by an alternative pathway, in which
there is an R/T equilibrium which strongly favours the T-form, but where S can only
bind to the R-form and so disturbs the equilibrium:

T,+S=T.R+S—T.RS

In both cases there are negligible amounts of T.TS, T.R and similar species present at
(or near) equilibrium; the KNF linear sequential model may therefore be analysed in
terms of either of these alternative pathways, and the one chosen was that where the
substrate can only bind to the R-form.

The following constants are introduced:

(a) K, an equilibrium constant for the conformational change T=R, so that
(R]

CIT]

(b) K,, a binding constant for the reaction R + S=RS, so that
[RS]
Ky=—
(R][S]

(c) Kgrr, Krg and K1, interaction constants indicating the relative stabilities of the
various conformational forms of the oligomeric protein, such that

L) I L I L) |
TR T RIR] T

Since we are only interested in comparing the stabilities of these species, Kt is

arbitrarily given the value of 1. On this basis if, for example, Kgt has a value greater

than 1, then RT will be more stable than TT, which will facilitate binding of S; on the

other hand, if Kp1<1, RT will be less stable than TT and binding of S will be difficult.
Let us now analyse the step T, + S=T.RS in terms of these constants:

Kgrr
Ky =2K Ky, —
bl e

(Note that the factor 2 is introduced because there are two'equally possible binding
sites in the forward direction.)
Similarly, for the step T.RS + S&=RS.RS,

1 KRR
Kyp = 2K Ky 27—
RT
If Krr=Kpr=Kgg, then Ky, = 4Ky, and there is no cooperativity, all interactions
between the protomers being identical.
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If Krr=Krr<Kgg, then K,;<4K,, and positive homotropic cooperativity
results. The binding of S to one protomer traps it in the R-form; this results in the
other protomer staying mainly in the ligand-binding R-form, since R-R interactions
are more favourable than R-T interactions.

If Krr=Kgp1> Kgg, then K,;>4K;, and negative homotropic cooperativity
results. The binding of S to one protomer again traps it in the R-form; in this
instance, this results in the other protomer staying mainly in the T-form which cannot
bind ligands, since R-T interactions are more favourable than R-R interactions.

Note that if K>Kggr > Kgt We have the conditions assumed for the MWC
model, interactions between RT hybrids being very unfavourable. Since Kt < Kxgr
we can confirm that positive homotropic cooperativity, but not negative homotropic
cooperativity, is possible for the MWC model.

As pointed out by Eigen (1967), the KNF linear sequential model and the MWC
model are special cases of a general model in which all combinations are possible
(Fig. 13.2). The MWC model may be termed the concerted form of the general
model.
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Fig. 13.2 — General scheme for the binding of a ligand (S) to a dimeric protein where each

protomer can exist in two conformational forms. In the KNF linear sequential model, the only

protein species present at (or near) equilibrium are T,, T.RS and R,S,; in the simplest form of

the MWC (concerted) model, the only protein species present at (or near) equilibrium are T,,
R,, R,S and R,S,.

13.3.2 The KNF model for any oligomeric enzyme
A similar treatment to that discussed in section 13.3.1 can be applied to any
oligomeric protein with a number of identical binding sites for a ligand, using the
appropriate form of the Adair equation. The only extra complication is in deciding
which of the protomers can interact, and thus which interaction constants have to be
considered.

In the case of a tetramer, for example, itis possible that each of the protomers can
interact with the other three; this arrangement is called a tetrahedral model (Fig.
13.3). Alternatively, each protomer may only be able to interact with two other
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protomers, forming a square model. A further possibility is a linear model, where two
of the protomers can interact with one other protomer and two can interact with two
other protomers. These models refer only to possible interactions and do not
necessarily describe the arrangements of the sub-units in space. Also with any
oligomeric protein there exists the possibility that the concerted form of the general
model, corresponding to the MWC model, may operate.

m,
RO 3 0000
tetrahedral square linear

Fig. 13.3 — Model of possible interactions betwen sub-units in a tetrameric protein.
Interactions take place only between sub-units visualized as being in direct contact.

13.3.3 The KNF model and allosteric regulation

In contrast to the MWC model, where the explanation for allosteric regulation is
relatively straightforward, the KNF model allows for the possibility that allosteric
modifiers may act in a variety of ways. For example, the modifier could bind to the
" same form of the enzyme as the substrate and cause either the same or a different
conformational change to take place; also, the binding of the modifier might or might
not prevent the subsequent binding of the substrate to the same sub-unit. The overall
effect will depend on factors of this type and also on the various interaction constants
involved.

13.4 DIFFERENTIATION BETWEEN MODELS FOR COOPERATIVE
BINDING IN PROTEINS

- There are a variety of ways of investigating whether the cooperative binding of a
ligand to a protein results from a mechanism based on the concerted (MWC) model
or on some other model. As we discussed earlier (section 13.2.4), if positive
homotropic cooperativity is observed and the Hill coefficient is found to be equal to
the number of binding sites, then it is likely that the MWC model is operating. On the
other hand, if negative homotropic cooperativity is found, then the MWC model is
excluded. For example, Koshland and colleagues (1968) have reported that the
binding of NAD™* to rabbit muscle glyceraldehyde-3-phosphate dehydrogenase
shows negative homotropic cooperativity, so the MWC model cannot be operating in
this instance. The reaction catalysed by this enzyme is:

D-glyceraldehyde-3-phosphate + NAD* + P;=3-phospho-D-glyceroyl
phosphate + NADH+ H™*

Relaxation studies (see section 7.2.2) are ideally suited for the investigation of
processes involving conformational changes, since these are likely to be extremely
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rapid and difficult to follow by any other technique. Kirschner, Eigen and co-workers
(1966) have used the temperature-jump method to investigate the binding of NAD*
to yeast glyceraldehyde-3-phosphate dehydrogenase, which has four binding sites for
this coenzyme; rate constants for three different processes could be identified from
the results, the slowest process being independent of NAD* concentration. It was
concluded that this supported the MWC model, the two fastest processes being the
binding of NAD ™ to the R- and T-forms of the enzymes, the slowest being the
R,=T, transformation: four processes dependent on NAD* concentration would
have been expected if the KNF model was operating. Thus it would appear that the
binding of NAD ™ to yeast glyceraldehyde-3-phosphate dehydrogenase proceeds in a
different way from the binding of NAD * to the same enzyme from rabbit muscle.
However, it will be realized that if two processes have very similar rate constants, it is
likely that they would appear to be a single process in relaxation studies. Hence, in
general, findings from such studies must be supported by independent evidence
.before a firm conclusion can be reached.

The binding curves predicted by the MWC and KNF models are not exactly the
same, and on this basis computers may be able to help determine the most probable
model in a particular instance if supplied with suitable experimental data. Needless
to say, the degree of accuracy and reliability required of such data is extremely high.

With some proteins it may be possible to investigate the fractional saturation of
each conformational form at different ligand concentrations by the use of optical
rotation or spectroscopic techniques. Again this may help to distinguish between
possible binding models.

13.5 SIGMOIDAL KINETICS IN THE ABSENCE OF COOPERATIVE
BINDING

13.5.1 Ligand-binding evidence versus Kinetic evidence
Kinetic studies are often performed to investigate possible cooperative binding of a
substrate to an enzyme since they are often easier to carry out than direct binding
studies; cooperative binding effects are reflected in non-hyperbolic Michaelis—
Menten plots and in departures from linearity of Lineweaver—Burk and similar plots
derived from the Michaelis—Menten equation. However, such kinetic findings
cannot be said to prove the existence of cooperative binding unless there is
corroborative evidence: the Michaelis—-Menten plot only follows exactly the charac-
teristics of the binding plot if the reaction is straightforward and proceeds at too slow
a rate to significantly affect the equilibria of the binding processes (section 12.4).
Hence, if direct binding studies show that substrate-binding is not a cooperative
process, but corresponding kinetic studies show non-hyperbolic Michaelis—-Menten
plots and departures from linearity in other primary plots, then it must be concluded
that the kinetic mechanism of the reaction is not consistent with all of the Michaelis—
Menten assumptions (section 7.1.1); some situation where this might be found are
discussed below. .

It should also be mentioned that if an enzyme prepartion contains a mixture of
- isoenzymes having different K, values, then both binding and kinetic plots may
show irregularities which are not due to cooperative binding.
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13.5.2 The Ferdinand mechanism

Ferdinand (1966) showed that a random-order ternary-complex mechanism for a
two-substrate enzyme-catalysed reaction can lead to sigmoidal kinetics being
observed in the absence if cooperative binding:

AX

;A)i//’ E. \4;3
N\, 7

EB

E.AX.B - - - products

It is assumed that one of the pathways, let us say the one via E.AX, is kinetically
preferred and will proceed faster than the other, even though both pathways are
possible. Also, the affinity of E for B is less than that of E.AX for B. We will
investigate this system at constant [E,] and [B,] but variable [AX].

At low [AX,], E will react mainly with B and so the reaction will proceed via the
slower pathway E=E.B=E.AX.B— products. At higher [AX,] there will be a
switch-over to the faster pathway E=E.AX<=E.AX.B— products. E will be de-
pleted as a result of its rapid reaction with AX, so the EB which is formed will tend to
dissociate back to E + B rather than to proceed to E.AX.B; this will provide yet
more E to react with AX and ensure maximum utilization of the faster pathway.

Therefore, a graph of v, against [AX] at constant [B,] will be sigmoidal, even
where there is no possibility of cooperative binding; the surge in the curve is
explained by the switch-over from the slow to the rapid pathway.

Jensen and Trentini (1970) have shown that the reaction catalysed by phospho-2-
keto-3-deoxyheptonate aldolase from Rhodomicrobium vannielli may be of this type.
The enzyme catalyses the reaction

phosphoenolpyruvate + erythrose 4-phosphate=
7-phospho-2-keto-3-deoxyarabinoheptonate + P;

and the preferred pathway is that where phosphoenolpyruvate binds first.

13.5.3 The Rabin and mnemonical mechanisms

Rabin (1967) has shown that even a single-substrate reaction catalysed by an enzyme
with a single binding site for the substrate can show sigmoidal kinetics, provided the
enzyme can exist in more than one conformational form. Consider the sequence for
the forward reaction in (I) below.

MgADP G6P

P
s Els £ S E'MgADPE- E/GMgATP
lg T m (n) 4[ &= ‘FMgATP
E —XES E —— E'G

E is assumed to be thermodynamically more stable than the other conformational
form of the enzyme, E'. The rate-limiting step of the whole sequence is ES— E’S,
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E’'>E also being slow. The formation of E’S from E’+S will be appreciable
provided free E' is present.

At low substrate concentrations, the overall rate of the reaction ES— E’'S—
E’ + P will be very slow compared to the rate of the reaction E’— E; therefore, the
amount of free E’ present will be low, and the supplementary pathway E' + S— E’S
will not be used.

At higher substrate concentrations, the rate of the reaction ES—-E'S—E’' +P
will be increased, so E’ will be formed faster than it can be converted back to E;
therefore, appreciable amounts of E’ will be present. This will result in the formation
of more E’S via the supplementary route E' + S— E’S and so a further increase in
the rate of product formation.

Hence, as soon as the substrate concentration is high enough to produce E’
appreciably faster than it can be converted back to E, the supplementary pathway
E’ +S— E’S comes into operation and the overall rate of reaction escalates. A plot
of vy against [Sy] at fixed total enzyme concentration will therefore be sigmoidal.

Allosteric modifiers could act on such a system by increasing or decreasing the
rates of the isomerisation steps E'— E and/or ES— E'S.

A variation of the Rabin mechanism which has been proposed for some two-
substrate reactions, e.g. that catalysed by rat liver glucokinase, is the mnemonical
mechanism shown in (II) above. Glucokinase is a monomeric enzyme, so cooper-
ativity is out of the question, but the reaction exhibits sigmoidal kinetics with respect
to variable glucose (G) concentration at high concentrations of MgATP, possibly
because the latter prevents the E/E'/E’'G system coming to equilibrium.

SUMMARY OF CHAPTER 13

Cooperative binding in oligomeric enzymes can be explained by the Monod—
*Wyman—-Changeux (MWC) or the Koshland—-Némethy—Filmer (KNF) hypothesis;
these are seen as special cases of a more general hypothesis. Only the MWC model
can explain binding characteristics consistent with the Hill equation, but this model
cannot explain negative homotropic cooperativity.

Allosteric inhibitors usually increase, and allosteric activators usually decrease,
the degree of positive homotropic cooperativity in the binding of a substrate. The
MWC model explains this on the basis of allosteric inhibitors stabilizing a conforma-
tional form of the enzyme which does not bind to the substrate, and allosteric
activators stabilizing one which does. In the KNF model, allosteric modifiers may act
in a variety of ways.

Sigmoidal kinetics can be seen in the absence of cooperative binding and may be a
consequence of the kinetic mechanism of the reaction.
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PROBLEMS
13.1 Deoxycytidine monophosphate deaminase catalyses the reaction:

dCMP + H,O=dUMP + NH;

The reaction was investigated in the absence and presence of a fixed concentration
(1 mmol 171) dTTP, the same concentration of enzyme being present in every case.
The following results were obtained:

Conc" of dCMP Initial velocity of reaction
(mmol 177) (umol NH; produced min~! mg protein 1)
In absence of dTTP In presence of dTTP

0.65 0.56 0.43°
0.77 0.78 0.50
0.89 1.28 0.57
1.00 1.74 0.73

- 1.13 2.25 1.08
1.35 3.06 1.74
1.62 3.68 2.64
1.90 4.03 3.24
2.46 4.26 3.95
3.09 4.31 4.26

The enzyme was found to dissociate into a number of identical sub-units and
ultracentrifuge studies were performed on enzyme and sub-units. The sedimentation
coefficient (s) of the sub-unit was 4.6 X 10~ s and of the enzyme 1.6 X 10~ '%s. The
corresponding diffusion coefficients (D) were 5.96 x 1077 cm? s~ ! and 5.31 x 10~
cm? s~ ! (all values corrected for water at 20°C). The partial specific volume (D) in
each case is 0.736, and the density of the water (p) at 20°C is 0.998. What can you
conclude from the data? (Note that according to Svedberg’s equation,

RTs
D(1-vp)
where R =8.314 X 107 erg K~ ! mol ! and T = temperature (K).

molecular weight =

13.2 Alcohol dehydrogenase catalyses the reaction:
acetaldehyde + NADH=ethanol + NAD*

An alcohol dehydrogenase enzyme was investigated as follows.
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(a) A series of equilibrium dialysis experiments was performed. In each case 2.5
mmol 1~ ! enzyme was present in the dialysis bag, and dialysed against different
initial concentrations of NADH in a suitable buffer. No ethanol, acetaldehyde
or NAD™* was present. The volume of liquid within the bag was very small
compared to the total volume of liquid present, and remained constant through-
out each experiment. Each system was allowed to come to equilibrium, then a
sample of the solution surrounding the bag was removed, diluted 1 in 100 in
buffer, and the absorbance at 340 nm determined in 1 cm cells against a distilled
water blank. The following results were obtained:

Initial NADH conc®

(mmol 171) 4 5 6 7 8 10 12

Absorbance 0.044 0.059 0.081 0.103 0.131 0.193 0.274
14 16 18 20

0.367 0.473 0.582 0.694
(Molar extinction coefficient of NADH at 340 nm = 6.22 X 103.)

(b) The rate of the forward reaction (as written above) at different initial concentra-
tions of NADH and NAD * was investgated, and the results given below. The
enzyme concentration was the same in each case. The initial conc® of acetal-
dehyde was always 3 mmol 1™, and the initial conc” of ethanol zero.

Initial Initial
. conc” conc” Absorbance (340 nm) at time ¢ (min) =
NADH NAD™*

(mmol 171) (mmol 1~ 0.5 1.0 1.5 2.0 2.5 3.0

1.25 0 0.470 0.455 0.440 0.427 0.413 0.400
1.25 1 0.472 0.460 0.447 0434 0.423 0.410
1.25 2 0.475 0.463 0.452 0.440 0.430 0.423
1.5 0 0.467 0.447 0.430 0.410 0.395 0.378
1.5 1 0.468 0.453 0.437 0.420 0.405 0.390
1.5 2 0.470 0.458 0.445 0435 0.418 0.410
2.0 0 0.460 0.437 0.413 0.390 0.370 0.350
2.0 1 0.463 0.443 0.422 0.400 0.380 0.365
2.0 2 0.467 0.449 0.430 0.412 0.398 0.383
2.5 0 0.457 0.430 0.403 0.377 0.353 0.330
2.5 1 0.460 0.437 0.413 0.388 0.365 0.346
2.5 2 0.464 0.442 0.420 0.400 0.380 0.362
3.33 0 0.454 0.423 0.393 0.362 0.333 0.307
3.33 1 0.457 0.430 0.400 0.373 0.348 0.325
3.33 2 0.460 0.437 0.412 0.386 0.365 0.345
5.0 0 0.450 0.413 0378 0.342 0.310 0.280
5.0 1 0.452 0.420 0.385 0.353 0.320 0.302
5.0 2 0.455 0.425 0.395 0.364 0.338 0.314
10.0 0 0.442 0.400 0.360 0.317 0.278 0.242
10.0 1 0.445 0.405 0.364 0.325 0.290 0.260
10.0 2 0.445 0.407 0.370 0.332 0.303 0.277
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(c) Equilibrium isotope exchange studies showed an increased rate of transfer of
label from NADH to NAD™ with increased concentration of acetaldehyde
(maintaining a constant [ethanol]:[acetaldehyde] ratio) at all concentrations of
acetaldehyde tested.

What can you conclude about the enzyme mechanism from these data?
13.3 A single-substrate enzyme-catalysed reaction gave the following results at

fixed enzyme concentration in the presence or absence of a fixed concentration (10
mmol 1-1) of an inhibitor A.

Initial substrate conc” Product conc” (umol 1-!) at time ¢ (min)
(mmol 171)

t= 0.5 1.0 1.5 2.0 2.5 3.0

0.5 uninhibited 4.0 75 11.0 150 19.0 22.0

0.5 inhibited 0.15 0.3 045 0.6 075 09

1.0  uninhibited 9.5 19.0 285 380 475 57.0

1.0 inhibited 1.3 2.5 3.7 5.0 6.3 7.5
2.0  uninhibited 35.0 69.0 104 138 172 206

2.0  inhibited 10.0 200 300 40.0 500 60.0
5.0 uninhibited 165 330 495 660 825 990
5.0 inhibited 119 238 357 476 595 714
10.0  uninhibited 339 677 1020 1350 1690 2030
10.0  inhibited 357 714 1070 1430 1790 2140
20.0 uninhibited 438 876 1310 1750 2190 2630
20.0 inhibited 476 952 1430 1900 2380 2860
50.0 uninhibited 480 959 1440 1920 2400 2880
50.0 inhibited 499 997 1500 1990 2490 2990
100.0  uninhibited 490 980 1470 1960 2450 2940
100.0 inhibited 500 1000 1500 2000 2500 3000

Gel filtration experiments gave a single band for the enzyme corresponding to a
molecular weight of about 211 000. SDS-electrophoresis experiments also gave a
single band for the enzyme, corresponding to a molecular weight of 70 500.

What can be concluded from these results about the mechanism of the reaction
and the nature of the inhibition by A?
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The significance of sigmoidal behaviour

14.1 THE PHYSIOLOGICAL IMPORTANCE OF COOPERATIVE
OXYGEN-BINDING BY HAEMOGLOBIN

Since many proteins show evidence of cooperative ligand-binding, it is reasonable to
ask if there is a physiological advantage in them doing so. In the case of haemoglobin,
the advantages of its cooperative oxygen-binding are easy to see.

Haemoglobin is a tetrameric protein which can bind four molecules of oxygen in a
sigmoidal manner (section 12.9). It is found in the blood of vertebrates, where it
transports oxygen from the alveoli of the lungs to the capillaries of muscle and other
tissue; there the oxygen is released to diffuse into the cells. These cells possess no
haemoglobin, but they do contain its monomeric relative, myoglobin, which has only
one binding site for oxgen and so must bind in a hyperbolic fashion. The myoglobin
can store the oxygen and, when required, facilitate its transport to cytochrome
oxidase in the inner mitochondrial membrane of the cell, where the gas completes its
physiological role and accepts electrons which have passed down the respiratory
pathway.

If we consider the binding curves for haemoglobin and myoglobin (Fig. 14.1) we
see that the partial pressure of oxygen in the capillaries of the lung is sufficient to
cause saturation of both haemoglobin and myoglobin. The oxygen tension in the
tissues is much lower, but it is still sufficient for the almost complete saturation of
myoglobin; however, haemoglobin, because of its different binding characteristics,
is only about 40% saturated at this lower pO,.

Thus we see that the sigmoidal oxygen-binding of haemoglobin provides a
mechanism by which 60% of the oxygen taken up in the lungs can be released in the
capillaries of the tissues; if myoglobin was to act as an oxygen carrier in blood, a much
greater differential in oxygen tension between lungs and tissues would be required
before the required amount of oxygen could be released.

In general, fractional saturation is far more sensitive to changes in ligand
concentration if the binding mechanism is sigmoidal rather than hyperbolic: accord-
ing to the simple binding equation for a non-cooperative system (section 12.2), an
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Fig. 14.1 — Graphs of fractional saturation (Y) against pO, for the binding of oxygen to
myoglobin and haemoglobin.

80-fold increase in ligand concentration is required to change the fractional satu-
ration from 0.1 to 0.9; in contrast, according to the MWC equation for the situation
where a high degree of positive homotropic cooperativity is present (section 13.2.4),
this identical change in fractional saturation can be brought about by a four-fold
increase in ligand concentration (also see Fig. 14.2).

In the case of haemoglobin, the degree of positive homotropic cooperativity, and
hence of sigmoidal binding, is influenced by heterotropic factors: in isolation, its
(S0.5)oxygen i about 0.1kP,, which is much the same to that of myoglobin; however,
the presence of 2,3-bisphosphoglycerate (BPG) in red blood cells increases the
(S0.5)oxygen Value of haemoglobin in vivo to about 3.5 kPa (which is the value shown
in Fig. 14.1). BPG fits into the central cavity of deoxyhaemoglobin and forms,
through its phosphate groups, electrostatic interactions with three positively charged
groups in each of the B-chains; the central cavity of oxyhaemoglobin is too small to
contain BPG, so the binding of oxygen results in the ejection of the modifier. BPG
may be considered to have some of the characteristics of a MWC allosteric inhibitor,
since it stabilizes the conformational form of the protein which has least affinity for
oxygen.

The sigmoidal nature of oxygen-binding is also made more marked by increasing
the concentration of H* and CO,, and the binding of these in turn is affected by the
partial pressure of oxygen. Three protons are taken up by haemoglobin as oxygen is
released because two terminal amino groups and one histidine residue are in more
negatively charged environments in deoxyhaemoglobin and can more readily accept
a proton; carbon dioxide may bind to any of the four terminal amino groups of
haemoglobin to form a carbamate group

RNH, + CO,=RNHCO; +H™*

and again this takes place more réadily when the haemoglobin is in the deoxy form.
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Muscle produces a great deal of CO, and H* as metabolic end-products, and the
presence of these in the muscle capillaries facilitates the release of oxygen from
haemoglobin. This in turn makes the binding of protons and CO, to the haemoglobin
more favourable, enabling them to be carried through the venous system back to the
alveolar capillaries of the lungs. There the high oxygen tension results in the binding
of oxygen to haemoglobin and the concomitant release of protons and CO,; this
enables excess CO, to be removed from the body in expired air. The interrelation
between the binding to haemoglobin of oxygen, H* and CO, is termed the Bohr
effect.

14.2 ALLOSTERIC ENZYMES AND METABOLIC REGULATION

14.2.1 Introduction

Before we go on to discuss the possible roles of allosteric enzymes in metabolic
regulation, we must first briefly consider the environment in which this regulation
takes place. In previous chapters we have usually restricted our discussions about the
properties of enzymes to those observed under simple in vitro conditions, e.g. at
fixed concentration of enzyme in a dilute solution in the absence of product and of
other enzymes. In contrast, one of the essential features of living cells is that
conditions such as concentrations of substrate, product and enzyme are, to a greater
or lesser degree, constantly changing; also concentrations of enzymes in vivo are
usually considerably greater than those used in vitro for steady-state investigations;
furthermore, the reaction catalysed by one enzyme is always linked to reactions
catalysed by other enzymes, forming a metabolic pathway in a highly organised
environment.

Hence it cannot be blindly assumed that findings made in vitro are applicable to
the situation in vivo: for example, although it has also been shown in vitro that the H,
isoenzyme of LDH is inhibited by high concentrations of pyruvate (pyruvate and
NAD™* forming a dead-end ternary complex with the enzyme), it is not certain that
pyruvate concentrations in vivo could ever reach high enough levels for this to be of
significance in metabolic regulation; also, the characteristics of the LDH isoenzymes
may vary according to whether they are freely soluble or membrane-bound, as some
may be in vivo. For these and other reasons (see section 5.2.2), extensive in vitro
investigations have so far failed to establish beyond doubt the physiological roles of
the isoenzymes of LDH.

The total concentration of each enzyme present in a cell is determined by the rate
of its synthesis and the rate of its breakdown. The former is influenced by such factors
as induction and repression (mainly in prokaryotic cells) and by the presence of
hormones (agents of translational or transcriptional control in eukaryotic cells), thus
ensuring that each cell synthesizes only the enzymes required at that time (see section
3.1.5). Similarly the breakdown of enzymes (catalysed by proteolytic enzymes) is
subject to some degree of control: in general, enzymes are broken down more
rapidly when they represent the only source of energy available to the cell (e.g. in
starvation) or when some change in function is taking place which requires the
synthesis of different proteins (e.g. in germinating seeds); in addition to this, large
enzymes and those involved in metabolic control tend to be broken down more
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rapidly than others. On the other hand, many enzymes are more resistant to
breakdown if their substrates are present in high concentrations.

Control mechanisms which affect the rates of synthesis or degradation can only
serve as coarse (or long-term) agents of metabolic regulation, because at least several
minutes are likely to elapse before they can bring about a significant change in the
total concentration of the enzyme in question; also, mechanisms of this type, and
those hormonal mechanisms which control metabolism by regulating the entry of
substrates into cells, are likely to affect a group of cells rather than a single one.
Hence, in order to meet the needs of the moment in each individual cell, fine (or
acute) mechanisms of metabolic regulation exist in which the activity of an enzyme,
rather than its total concentration, is controlled. It is this subject of metabolic
regulation by the control of enzyme activity that particularly concerns us in the
present chapter.

14.2.2 Characteristics of steady-state metabolic pathways
Metabolic pathways often contain branch points, at which metabolites may enter or
leave by alternative routes, as in the following example:

P==Q==R==8S==T
1l 1l 1l

1l 12—
X Y z

The sequences between successive branch points may be regarded as separate units,
for each usually contains a regulated step. Let us consider one such unbranched
sequence of steps, as follows:

E, E, BE;
A=B=C=D=E=F

Such a system is not likely to be found at equilibrium in vivo, because it would then be
unable to provide any free energy for the organism (section 6.1.5). If, instead, it is
assumed to be at steady-state, then there will be a net flux through the system in one
particular direction (let us say A to F) and the concentrations of all intermediates will
be constant. This implies that A is being fed into the system (by metabolic routes or
by transport from outside the cell or cellular compartment) at a constant rate and F is
being dissipated (by further metabolic routes or by transport) at the same rate; this
rate must also be the net flux through the system, i.e. the difference between the rates
of the forward and back reactions for each step and for the overall process.

Although this steady-state assumption must obviously be a simplification of the
situation in vivo, it is nevertheless a reasonable one: concentrations of metabolic
intermediates are usually maintained within quite a narrow range within the living
cell. In general, the level of each intermediate is found at a concentration slightly
below the (Sy_s) value for the enzyme which utilizes it as substrate, i.e. the nextone in
the sequence. Therefore, in the example being considered, the concentration of B is
usually slightly below the (S, 5)p value of the enzyme E,.

This general non-saturation of enzymes is an important condition for the setting
up and maintenance of a steady-state: if, for example, enzyme E, was usually found
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to be very nearly saturated with B, this would mean that there was just enough E,
present to handle the B being produced from A at its normal rate, but without there
being any margin of safety; if the rate of production of B from A should increase, the
reaction B— C could not be speeded up by any significant factor in response to this
and so the concentration of B would rise, possibly catastrophically. Although
metabolic regulation might linmit the rate of production of B from A, it is clearly
essential that sufficient E, is present to cope with the maximum rate at which B is
likely to be produced, and that is what is found. Also, since all reactions are
reversible to some degree, the maintenance of a steady-state in a particular direction
requires that the concentrations of substrate and product for each enzyme bear such
a relationship to the characteristics of the enzyme that the forward reaction is
favoured, e.g. if [B] = (S 5)g for enzyme E,, then [C] < (S, 5) for the same enzyme.

Since the system is at steady-state, none of the individual steps can be at
equilibrium. An indication of the disequilibrium of each step can be obtained from
the mass action ratio (I') as compared to the apparent equilibrium constant (Keq)-
For the step B=C, I =[C)/[B]. The disequilibrium ratio (p) is defined such that
p=T/K¢, so, for the step B=C, p=[CJ/([B]K,). If the step is near equilibrium,
=K, and p=1; if the step is some way from equilibrium, I' < K, and p<1.

By extending the treatment of simple steady-state kinetics (section 7.1.2) to a
system in which the product concentration cannot be ignored, it may be shown that,
for the enzyme-catalysed reaction B=C,

VB.KS[B]
"= KBKS + KS[B] + KB[C]
and
VS KE[C]
"= KBKS + KS[B] + KB[C]

where vy is the rate of the forward reaction and vy, the rate of the back reaction.
v ViaxKalCl
. Vg Vl?‘laXKl’g [B]
But, from the Haldane relationship (section 7.1.7),
VaaKn
1 Vi K
Uy [€C]

"o [BlKy F

K.

The disequilibrium ratio for the overall sequence A=F is the product of the
disequilibrium ratios of each of the individual steps, and must be less than 1 for a
steady-state system in which there is net production of F from A. In fact, although in
such a system v; — vy, must be the same for each step and must be positive, many steps
in metabolic pathways are found to be quite near to equilibrium; this can be
consistent with the steady-state assumption provided both v; and vy, are large.

e e s mos At e e+ B S e < |t 1
- "
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14.2.3 Regulation of steady-state metabolic pathways by control of enzyme
activity

Let us now consider how the steady-state discussed in section 14.2.2 will be affected
by changing the activity of an enzyme. We will compare the results for an enzyme
catalysing a step which is near equilibrium with those for one catalysing a step far
from equilibrium; for simplicity, we will assume in each case that the characteristics
of the enzymes are not altered, so that the change in activity is equivalent to a change
in concentration of the enzyme.

First let us consider the situation where p for B=C is 0.99, i.e. the reaction is
almost at equilibrium. The overall rate of reaction, v, is given by

V= U — Uy

= v — 0.990; = 0.01v;

The steady-state expressions for v; and v, show that both of these terms are
proportional to [Eg] (since V&, and VE,, must both be proportional to [Eg]), and so
the overall rate, v, must also be proportional to [E].

If the effective concentration of [Eg] is halved, then the immediate effect is that
the values of v, v; and v, will all be halved. Since the rate of formation of B from A
and the rate of conversion of C to D are not immediately affected, the concentration
of C will start to fall, which will reduce the rate v, still further without significantly
altering v;. When [C], and thus vy, falls to such alevel that the overall rate of reaction
has been restored to its original value, then a new steady-state will have been set up.
In fact it may be shown that this is achieved when [C] has fallen by only 1% at this
new value of [C], the new rate for the forward reaction, vy, is given by v; = 0.5v, and
the new rate of the back reaction, vy, by v, = 0.5 X 0.99v,; the new disequilibrium
ratio, p’, is given by p’ = 0.99p, since [C] is reduced to 99% of its original value and
[B] and K, are unchanged.

According to the general relationship derived in section 14.2.2.

’

Up
—=p

vt

~oop = p'ug=0.99pv; = 0.99 X 0.99v¢
=0.99 % 0.99 X 0.50;
= O.49[)f

Therefore, under these new conditions, the overall rate of reaction, v’, is given by

v =vp— vy
= O.SOUf - 0.490f
=0.01v

This is the same as the original value, and so the flux through the whole system is
unchanged.
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If, in contrast to the above, the value of pforB=Cis1 X 104, i.e. the reaction is
far from equilibrium, the overall rate of reaction.

V= Uf— Uy
=V — 10_4l)f
oy

Therefore, for such a reaction, v is approximately equal to the net flux through the
system. If the effective concentration of [E] is halved, the values of v, v; and v, will
all be halved, as before. However, in this instance, compensation cannot come from
a further decrease in vy, for this is negligible to start with, so the overall rate will
always be less than its original value. This step will therefore be rate-limiting for the
overall process, and a new steady-state will be set up with a lower net flux than
before.

Thus it may be seen that an enzyme catalysing a step which is near equilibrium is
not likely to be important in metabolic regulation, because a considerable change in
enzyme activity may take place without affecting the flux through the system. In
contrast, an enzyme catalysing a step which is far from equilibrium may well be
important in metabolic regulation: such steps are often rate-limiting, and changes in
enzyme activity are accompanied by changes in the flux through the system.

Although the above discussion was concerned with systems where changes in
enzyme activity are not accompanied by changes in enzyme characteristics, the
general conclusions are equally valid for systems where enzyme characteristics may
be affected, as is the case with most allosteric enzymes. Allosteric inhibitors usually
increase the sigmoidal nature of Michaelis-Menten plots, so the effect of the
inhibition is most marked at low and moderate substrate concentrations, and
possibly non-existent under conditions where the substrate is plentiful and need not
be conserved; allosteric activators, on the other hand, usually increase the hyperbolic
character of Michaelis—-Menten plots. Regardless of this, most allosteric modifiers
act on enzymes catalysing steps far from equilibrium, i.e. where p<1Xx 1072,

In pathways where the net flux may be in either direction in vivo, each regulatory
step is usually associated with two enzymes: one catalyses the reaction in largely
irreversible fashion in one direction while the other is responsible for the flux in the
opposite direction; in general, for the reaction B = C, the isoenzyme with the lower
(So.s)s value will catalyse the reaction B— C, while the isoenzyme with the lower
(So.5)c value will catalyse C— B. An example of such a step occurs in glycolysis/
gluconeogenesis with the interconversion of fructose-6-phosphate and fructose-1,6-
bisphosphate (see section 14.2.5).

In general, steps subject to allosteric inhibition occur early in metabolic
sequences. For example, in the metabolic sequence whose main direction of flux is as
follows

E
~A3B>C>D-ESF’

\
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the enzyme E,, which catalyses the first step committed to the synthesis of F, might be
inhibited by F or by one or more of the subsequent metabolites; this arrangement
ensures that if F and its metabolic products are plentiful, more A is made available to
be metabolized by alternative routes and excessive build-up of intermediates such as
B and Cis prevented. In most cases, this switching between alternative pathways is
most sensitive when controlled by inhibitors which affect (S, s) rather than V,,,
values, since the concentrations of most metabolites are found to be well below the
levels required for enzyme saturation (section 14.2.2). Examples of allosteric
inhibitors are discussed in sections 13.2.3, 14.2.5 and 14.2.6.

In contrast to the above, steps subject to allosteric activation often occur late in a
metabolic sequence: thus, enzyme E; in the sequence under consideration might be
activated by A or by a metabolic precursor of A; this arrangement helps to prevent
levels of metabolic intermediates falling excessively low. An example of allosteric
activation is the effect of fructose-1,6-bisphosphate on pyruvate Kinase, the final
enzyme in the glycolytic pathway; other examples are given in sections 14.2.5 and
14.2.6.

14.2.4 Allosteric enzymes and the amplification of metabolic regulation

Most modifiers of allosteric enzymes act to change the degree of sigmoidal character
of a Michaelis—Menten plot, so having greatest effect on metabolic flux when the
substrate concentration is low or moderate, and least effect when the substrate
concentration is high (section 14.2.3); this applies regardless of whether the modifier
primarily affects the substrate binding or the kinetic characteristics of the enzyme,
although most known examples fit into the former category.

In many cases, the process by which the modifier itself binds to the enzyme has
sigmoidal characteristics, and this makes a significant contribution to the regulatory
effect. The degree of inhibition or activation produced must depend on the amount
of modifier bound to an enzyme, so the sensitivity of a particular mechanisms of
metabolic control must depend on whether a given change in modifier concentration
produces a large or a small change in the fractional saturation of the enzyme with
modifier, all other factors being equal. If the modifier concentration in vivo is
approximately equal to the (Sys) value for its binding to the enzyme, a not
unreasonable assumption, then a system with a sigmoidal modifier-binding process
will show far greater sensitivity to changes in modifier concentration than will one
with a hyperbolic modifier-binding process (Fig. 14.2). Thus the sigmoidal binding of
a modifier may be said to amplify the regulatory effect.

The sensitivity of fractional saturation to changes in ligand concentration for
processes with different binding characteristics was discussed in general terms in
section 14.1.

14.2.5 Other mechanisms of metabolic regulation

Although in the present chapter we are concerned chiefly with the role of allosteric
enzymes in metabolic regulation, it is necessary to mention briefly some other
regulatory mechanisms: in some instances these may act in association with allosteric
regulation, but not in every case.
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Fig. 14.2 — Graphs showing the change of fractional saturation of a protein with ligand, F, with
changes of [F], at constant protein concentration, for (a) a system where the binding of F is
hyperbolic, and (b) a system where the binding of F is sigmoidal. Consider, for example, the
situation where this represents the binding of a feedback inhibitor, F, to the enzyme E, in the
- E
metabolic sequence A—; B— C— D—E-F. If a given change in concentration of F, [AF],
takes place near the (Sy 5)g value in each case and produces a change in fractional saturation
AY, for the hyperbolic system and AY, for the sigmoidal system, it can be seen that AY, is much
larger than AY, and will cause a greater increase in the sigmoidal character of the binding curve
for the substrate, A, all other factors being equal. In other words, a regulatory system where the
modifier binds by a sigmoidal process will show far greater sensitivity to changes in modifier
concentration in this range than will a system where modifier-binding is hyperbolic.

One important factor in the regulation of metabolism is the availability of
coenzymes such as NAD*, NADH, ATP, ADP and AMP. Often these are
co-substrates or co-products of the reaction being regulated (sections 11.5.2 and
11.5.4), but in some instances they may bind to allosteric sites (e.g. phospho-
fructokinase appears to have two binding sites for ATP: one forms part of the active
site, whilst the other lies elsewhere on the molecule and has a purely regulatory
function).

In general, the affinities of enzymes for coenzymes of this type are strong enough
to ensure that the binding sites are more or less saturated at all times, i.e. the (S 5)
values are considerably smaller than the physiological concentrations of the coen-
zymes (N.B. this is one reason why they are regarded as coenzymes and not simply as
co-substrates or co-products). Also, these coenzymes exist in alternative forms (e.g.
NAD* and NADH) which resemble each other sufficiently for both to be able to
bind to the same site on the enzyme, so there will be competition between them for
binding. The total concentration of NAD* + NADH, and of ATP + ADP + AMP,
within a cell is usually approximately constant, so the regulatory effects of these
coenzymes depends on concentration ratios (e.g. of[NAD *] to[NADH] rather than
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on their individual concentrations. This applies regardless of whether the coenzyme
functions simply as a co-substrate/co-product or whether it functions also (or instead)
as an allosteric modifier; note, however, that equilibrium as well as non-equilibrium
reactions may be reg<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>