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PREFACE

On a number of occasions students, industrial scientists, and engineers inter-
ested in biotechnology have asked me to recommend an introductory book on
enzymes that goes beyond the general biochemistry text. Although I know of
comprehensive texts on enzyme mechanisms, enzyme kinetics, and control
of enzyme action, 1 could not think of a general book that included some
discussion of applications. I thought a balanced, intermediate treatise on the
basics of enzyme catalysis and applications would be a useful reference.

The book is also appropriate as a text for a graduate or advanced undergradu-
ate course. The table of contents resembles the prospectus of Biochemistry 821,
a graduate course in enzymology at Ohio State University. The fundamentals
are presented in the first seven weeks of the quarter; the remaining three weeks
are devoted to topics from current literature that illustrate one or more basic
points.

I would like to thank Jane Chapman and Doris Buchanon for help in prepara-
tion of the manuscript. Also, I acknowledge my wife, Alvilda, for her encourage-
ment and help in proofreading.

G. P. ROYER

Worthington, Ohio
December 1981

vii



CONTENTS

CHAPTER ONE. STRUCTURE,
LOCALIZATION, AND ISOLATION

A. Forces Important in the Structure and Function of Proteins, 9
Electrostatic Interactions, 10
The Hydrogen Bond, 16
Van der Waals-London Dispersion Forces, 18
Hydrophobic or Apolar Bonds, 19
B. Enzyme Structure, 20
Covalent Structure, 20
Noncovalent Structure, 21

C. Enzyme Localization, 26
D. Enzyme Isolation, 31

CHAPTER TWO. KINETICS OF
ENZYME-CATALYZED REACTIONS

A. Chemical Kinetics, 40
Order, Molecularity, and Half-Life, 40
Transition State Theory and Catalysis, 42
B. Rate Equations for Enzyme-Catalyzed Reactions, 43
Henri-Michaelis-Menten Equation, 43
Briggs-Haldane, Steady-State Approach, 45
King-Altman Method, 47
Reversible One-Substrate Reactions, 52
Linear Forms of the Henri-Michaelis-Menten Equation
for the Graphical Determination of K, and &, 53

39



CONTENTS

o

>

H.

Effect of pH on Enzyme-Catalyzed Reaction Rates, 55

Dependence of Enzyme-Catalyzed Reaction Rates
on Temperature, 57

Inhibition, 61
Noncovalent, 61
Covalent Inhibition, 67

Bireactant Systems, 69
Collection and Treatment of Enzyme Kinetics Data, 84

Exercises, 88

CHAPTER THREE. STRUCTURE OF THE ACTIVE CENTER:
AMINO ACID SIDE CHAINS, COENZYMES, AND METAL IONS

A.

B.
C.
D.

Amino Acid Side Chains, 93
Chemical Modification with Nonspecific Reagents, 93
Pseudosubstrates, 94
Trapping of Covalent Intermediates, 96
Affinity Labeling, 98
X-Ray Crystallography, 103
Coenzymes and Cofactors, 104
Metal Ions, 109
Conclusions, 111

CHAPTER FOUR. MECHANISMS OF
ENZYME-CATALYZED REACTIONS

A.

B.
C.
D

General Acid-Base Catalysis, 113

Nucleophilic Catalysis, 118

Electrophilic Catalysis, 124

Examples of Specific Enzyme Mechanisms, 127
Serine Proteases, 127
Carboxypeptidase A, 128
Lactate Dehydrogenase, 132
Lysozyme, 133

Rate Enhancement in Enzymatic Reactions, 136
Proximity and Orientation, 136
Proximity of Catalytic Groups and Reaction Order, 137

9

113



CONTENTS Xi
Destabilization, 138
F. Conclusions, 140
CHAPTER FIVE. SPECIFICITY 143
A. Reaction Specificity, 143
B. Structural Specificity, 144
C. Stereochemical Specificity, 146
Notation and Terminology, 146
Examples of Stereospecificity in Enzyme-Catalyzed
Reactions, 15
D. Binding and Catalytic Specificities, Lock and Key,
Induced Fit, and Wrong-Way Binding, 153
E. Limitations of Enzyme Specificity, 157
F. Conclusion, 158
CHAPTER SIX. CONTROL OF ENZYME ACTION 161
A. Allosteric Enzymes, 162
B. Control by Enzyme-Catalyzed Chemical Modification
(Reversible), 169
C. Control by Proteolytic Action, 30, 174
Activation of Pancreatic Zymogens, 20, 174
Proteolytic Activation and Blood Clotting, 175
D. Conclusion, 178
CHAPTER SEVEN. IMMOBILIZED ENZYMES 181

A. Methods of Enzyme Immobilization, 182
Physical Methods, 182
Chemical Methods, 183

B. Properties of Immobilized Enzymes, 186
Physical and Chemical Modifications, 186
The Microenvironment of Fixed Enzymes, 187
Diffusional Effects, 190

C. Multienzyme Systems, 194

D. Applications, 196
Large-Scale Industrial Application, 197



xii CONTENTS

Use of Bound Enzymes in the Synthesis of Fine Chemicals
and Pharmaceuticals, 198

Peptide Synthesis, 199

Analytical Applications, 202

Medical Applications, 202

CHAPTER EIGHT. ENZYME-LIKE
SYNTHETIC CATALYSTS (“SYNZYMES”), 205
A. Macrocycles, 206
B. Catalysts Based on Synthetic Polymers, 210
C. Immobilized Enzyme-Like Catalysts, 216
D. Conclusions and Prospects, 219

INDEX 221



CHAPTER ONE

STRUCTURE,
LOCALIZATION, AND
ISOLATION

Enzymes are sophisticated catalysts found in all living cells. They are distin-
guished from catalysts of nonbiological origin by their efficacy, specificity, and
sensitivity to control. An enzyme can be activated, transform a substrate* selec-
tively at an impressive rate, and be deactivated until needed again. The catalytic
power of enzymes permits biochemical reactions to go under mild conditions
(37°C, 1 atm); precise specificity permits many reactions to go simultaneously
with order; sophisticated control of enzymes allows the organism to respond
rapidly to environmental changes.

For many years the size, complexity, and instability of enzyme molecules pre-
cluded an accurate understanding of their composition and structure. It is now
well known that enzymes are proteins with molecular weights ranging from
10,000 to 500,000. Proteins are polyamides composed of the 20 coded L-o-
amino acids and their derivatives, such as glycosyl and phosphoryl adducts(Table
1.1). Metal ions (Zn?*, Mg?*, K*, etc.) are present in about 35% of the known
enzymes. Coenzymes such as those shown in Table 1.2 are frequently present at
the active centers of enzymes.

Enzymes are generally globular in shape, which means that the peptide chain

*«“Substrate” is defined as the reactant in an enzyme-catalyzed reaction.

1
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A. FORCES IMPORTANT IN THE STRUCTURE/FUNCTION OF PROTEINS 9

folds back on itself repeatedly. The active center is comprised of amino acid side
chains, which may be widely separated in the linear amino acid sequence. (It is
known that, in ribonuclease, essential histidines at positions 12 and 119 in the
linear sequence are close together at the active center.) The catalytic and
substrate-binding sites constitute the active center, which represents only a small
fraction of the total enzyme surface. Is the remainder of the molecule important
in enzyme function? Disruption of the protein structure by physical or chemical
agents (denaturation) leads to loss of control (desensitization) and activity. There
is a large body of indirect evidence to suggest that substrates bring about confor-
mational changes in the protein during the catalytic process. There is no doubt
that the integrity of regulatory sites distinct from the active center (allosteric
sites) is required. These areas will be discussed in detail later. At this point we
can say, based on evidence concerning denaturation and the study of model
compounds, that the portion of an enzyme outside the active center is important,
and not simply excess baggage resulting from constraints on the evolutionary
process.

A. FORCES IMPORTANT IN THE STRUCTURE AND FUNCTION
OF PROTEINS

Before discussing the structure of enzymes and how they work, we shall look at
the forces involved in the stabilization of protein structure and enzyme-substrate
interactions. Proteins are complicated molecules and water structure is far from
simple. However, some general guidelines for the consideration of forces in
aqueous solution can be put forward.

1. Two states must be considered. One cannot predict, for instance, the sol-
ubility of a compound on the exclusive consideration of solute-solvent interac-
tion. The interactions in the crystal must also be taken into account. In
thermodynamic parlance, the relative chemical potentials of the molecules in the
starting and final states must be known to predict the extent and direction of a
given transformation or chemical reaction.

2. In biopolymers a multiplicity of weak bonds can contribute significantly to
the stabilization of a structure. Van der Waals’ attraction between one atom of
the substrate and the enzyme may be of little consequence. However, the sum-
mation of many such weak interactions can lead to stabilization of an enzyme-
substrate complex.



