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"Now! Now! " cried the Queen. "Faster! 
Faster! . .. Now here, you see, it takes all 
the running you can do, to keep in the 
same place. If you want to get somewhere 
else, you must run at least twice as fast as 
that!" 

L EWIS WRROI.L, Alict'sildv<mlLLres in Wonderlmul (1865) 
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Chapter 14 

Enzyme Kinetics 

"Alice and the Queen of Hearts," illustrated by John 

Tenniel, The Nursery Alice. (Mary Evans Picture Library, 

London) 

Living organisms seethe with metabolic activity. Thousands of chemical reac­

tions are proceeding very rapidly at any given instant within all living cells. 

Virtually all of these transformations are mediated by enzymes, proteins (and 

occasionally RNA) specialized to catalyze metabolic reactions. The substances 

transformed in these reactions are often organic compounds that show li ttle 

tendency for reaction outside the cell. An excellent example is glucose, a sugar 

that can be stored indefinitely on the shelf with no deterioration. Most cells 

quickly oxidize glucose, producing carbon dioxide and water and releasing lots 

of energy: 

C5H1206 + 6 02 ~ 6 C02 + 6 H 20 + 2870 kJ of energy 

( - 2870 kJ/ mol is the standard free energy change [.1.G" ' ] for the oxidation of 

glucose; see Chapter 3). In chemical terms, 2870 kJ is a large amount of energy, 

and glucose can be viewed as an energy-rich compound even though at ambi-
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Glucose 
+602 

--1 t.ct ,Energyofactivation 

-- -'"'"f'ym" 
tiC, Free energy 
released 

Progress of reaction 

enL temperature it is not readily reactive with oxygen outside of cells. Stated 
another way, glucose represents thermodynamic potentiality: its reaction with 
oxygen is strongly exergonic, but it just doesn't occur under normal condi­
tio ns. On the other hand, enzymes can catalyze such thermodynamically favor­
able reactions so that they proceed at extraordinarily rapid rates (Figure 14.1). 
In glucose oxidation and countless other instances, enzymes provide cells with 
the ability to exert kinetic control over thermodynamic potentiality. That is, living sys­
Lems use enzymes to accelerate and control the rates of vitally important bio­
chemical reactions. 

Enzymes Are the Agents of Metabolic Function 

Acting in sequence, enzymes form metabolic pathways by which nutrient mole­
cules are degraded, energy is released and converted into metabolically useful 
forms, and precursors are generated and transformed to create the literally 
thousands of distinctive biomolecules found in any living cell (Figure 14.2). 
Situated at key junctions of metabolic pathways are specialized regulatory 
enzymes capable of sensing the momentary metabolic needs of the cell and 
adjusting their catalytic rates accordingly. The responses of these enzymes 
ensure the harmonious integration of the diverse and often divergent meta­
bolic activities of cells so that the living state is promoted and preserved. 

14.1 • Enzymes - Catalytic Power, Specificity, and Regulation 

Enzymes are characterized by three distinctive features: catalytic power, speci­
ficity, and regulation. 

Catalytic Power 

Enzymes display enormous catalytic power, accelerating reaction rates as much 
as 1016 over uncatalyzed levels, which is far greater than any synthetic catalysts 
can achieve, and enzymes accomplish these astounding feats in dilute aqueous 

FlGURE 14.1 • Reac tion profile showing 
large tid for glucose oxidation, free energy 
change of -2,870 kJ/ mol; catalysts lower tlct, 
thereby accelerating rate . 
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FlGURE 14.2 • The breakdown of glucose by 
gLycolysis provides a prime example of a meta­
bolic pathway. Ten enzymes mediate the reac­
tions of glycolysis. Enzyme 4, fructose I, 6, biphos­
phate aldolase, catalyzes the c-c bond­
breaking reaction in this pathway. 



Par Pharmaceutical, Inc. Ex. 1032 
Par v. Horizon, IPR of Patent No. 9,561,197 

Page 6 of 37

428 Chapter 14 • Enzyme Kinetics 

100 

75 

-o ..., 
·;:._ 

<:: 50 .., 
<,) ... .., 

35 "-< 

25 

0 
0 2 3 4 5 6 7 8 9 10 

Reaction step 

FIGURE 14.3 • A 90% yield over 10 steps, 
for example, in a metabolic pathway, gives an 
overall yield of 35%. Therefore, yields in bio­
logical reactions must be substantially greater; oth­
erwise, unwanted by-products would accumu­
late to unacceptable levels. 

solutions under mild conditions of temperature and pH. For example, the 

enzyme jack bean urease catalyzes th e hydrolysis of urea: 

0 
II 

H2N- C-NH2 + 2 H20 + H + ----7 2 NH4 + + HC03-

At 20°C, the rate constant for the enzyme-catalyzed reaction is 3 X 104 /sec; the 

rate constant for the uncatalyzed hydrolysis of urea is 3 X 10- Jo /sec. Thus, 1014 

is the ratio of the catalyzed rate to the uncatalyzed rate of reaction. Such a 

ratio is defined as the relative catalytic power of an enzyme, so the catalytic 

power of urease is 1014
. 

Specificity 

A given enzyme is very selective, both in the substances with which it interacts 

and in the reaction that it catalyzes. The substances upon which an enzyme 

acts are traditionally called substrates. In an enzyme-catalyzed reaction, none 

of the substrate is diverted into nonproductive side-reactions, so no wasteful 

by-products are produced. It follows then that the products formed by a given 

enzyme are also very specific. This situation can be contrasted with your own 

experiences in the organic chemistry labora tory, where yields of 50% or even 

30% are viewed as substantial accomplishments (Figure 14.3) . The selective 

qualities of an enzym e are collectively recognized as its specificity. Intimate 

interaction between an enzyme and its substrates occurs through molecular 

recognition based on structural complementarity; su ch mutu al recognition is 

the basis of specificity. The specific site on the enzyme where substrate binds 

and catalysis occurs is called the active site. 

Regulation 

Regulation of enzyme activity is achieved in a variety of ways, ranging from con­

trols over the amount of enzyme protein produced by the cell to more rapid, 

reversible interactions of the enzyme with metabolic inhibitors and activators. 

Chapter 15 is devoted to discussions of enzyme regulation. Because most 

enzymes are proteins, we can anticipate that the functional attributes of 

enzymes are due to the remarkable versatili ty found in protein structures. 

Enzynte Nomenclature 

Traditionally, enzymes often were named by adding the suffix -ase to th e name 

of the substrate upon which they acted, as in urease for th e urea-hydrolyzing 

enzyme or phosphatase for enzymes hydrolyzin g phosphoryl groups from organ­

ic phosphate compounds. Other enzymes acquired names bearing little re­

semblance to their activity, such as the peroxide-decomposing enzyme catalase 

or the proteolytic enzymes (proteases) of the digestive tract, trypsin and pepsin. 

Because of the confusion that arose from these trivial designations, an 

International Commission on Enzymes was established in 1956 to create a sys­

tematic basis for enzyme nomenclature. Although common names for many 

enzymes remain in u se, all enzymes now are classified and formally named 

according to the reaction they catalyze. Six classes of reactions are recognized 

(Table 14.1). Within each class are subclasses, and under each subclass are sub­

subclasses within which individual enzymes are listed. Classes, subclasses, sub­

subclasses, and individual entries are each numbered, so that a series of four 

numbers serves to specify a particular enzyme. A systematic name, descriptive 
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Table 14.1 

Systematic Classification of Enzymes According to the Enzyme Commission 

E.C. Number 

1.1 
1.1 .1 
1.1.3 
1.2 
1.2.3 
1.3 
1.3.1 

2 
2.1 
2.1.1 
2.1.2 
2.1.3 
2.2 
2.3 
2.4 
2.6 
2.6.1 
2.7 
2.71 

3 
3.1 
3.1.1 
3.1.3 
3.1.4 

4 
4.1 
4.1.1 
4.1.2 
4.2 
4.2.1 
4.3 
4.3.1 

5 
5.1 
5.1.3 
5.2 

6 
6.1 
6.1.1 
6.2 
6.3 
6.4 
6.4.1 

Systematic Name and Subclasses 

Oxidoreductases (oxidation- reduction reactions) 
Acting on CH- OH group of donors 

With NAD or NADP as acceptor 
Wi th 0 2 as acceptor 
. " f Actmg on the C=O group o donors 

With 0 2 as (cceptor 
Acting on the CH- CH group of donors 

With NAD or NADP as acceptor 

Transjerases (transfer of functional grou ps) 
Transferring C-1 groups 

Methyltransferases 
Hydroxymethyltransferases and formyltransferases 
Carboxyltransferases and carbamoyltransferases 

Transferring aldehydic or ketonic residues 
Acyltransferases 
Glycosyltransferases 
Transferring N-containing grou ps 

Aminotransferases 
Transferring P-containing groups 

With an alcohol group as acceptor 

Hydrolases (hydrolysis reactions) 
Cleaving ester linkage 

Carboxylic ester hydrolases 
Phosphoric monoester hydrolases 
Phosphoric diester hydrolases 

Lyases (addition to double bonds) 
C= C lyases 

Carboxy lyases 
Aldehyde lyases 

C=O lyases 
Hydro lases 

C=N lyases 
Ammonia-lyases 

Isomerases (isomerization reactions) 
Racemases and epimerases 

Acting on carbohydrates 
Cis-trans isomerases 

Ligases (formation of bonds with ATP cleavage) 
Forming C-0 bonds 

Amino acid-RNA ligases 
Forming C- S bonds 
Forming C- N bonds 
Forming C-C bonds 

Carboxy lases 

of the reaction, is also assigned to each entry. To illustrate, consider the enzyme 
that catalyzes this reaction: 

ATP + n-glucose -----7 ADP + n-glu cose-6-phosphate 

A ph osphate group is transferred from ATP to the C-6-0H group of glucose, 
so the enzyme is a transferase (Class 2·; Table 14.1). Subclass 7 of transferases is 
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Table 14.2 

enzymes transferring phosphorus-containing groups, and sub-subclass 1 covers those 

phosphotramferases with an alcohol group as an acceptor. Entry 2 in this sub-subclass 

isATP: o-glucose-6-phosphotransferase, and its classification number is 2.7.1.2. 

In use, this number is written preceded by the letters E. C., denoting the Enzyme 

Commission. For example, entry 1 in the same sub-subclass is E.C.2.7.1.1, ATP: 

o-hexose-6-phosphotransferase, an ATP-dependent enzyme that transfers a 

phosphate to the 6-0H of hexoses (that is, it is nonspecific regarding its hex­

ose acceptor). These designations can be cumbersome, so in everyday usage , 

trivial names are employed frequently. The glucose-specific enzyme, E.C.2.7.1.2 , 

is called glucokinase and the nonspecific E.C.2.7.1.1 is known as hexokinase. 

Kinase is a trivial term for enzymes that are ATP-dependent phosphotrans­

ferases. 

Coenzymes 

Many enzymes carry out their catalytic function relying solely on their protein 

structure. Many others require nonprotein components, called cofactors (Table 

14.2). Cofactors may be metal ions or organic molecules referred to as coenzymes. 

Cofactors, because they are structurally less complex than proteins, tend to be 

stable to heat (incubation in a boiling water bath). Typically, proteins are dena­

tured under such conditions. Many coenzymes are vitamins or contain vitamins 

as part of their structure. Usually coenzymes are actively involved in the catalytic 

reaction of the enzyme, often serving as intermediate carriers of functional groups 

in the conversion of substrates to products. In most cases, a coenzyme is firmly 

associated with its enzyme, perhaps even by covalent bonds, and it is difficult to 

Enzyme Cofactors: Some Metal Ions and Coenzymes and the Enzymes with Which They Are Associated 

Metal 
Ion 

Metal Ions and Some 
Enzymes That Require 

Them 

Enzyme 

Cytochrome oxidase 
Catalase 
Peroxidase 

Cytochrome oxidase 

DNA polymerase 
Carbonic anhydrase 

Alcohol dehydrogenase 

Hexokinase 

Coenzymes Serving as Transient Carriers 
of Specific Atoms or Functional Groups 

Coenzyme 

Thiamine pyrophosphate (TPP) 
Flavin adenine dinucleotide (FAD) 
Nicotinamide adenine dinucleotide 

(NAD) 

Coenzyme A ( CoA) 
Pyridoxal phosphate (PLP) 

5'-Deoxyadenosylcobalamin (vitamin B12) 

Entity Transferred 

Aldehydes 
Hydrogen atoms 
Hydride ion (H- ) 

Acyl groups 
Amino groups 

H atoms and alkyl groups 

Representative Enzymes 
Using Coenzymes 

Pyruvate dehydrogenase 
Succinate dehydrogenase 
Alcohol dehydrogenase 

Acetyl-CoA carboxylase 
Aspartate 

aminotransferase 
Methylmalonyl-CoA 

mutase 

Glucose-6-phosphatase Biotin (biocytin) C02 Propionyl-CoA 
carboxylase 

Arginase Tet.rahydrofolate (THF) Other one-carbon groups Thymidylate synthase 

Pyruvate kinase 
(also requires Mg2+ ) 

Ni2+ Urease 

Mo Nitrate reductase 

Se Glutathione peroxidase 



Par Pharmaceutical, Inc. Ex. 1032 
Par v. Horizon, IPR of Patent No. 9,561,197 

Page 9 of 37

separate the two. Such tightly bound coenzymes are referred to as prosthetic 
groups of the enzyme. The catalytically active complex of protein and prosthetic 
group is called the holoenzyme. The protein without the prosthetic group is called 
the apoenzyme; it is catalytically inactive. 

14.2 • Introduction to Enzyme Kinetics 

Kinetics is the branch of science concerned with the rates of chemical reac­
tions. The study of enzyme kinetics addresses the biological roles of enzymatic 
catalysts and how they accomplish their remarkable feats. In enzyme kinetics, 
we seek to determine the maximum reaction velocity that the enzyme can attain 
and its binding affinities for substrates and inhibitors. Coupled with studies on 
the structure and chemistry of the enzyme, analysis of the enzymatic rate under 
different reaction conditions yields insights regarding the enzyme's mechanism 
of catalytic action. Such information is essential to an overall understanding of 
metabolism. 

Significantly, this information can be exploited to control and manipulate 
the course of metabolic events. The science of pharmacology relies on such a 
strategy. Pharmaceuticals, or drugs, are often special inhibitors specifically tar­
geted at a particular enzyme in order to overcome infection or to alleviate ill­
ness. A detailed knowledge of the enzyme's kinetics is indispensable to ratio­
nal drug design and successful pharmacological intervention. 

Review of Chemical Kinetics 

Before beginning a quantitative treatment of enzyme kinetics, it will be fruit­
ful to review briefly some basic principles of chemical kinetics. Chemical kinet­
ics is the study of the rates of chemical reactions. Consider a reaction of over­
all stoichiometry 

A----l-P 

Although we treat this reaction as a simple, one-step conversion of A to P, it 
more likely occurs. through a sequence of elementary reactions, each of which 
is a simple molecular process, as in 

A~I~J-~P 

where I and J represent intermediates in the reaction. Precise description of 
all of the elementary reactions in a process is necessary to define the overall 
reaction mechanism for A~ P. 

Let us assume that A~ P is an elementary reaction and that it is sponta­
neous and essentially irreversible. Irreversibility is easily assumed if the rate of 
P conversion to A is very slow or the concentration of P (expressed as [P]) is 
negligible under the conditions chosen. The velocity, v, or rate, of the reac­
tion A~ P is the amount of P formed or the amount of A consumed per unit 
time, t. That is, 

d[P] 
v = dt or 

-d[A] 
v=---

dt 
(14.1) 

The mathematical relationship between reaction rate and concentration of 
reactant(s) is the rate law. For this simple case, the rate law is 

v= - d[A] = k[A] 
dt 

(14.2) 

14.2 • Introduction lo Enzyme Kinetics 431 
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FIGURE 14.4 • Plot of the course of a first­

order reaction. The half-time, t11 2, is the time 

for one-half of the starting amount of A to dis­

appear. 

From this expression, it is obvious that the rate is proportional to the concen­

tration of A, and k is the proportionality constant, or rate constant. k has the 

units of (time) -J , usually sec - 1
. vis a function of [A] to the first power, or, in 

the terminology of kinetics, v is first-order with respect to A. For an elemen­

tary reaction, the order for any reactant is given by its exponent in the rate 

equation. The number of molecules that must simultaneously interact is 

defined as the molecularity of the reaction. Thus, the simple elementary reac­

tion of A~ P is a first-order reaction. Figure 14.4 portrays the course of a first­

order reaction as a function of time . The rate of decay of a radioactive isotope, 

like 14C or 32P, is a first-order reaction, as is an intramolecular rearrangement, 

such as A~P. Both are unimolecular reactions (the molecularity equals 1) . 

Bimolecular Reactions 

Consider the more complex reaction, where two molecules must react to yield 

products: 

A+B---+P + Q 

Assuming this reaction is an elementary reaction, its molecularity is 2; that is, 

it is a bimolecular reaction. The velocity of this reaction can be determined 

from the rate of disappearance of either A or B, or the rate of appearance of 

P or Q: 

- d[A] - d[B] d[P] d[Q] 
v= ------ = ------ = ---- = ----

dt dt dt dt 
(14.3) 

The rate law is 

v = k[A][B] (14.4) 

The rate is proportional to the concentrations of both A and B. Because it is 

proportional to the product of two concentration terms, the reaction is sec­

ond-order overall, first-order with respect to A and first-order vvith respect to 

B. (Were the elementary reaction 2A ~ P + Q, the rate law would be v = k[A] 2
, 

second-order overall and second-order with respect to A.) Second-order rate 

constants have the units of (concentration) - 1 (time) - \ as in lf1sec- 1 

Molecularities greater than two are rarely found (and greater than three , 

never). When the overall stoichiometry of a reaction is greater than two (for 

example, as in A + B + C ~ or 2A + B ~), the reaction almost always proceeds 

via uni- or bimolecular elementary steps, and the overall rate obeys a simple 

first- or second-order rate law. 

100 
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At this point, it may be useful to remind ourselves of an important caveat 
ohat is the first principle of kinetics: Kinetics cannot prove a hypothetical mechanism. 

Kinetic experiments can only rule out various alternative hypotheses because 
theY don't fit the data. However, through thoughtful kinetic studies, a process 
of ~limination of alternative hypotheses leads ever closer to the reality. 

Free Energy of Activation and the Action of Catalysts 

In a first-order chemical reaction, the conversion of A to P occurs because, at 
any given instant, a fraction of the A molecules has the energy necessary to 
ach ieve a reactive condition known as the transition state. In this state, the 
probability is very high that the particular rearrangement accompanying the 
A~ P transition will occur. This transition state sits at the apex of the energy 
profile in the energy diagram describing the energetic relationship between A 
and P (Figure 14.5). The average free energy of A molecules defines the ini­
ti al state and the average free energy of P molecules is the final state along the 
reaction coordinate. The rate of any chemical reaction is proportional to the 
concentration of reactant molecules (A in this case) having this transition-state 
energy. Obviously, the higher this energy is above the average energy, the 
smaller the frac tion of molecules that will have this energy, and the slower the 
reaction will proceed. The height of this energy barrier is called the free energy 
of activation, ~G.t . Specifically, ~G! is the energy required to raise the average 
energy of one mole of reactant (at a given temperature) to the transition-state 
energy. The relationship between activation energy and the rate constant of 
the reaction, k, is given by the Arrhenius equation: 

(a) 

Progress of reaction 

Average free energy 
of P at T1 

(14.5) 

(b) 

Average free 
energy of A 

FIGURE 14.5 • Energy diagram for a chemical reaction (A~ P) and the effects of (a) 
raising the temperature from T1 to T2 or (b) adding a catalyst. Raising the temperature 
raises the average energy of A molecules, which increases the population of A molecules 
having energies equal to the activation energy for the reaction, thereby increasing the 
reaction rate. In contrast, the average free energy of A molecules remains the same in 
uncatalyzed versus catalyzed reactions (conducted at the same temperature) . The effect of 
the catalyst is to lower the free energy of activation for the reaction. 

14.2 • Introduction to Enzyme Kinetics 433 

- - - - - j - - - · Transition state 
I (uncatalyzed) 

.:>ct 
uncatalyzed 

-: j_-1\ ~ T:~-;:;:, ·~~ 

Progress of reaction 

Ll ct catalyzed 

Average free 
energy ofP 
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Reactant concen tration, [A] 

FIGURE 14.6 • A plot of v versus [A] for the 

unimolecular chemical reaction, A--+ P, yie lds a 

su·aight line having a slope equal to h. 

FIGURE 14.7 • Substrate saturation curve fo r 

an enzyme-catalyzed reaction. The amount of 

enzyme is constant, and the velocity of the 

reaction is determined at various substrate con­

cen trations. The reaction rate , v, as a function 

of [S] is described by a rectangular hyperbola. 

At very high [S], v = Vmax· That is, the velocity 

is limited only by conditions (temperature, pH, 

ionic strength) and by the amount of enzyme 

present; v becomes independent of [S] . Such a 

condition is termed zero-order kinetics. Under 

zero-order conditions, velocity is d irectly depen­

dent on [enzyme]. The H20 molecule provides 

a rough guide to scale. The substrate is bound 

at the active site of the enzyme. 

where A is a constant for a particular reaction (not to be confused with the 

reactant species, A, that we 're discussing). Another way of writing this is 

1/ k = ( 1/ A) et>G!! RT That is, k is inversely proportional to e~>ct; wr. Therefore, 

if the energy of activation decreases, the reaction rate increases. 

Decreasing ..:1 G t Increases Reaction Rate 

We are familiar with two general ways that rates of chemical reactions may be 

accelerated. First, the temperature can be raised. This will increase the aver­

age energy of reactant molecules, which in effect lowers the energy needed to 

reach the transition state (Figure 14.5a). The rates of many chemical reactions 

are doubled by a lOoC rise in temperature . Second, th e rates of chemical reac­

tions can also be accelerated by catalysts. Catalysts work by lowering the energy 

of activation rather than by raising the average energy of the reactants (Figure 

14.5b). Catalysts accomplish this remarkable feat by combining transiently with 

the reac tants in a way that promotes their entry into the reactive, transition­

sta te condition. Two aspects of catalysts are worth noting: (a) they are regen­

erated after each reaction cycle (A---+ P), and so can be used over and over 

again; and (b) catalysts have no effect on the overall free energy change in the 

reaction, the free energy difference between A and P (Figure 14.5b). 

14.3 • Kinetics of Enzyme-Catalyzed Reactions 

Examination of the change in reaction velocity as the reactant concentration 

is varied is one of the primary measurements in kinetic analysis. Returning to 

A---+ P, a plot of the reaction rate as a function of the concentration of A yields 

a straight line whose slope is k (Figure 14.6) . The more A that is available, the 

greater the rate of the reaction, v. Similar analyses of enzyme-catalyzed reac­

tions involving only a single substrate yield remarkably different results (Figure 

14.7) . At low concentrations of the subs trate S, vis proportional to [S], as 

expected for a first-order reaction. However, v does not increase proportion­

ally as [S] increases, but instead begins to level off. At high [S], v becomes vir­

tually independent of [S] and approaches a maximal limit. The value of vat 

this limit is written Vmax· Because rate is no longer dependent on [S] at these 

high concentrations, the enzyme-catalyzed reaction is now obeying zero-order 

v =Vm~ ·------------ --- ---------- ------- ---- ---------- --

v 

_........ACLive site 

Substrate concentration, [S] 

Enzyme 
molecu le 
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kinetics; that is, the ra te is independent of the reactant (substrate) concentra­
tion . This behavior is a saturation effect: when v shows no increase even though 
~S ) is increased, the system is saturated with substrate. Such plots are called 
substrate saturation curves. The physical interpretation is that every enzyme 
molecule in the reaction mixture has its substrate-binding site occupied by S. 
Indeed, such curves were the initial clue that an enzyme interacts directly with 
als substrate by binding it. 

'!fhe Michaelis- Menten Equation 

[:;enore Michaelis and Maud L. Men ten proposed a general theory of enzyme 
actio n in 1913 consistent with observed enzyme kinetics. Their theory was based 
on the assumption that the enzyme , E, and its substrate, S, associate reversibly 
c0 form an enzyme-substrate complex, ES: 

kl 
E+S ~ES 

k_l 
(14.6) 

This association/ dissociation is assumed to be a rapid equilibrium, and Ks is 
the enzyme: substrate dissociation constant. At equilibrium, 

(14.7) 

[E] [S] k_ 1 K =-- =-
s [ES] k1 

(14.8) 

P, is formed in a second step when ES breaks down to yield E + P. 

kl j,_ 

E+S~ES~E+P 
L1 

(14.9) 

E is then free to interact with another molecule of S. 

Steady-State Assumption 

The interpretations of Michaelis and Menten were refined and extended in 
1925 by Briggs and Haldane, by assuming the concentration of the enzyme­
su bstrate complex ES quickly reaches a constant value in such a dynamic sys­
tem. That is, ES is formed as rapidly from E + S as it disappears by its two pos­
sible fates: dissociation to regenera te E + S, and reaction to form E + P. This 
assumption is termed the steady-state assumption and is expressed as 

d[ES] = O 
dt 

(14.10) 

That is, the change in concentration of ES with time, t, is 0. Figure 14.8 illus­
trates the time course for formation of the ES complex and establishment of 
the steady-state condition. 

Initial Velocity Assumption 

One other simplification will be advantageous. Because enzymes accelerate the 
rate of the reverse reaction as well as the forward reaction, it would be help­
ful to ignore any back reaction by which E + P might formES. The velocity of 
this back reaction would be given by v = k_ 2 [E] [P]. However, if we observe 
only the initial velocity for the reaction immediately after E and S are mixed in 
the absence of P, the rate of any back reaction is negligible because its rate will 

k 
0 

"::l g 
k .., 
u 
c 
0 
u 

§ 
'§ 
c 
"' u 
c 
0 
u 

Time 

Time 

F1GURE 14.8 • Time course for the con­
sumption of substrate, the formation of prod­
uct, and the establishment of a stea<;iy-state 
level of the enzyme-substrate [ES] complex for 
a typical enzyme obeying the Michdelis­
Menten, Briggs-Haldane models for enzyme 
kinetics. The early stage of the time course is 
shown in greater magnification in the bottom 
graph. 
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be proportional to [P], and [P] is essentially 0. Given such simplification, we 

now analyze the system described by Equation (14.9) in order to describe the 

initial velocity vas a function of [S] and amount of enzyme. 
The total amount of enzyme is fixed and is given by the formula 

Total enzyme, [E1~ = [E] + [ES] (14.11) 

where [E) = free enzyme and [ES] = the amount of enzyme in the enzyme­

substrate complex. From Equation (14.9), the rate of [ES] formation is 

Vj= hi ( [Ey] [ES]) [S] 

where 

[Er] - (ES] = [E] 

From Equation (14.9), the rate of [ES] disappearance is 

vd= k_ 1[ES] + ~[ES] = (k- 1 + l12)[ES] 

At steady state, d[ES]/ dt = 0, and therefore, Vf''"' vd. 

So, 

Rearranging gives 

h1 ( [Er] - [ES]) [S] = (k- 1 + I~) [ES] 

-'-'( ["-E-'-"r ]:.._-_..:.:_[E_• S=])-=-[ S--=-] = 
[ES] 

The Michaelis Constant, Km 

(14.12) 

( 14.13) 

(14.14) 

(14.15) 

The ratio of constants (k- 1 + 1!2)/k1 is itself a constant and is defined as the 

Michaelis constant, Km 

K, = (k_l + ~) 
''I 

(14.16) 

Note from (14.15) that K,n is given by the ratio of two concentrations 

( ( [Er] - [ES]) and [S]) to one ( [ES]), so K.n has the units of molarity. From 

Equation (14.15), we can write 

which rearranges to' 

( [Ey] - [ES]) [S] = K, 
[ES] 

[ES] = [Er] [S] 
K,. + [S] 

(14.17) 

(14.18) 

Now, the most important parameter in the kinetics of any reaction is the rate 

of product formation. This rate is given by 

d[P] 
v=--

dt 
(14.19) 

and for this reaction 

(14.20) 

Substituting the expression for [ES] from Equation (14.18) into (14.20) gives 

~[Er] [S] 
v = K, + [S] 

(14.21) 

The product 1!2[ET] has special meaning. When [S] is high enough to saturate 

all of the enzyme, the velocity of the reaction, v, is maximal. At saturation, the 
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t of [ES] complex is equal to the total enzyme concentration, E7; its 
u""'"u''~ ... possible value. From Equation (14.20), the initial velocity v then 

ll2[Er] = V.nax· Written symbolically, when [S] >> [Er] (and [{,,), 
r] == [ES] and v = Vmax· Therefore, 

Vmax = ~[Er] (14.22) 

"tuting this relationship into the expression for v gives the Michaelis­
v.o.e•«•"u equation 

(14.23) 

equation says that the rate of an enzyme-catalyzed reaction, v, at any 
•v""'""''" is determined by two constants, K,n and Vmax• and the concentration 

substrate at that moment. 

[S] = Km, V = Vmax/2 

can provide an operational definition for the constant K.n by rearranging 
Equation (14.23) to give 

(14.24) 

Then, at v = Vmax/2, K,,. ""' [S]. That is, K, is defined by the substrate concen­
tration that gives a velocity equal to one-half the maximal velocity. Table 14.3 
gives the K.n values of some enzymes for their substrates. 

Relationships Between V max' Km, and Reaction Order 

The Michaelis-Menten equation (14.23) describes a curve known from ana­
lytical geometry as a rectangular hyperbola. 1 In such curves, as [S] is increased, 
v approaches the limiting value, Vmax• in an asymptotic fashion. Vmax can be 
approximated experimentally from a substrate saturation curve (Figure 14.7), 
and K.n can be derived from Vmax/2, so the two constants of the Michaelis­
Menten equation can be obtained from plots of v versus [S]. Note, however, 
that actual estimation of Vmax• and consequently K.n, is only approximate from 
such graphs. That is, according to Equation (14.23), in order to get 
v = 0.99 Vmax• [S] must equal 99 K.n, a concentration that may be difficult to 
achieve in practice. 

From Equation (14.23), when [S] >> [{,., then v = Vmax· That is, vis no 
longer dependent on [S], so the reaction is obeying zero-order kinetics. Also, 
when [S] < K.n, then v = ( Vmax/ K.n) [S]. That is, the rate, v, approximately fol­
lows a first-order rate equation, v = k' [A], where k' = Vmaxl K,n. 

K.n and Vmax• once known explicitly, define the rate of the enzyme-catalyzed 
reaction, provided: 

1. The reaction involves only one substrate, or if the reaction is multisub­
strate, the concentration of only one substrate is varied while the concen­
tration of all other substrates is held constant. 

2. The reaction ES---? E + P is irreversible, or the experiment is limited to 
observing only initial velocities where [P] = 0. 

3. [S] 0 > [Er] and [Er] is held constant. 
4. All other variables that might influence the rate of the reaction (tempera­

ture, pH, ionic strength, and so on) are constant. 

1 A proof that the Michaelis-Men ten equation describes a rectangular hyperbola is given by N aqui, 
A., 1986. Where are the asymptotes of Michaelis-Menten? Trends in Biochemical Sciences 11:64-65. 
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Table 14.3 

K,, Values for Some Enzymes 

Enzyme 

Carbonic anhydrase 

Chymotrypsin 

Hexokinase 

,8-Galactosidase 

Glutamate dehydrogenase 

Aspartate aminotransferase 

Threonine deaminase 

Arginyl-tRNA synthetase 

Pyruvate carboxylase 

Penicillinase 

Lysozyme 

Enzyme Units 

Substrate 

C02 
N-Benzoyltyrosinamide 
Acetyl-L-tryptophanamide 
N-Formyltyrosin amide 
N-Acety l tyrosinamicle 
Glycyl tyrosi n amide 

Glucose 
Fructose 

Lactose 

NH4+ 
Glutamate 
a-Ketoglutarate 
NAD + 
NADH 

Aspartate 
a-Ketoglutarate 
Oxaloacetate 
Glutamate 

Threonine 

Arginine 
tRNAArg 

ATP 
HC03 -

Pyruvate 
ATP 

Benzylpenicillin 

Hexa-N-acetylglucosamine 

Km (mM) 

12 

2.5 
5 

12 
32 

122 

0.15 
1.5 

4 

57 
0.12 
2 
0.025 
0.018 

0.9 
0.1 
0.04 
4 

5 

0.003 
0.0004 
0.3 

1.0 
0.4 
0.06 

0.05 

0.006 

In many situations, the actual molar amount of the enzyme is not known. 

However, its amount can be expressed in terms of the activity observed. The 

International Commission on Enzymes defines One International. Unit of 

enzyme as the amount that catalyzes the formation of one micromole of product in one 

minute. (Because enzymes are very sensitive to factors such as pH, temperature, 

and ionic strength, the conditions of assay must be specified.) Another defin­

ition for units of enzyme activity is the katal. One katal is that amount of enzyme 

catalyzing the conversion of one mole of substrate to product in one second. Thus, one 

katal equals 6 X 107 international units. 

Turnover Number 

The turnover number of an enzyme, kcat> is a measure of its maximal catalytic 

activity. kcat is defined as the number of substrate molecules converted into 

product per enzyme molecule per unit time when the enzyme is saturated with 
substrate . The turnover number is also referred to as the molecular activity of 

the enzyme. For the simple Michaelis-Menten reaction (14.9) under condi­

tions of initial velocity measurements, ~ = kcat· Provided the concentration of 
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enzyme, [ET], in the reaction mixture is known, kcat can be determined from 
Vmax· At saturating [S], v= Vmax = ~[ET]. Thus, 

b - vmax - k 
"2 - [ET] - cat 

(14.25) 

The term hear represents the kinetic efficiency of the enzyme. Table 14.4 lists 
turnover numbers for some representative enzymes. Catalase has the highest 
turnover number known; each molecule of this enzyme can degrade 40 mil­
lion molecules of H 20 2 in one second! At the other end of the scale, lysozyme 
requires 2 seconds to cleave a glycosidic bond in its glycan substrate. 

kcatl Km 

Under physiological conditions, [S] is seldom saturating, and kcat itself is not 
particularly informative. That is, the in vivo ratio of [S]I Km usually falls in the 
range of 0.01 to 1.0, so active sites often are not filled with substrate. 
Nevertheless, we can derive a meaningful index of the efficiency of Michaelis­
Menten-type enzymes under these conditions by employing the following equa­
tions. As presented in Equation ( 14.23), if 

v= 
~nax[S] 

K,. + [S] 

(14.26) 

When [S] << Km, the concentration offree enzyme, [E], is approximately equal 
to [ErL so that 

V = (kcat) [E] [S] 
~~~ 

(14.27) 

T hat is, kcatl Km is an apparent second-order rate constant for the reaction of E and 
S to form product. Because K,, is inversely proportional to the affinity of the 
enzyme for its substrate and heat is directly proportional to the kinetic efficiency 
of the enzyme, hear/ K,provides an index of the catalytic efficiency of an enzyme 
operating at substrate concentrations substantially below saturation amounts. 

An interesting point emerges if we restrict ourselves to the simple case 
where kcat = ~. Then 

kcat = kl~ 
K,. (k_ l + ~) 

(14.28) 

But k1 must always be greater than or equal to k1 ~1(k_ 1 +~).That is, the 
reaction can go no faster than the rate at which E and S come together. Thus, 
h1 sets the upper limit for hear! K,,.. In other words, the catalytic efficiency of an 
enzyme cannot exceed the diffusion-controlled rate of combination of E and S to formES. 
In H 20, the rate constant for such diffusion is approximately 109 I M · sec. Those 
enzymes that are most efficient in their catalysis have hear! Km ratios approach­
ing this value. Their catalytic velocity is limited only by the rate at which they 
encounter S; enzymes this efficient have achieved so-called catalytic perfection. 
All E and S encounters lead to reaction because such "catalytically perfect" 
enzymes can channel S to the active site, regardless of where S hits E. Table 
14.5 lists the kinetic parameters of several enzymes in this category. Note that 
k "' and Km both show a substaritial range of variation in this table, even though 
their ratio falls around 108 I M · sec. 

Table 14.4 

Values of"""' (Tm·nove1· Number) 
for Some Enzymes 

Enzyme 

Catalase 

Carbonic anhydrase 

Acetylcholinesterase 

Penicillinase 

Lactate dehydrogenase 

Chymotrypsin 

DNA polymerase I 

Lysozyme 

40,000,000 

1,000,000 

14,000 

2,000 

1,000 

100 

15 
0.5 
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Table 14.5 

Enzymes Whose ll cat! K 111 Approaches the Diffusion-Controlled 

Rate of Association with Substrate 

heat Km 

Enzyme Substrate (sec - I) (M) 

Acetylcho linesterase Acetylcholine 1.4 X 104 9 X 10-5 

Carbonic C02 1 X 106 0.012 

anhydrase HC03 - 4 X 105 0.026 

Catalase H 20 2 4 X 107 1.1 

Crotonase Crotonyl-GoA 5.7X 103 2 X 10-5 

Fumarase Fumarate 800 5 X 10- 6 

Malate 900 2.5 X 10- 5 

Triosephosphate Glyceraldehyde- 4.3 X 103 1.8 X 10- 5 

isomerase 3-phosphate* 

J3-Lactamase Benzylpenicillin 2 X 103 2 X 10- 5 

kCJu/ Km 
(sec- 1 M - 1) 

1.6 X 108 

8.3 X 107 

1.5 X 107 

4 .X 107 

2.8 X 108 

1.6 X 108 

3.6 X 107 

2.4 X 108 

1 X 108 

* K.., for glyceraldehyde-3-phosphate is calculated on the basis that only 3.8% of the substrate 

in solution is unhydrated and therefore reactive with the enzyme. 

Adapted from Fersht, A. 1985. Enzyme Structure and Mechanism, 2nd ed. New York: W.H. Freeman & Co. 

Linear Plots Can Be Derived from the Michaelis-Menten Equation 

Because of the hyperbolic shape of v versus [S] plots, Vmax can only be deter­

mined from an extrapolation of the asymptotic approach of v to some limi t­

ing value as [S] increases indefinitely (Figure 14. 7); and Km is derived from 

that value of [S] giving v = Vmax/ 2. However, several rearrangements of the 

Michaelis-Menten equ ation transform it into a straight-line equation. The best 

known of these is the Lineweaver- Burk double-reciprocal plot: 

Taking the reciprocal of both sides of the Michaelis - Menten equation, 

Equation (14. 23), yields the equality 

~ = ( ::) ( [~]) 1 +-­
vmax 

(14.29) 

This conforms toy= mx + b (the equation for a straight line), where y = 1/v; 

m, the slope, is K,n/Vmax; x= 1/ [S]; and b= 1/ Vmax· Plotting 1/v versus 1/ [S] 

gives a straight line whose x-intercept is -1 / Km. whose y-intercept is 1/Vma•o 

and whose slope is .K,dVmax (Figure 14.9). 

The Hanes-Woolf plot is another rearrangement of the Michaelis-Menten 

equation that yields a straight line : 

Multiplying both sides of Equation ( 14.29) by [S] gives 

(14.30) 

and 

(14.31) 

Graphing [S] I v versus [S] yields a straight line where the slope is 1/ Vmax• th e 
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An Example of the Effect of Amino Acid Substitutions on Km and kca,: 
Wild-Type and Nfutant Forms of Human Sulfite Oxidase 

Mam malian sulfite oxidase is the last enzyme in the pathway for 
degradation of sulfur-containing amino acids. Sulfite oxidase 
(SO) catalyzes the oxidation of sulfite (SOl- ) to sulfate (SOl-), 
using the heme-containing protein, cytochrome c, as electron 
acceptor: 

S03 
2

- + 2 cytochrome Coxidize d + H20 ~ 
S04

2
- + 2 cytochrome t;·educed + 2 H + 

Jsolc,ted sulfite oxidase deficiency is a rare and often fatal genetic dis­
order in humans. The disease is characterized by severe neuro­
logical abnormalities, revealed as convulsions shortly after birth. 
R. M. Garrett and K. V. Rajagopalan at Duke University Medical 
Center have isolated the human eDNA for sulfite oxidase from 
tbe cells of normal (wild-type) and SO-deficient individuals. 
Expression of these SO cDNAs in transformed Escherichia coli cells 
all owed the isolation and kinetic analysis of wild-type and mutant 
forms of SO, including one (designated Rl60Q) in which the Arg 
at position 160 in the polypeptide chain is replaced by Gin. A 
genetically engineered version of SO (designated Rl60K) in 
which Lys replaces Arg160 was also studied. 

Kinetic Constants fm· Wild-Type 
and Mutant Sulfite Oxidase 

Enzyme K,n sulfite (f.LM) kca, (sec - J) 

Wild-type 17 18 
Rl60Q 1900 3 
Rl60K 360 5.5 

kcaJKm (106 M- 1sec- 1
) 

1.1 
0.0016 

0.015 

Replacing R 160 in sulfi te oxidase by Q increases K,., decreases heat• 
and markedly diminishes the catalytic efficiency (heat! K,.) of the 
enzyme. The R160K m utant enzyme has properties intermediate 
between wild-type and the R160Q mutant form. The substrate, 
S03

2
-, is strongly anionic, and R160 is one of several Arg residues 

situated within the SO substrate-binding site. Positively charged 
side chains in the substrate-binding site facilitate S03

2
- binding 

and catalysis, with Arg being optimal in this role. 

y-intercept is K,/Vmax• and the x-intercept is - K,, as shown in Figure 14.10. 
The common advantage of these plots is that they allow both K, and Vmax to 
be accurately estimated by extrapolation of straight lines rathe r than asymp­
totes. Computer fitting of v versus [S] data to the Michaelis - Menten equation 
is more commonly done than graphical plotting. 

2_= ~(2. )+-_1_ 
V V max [S] V max 

0 1 

[S] 

FIGURE 14.9 • The Lineweaver-Burk double-reciprocal plot, 
depicting extrapolations that allow the determination of the x­
and y-intercepts and slope. 

[S] 

v 

x-intercept = - K,,. 

\ 

.,.,"" ------ y-imercept "" ...... ,, 
0 [S] 

FIGURE 14.10 • A Hanes - Wolff plot of [S] / v versus [S], 
another straight-line rearrangement of the Michaelis- Menten 
equation. 

441 
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Departures from Linearity: A Hint of Regulation? 

If the kinetics of the reaction disobey the Michaelis-Menten equation, the vio­

lation is revealed by a departure from linearity in these straight-line graphs. 

We shall see in the next chapter that such deviations from linearity are char­

acteristic of the kinetics of regulatory enzymes known as allosteric enzymes. 

Such regulatory enzymes are very important in the overall control of metabolic 

pathways. 

Effect of pH on Enzymatic Activity 

Enzyme-substrate recognition and the catalytic events that ensue are greatly 

dependent on pH. An enzyme possesses an array of ionizable side chains and 

prosthetic groups that not only determine its secondary and tertiary structure 

but may also be intimately involved in its active site. Further, the substrate itself 

often has ionizing groups, and one or another of the ionic forms may prefer­

entially interact with the enzyme. Enzymes in general are active only over a lim­

ited pH range and most have a particular pH at which their catalytic activity is 

optimal. These effects of pH may be due to effects on K, or Vmax or both. 

Figure 14.11 illustrates the relative activity of four enzymes as a function of pH. 

Although the pH optimum of an enzyme often reflects the pH of its normal 

environment, the optimum may not be precisely the same. This difference sug­

gests that the pH-activity response of an enzyme may be a factor in the intra­

cellular regulation of its activity. 

Effect of Temperature on Enzymatic Activity 

Like most chemical reactions, the rates of enzyme-catalyzed reactions gener­

ally increase with increasing temperature. However, at temperatures above soo 
to 60°C, enzymes typically show a decline in activity (Figure 14.12). Two effects 

are operating here: (a) the characteristic increase in reaction rate with tem­

perature, and (b) thermal denaturation of protein structure at higher tern-

4 6 

pH 

Optimum pH of Some Enzymes 

Enzyme Optimum pH 

Pepsin 1.5 

Catalase 7.6 

Trypsin 7.7 

Fumarase 7.8 

Ribonuclease 7.8 

Arginase 9.7 

FIGURE 14.11 • The pH activity profiles of four different enzymes. Trypsin, an intestinal 

protease, has a slightly alkaline pH optimum, whereas pepsin, a gastric protease, acts in the 

acidic confines of the stomach and has a pH optimum near 2. Papain, a protease found in 

papaya, is relatively insensitive to pHs between 4 and 8. Cholinesterase activity is pH-sensitive 

below pH 7 but no t between pH 7 and 10. The cholinesterase pH activity profile suggests 

that an ionizable group with a pK' near 6 is essential to its activity. Might it be a histidine 

residue within the active site? 



Par Pharmaceutical, Inc. Ex. 1032 
Par v. Horizon, IPR of Patent No. 9,561,197 

Page 21 of 37

peratures. Most enzymatic reactions double in rate for every lOoC rise in 
temperature (that is, Q10 = 2, where Q10 is defined as the ratio of activities at two 
ternpa atures 10° apart) as long as the enzyme is stable and fully active. Some 
en zymes, those catalyzing reactions having very high activation energies, show 
proportionally greater Q10 values. The increasing rate with increasing tem­
pera ture is ultimately offset by the instability of higher orders of protein struc­
ture at e levated temperatures, where the enzyme is inactivated. Not all enzymes 
are quite so thermally labile . For example, the enzymes of thermophilic bac­
teria (thermophilic = "heat-loving") found in geothermal springs retain full activ­
ity a t temperatures in excess of 85°C. 

14.4 • Enzyme Inhibition 

If the velocity of an enzymatic reaction is decreased or inhibited, the kinetics 
of the reaction obviously have been perturbed. Systematic perturbations are a 
basic tool of experimental scientists; much can be learned about the normal 
wo rkings of any system by inducing changes in it and then observing the effects 
of the change. The study of enzyme inhibition has contributed significantly to 
ou r understanding of enzymes. 

Reversible Versus Irreversible Inhibition 

Enzyme inhibitors are classified in several ways. The inhibitor may interact 
e ither reversibly or irreversibly with the enzyme. Reversible inhibitors interact 
with the enzyme through noncovalent association/ dissociation reactions. In 
contrast, irreversible inhibitors usually cause stable, covalent alterations in the 
enzyme. That is, the consequence of irreversible inhibition is a decrease in the 
concentration of active enzyme. The kinetics observed are consistent with this 
interpretation, as we shall see later. 

Reversible Inhibition 

Reversible inhibitors fall into two major categories: competitive and noncom­
petitive (al though other more unusual and rare categories are known). 
Competitive inhibitors are characterized by the fact that the substrate and 
inhibitor compete for the same binding site on the enzyme, the so-called active 
site or S-binding site. Thus, increasing the concentration of S favors the like­
li.hood of S binding to the enzyme instead of the inhibitor, I. That is, high [S] 
can overcome the effects of I. The other major type, noncompetitive inhibi­
tion, cannot be overcome by increasing [S]. The two types can be distinguished 
by the particular patterns obtained when the kinetic data are analyzed in lin­
ear plots, such as double-reciprocal (Lineweaver-Burk) plots. A general for­
mulation for common inhibitor interactions in our simple enzyme kinetic 
model would include 

E + I~EI and/ or I + ES~IES (14.32) 

That is, we consider here reversible combinations of the inhibitor withE and/ or 
ES. 

Competitive Inhibition 

Consider the following system 

kl k 
E+S ~ES ~ E+P 

k- 1 
(14.33) 

14.4 • Enzyme Inhib-ition 443 

.._lllllllil _____ _ 
20 40 60 80 

t, °C 

FIGURE 14.12 • The effect of temperature 
on enzyme activity. The relative activity of an 
enzymatic reaction as a func tion of tempera­
ture. The decrease in the activity above 50°C is 
due to thermal denaturation. 
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Table 14.6 

The Effect of Various Types of Inhibitors on the Michaelis-Menten Rate 

Equation and on Apparent K 111 and Apparent Vmm< 

Inhibition Type Rate Equation Apparent Km Apparent V max 

None v= Vmax [S] I (K,+ [S]) K, vmax 
Competitive v = Ymax [S] I( [S] + K,.(l + [I] I K1)) K,(1 + [I] I K1) Ymax 

Noncompetitive v= <Vmax [S]/ (1 + [1)/Kr) )I(K, + [S]) K, V.nax/ (1 + [I) / Kr) 

Mixed v= Ymax[S) /( (1 + [1) / Kr).K,n+ (1 + [1) / KdS])) K,(l + [I] I K 1)1(1 + [I) / K1') V.naxl(l + [1) / Kr ') 

K1 is defined as the enzyme:inhibitor dissociation constant K1 = [E] [I] I [Ell ; K1' is defined as the enzyme substrate complex: inhibitor dissociation 

constant K1' = [ES][l] I [ESIJ 

FIGURE 14.13 • Lineweaver- Burk plot of 
competitive inhibition, showing lines for no I, 
[I], and 2 [I] . Note that when [S) is infinitely 
large (1/[S] = 0), Ymax is the same, whether I 
is present or not. In the presence of I, the neg­
ative x-intercept = - 1/ K,( 1 + [I) I K1). 

where an inhibitor, I, binds reversibly to the enzyme at the same site asS. S-bind­

ing and !-binding are mutually exclusive, competitive processes. Formation of 

the ternary complex, EIS, where both S and I are bound, is physically impos­

sible. This condition leads us to anticipate that Sand I must share a high degree 

of structural similarity because they bind at the same site on the enzyme. Also 

notice that, in our model, EI does not react to give r ise to E + P. That is, I is 

not changed by interaction with E. The rate of the product-forming reaction 

is v= ~[ES] . 

It is revealing to compare the equation for the uninhibited case, Equation 

(14.23) (the Michaelis-Menten equation) with Equation (14.43) for the rate 

of the enzymatic reaction in the presence of a fixed concentration of the com­

petitive inhibitor, [I] 

v= 

(see also Table 14.6). The .K,. term in the denominator in the inhibited case 

is increased by the factor (1 + [I] I K1); thus, v is less in the presence of the 

inhibitor, as expected. Clearly, in the absence of I, the two equations are iden­

tical. Figure 14.13 shows a Lineweaver-Burk plot of competitive inhibition. 

+2[1] 

0 1 
ISl 

No 
inhibitor 
(-I) 
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a D EEPER L 0 0 K 

The Equations of Competitive Inhibition 

Given the relationships between E, S, and I described previously 
and recalling the steady-state assumption that d[ES]/ dt = 0, from 
Equat.ions (14.14) and (14.16) we can write 

Solving for [E] gives 

[E) _ K1K,[ET] 
- (K1Km + K1[S ] + Km[I]) 

(14.39) 

(14.34) Because the rate of product formation is given by v = 1¥;. [ES] , from 
Equation (14.34) we have 

Assuming that E +I~ EI reaches rapid equilibrium, the rate 
of El formation, v1 ' = k3 [E) [I), and the ra te of disappearance of 
El , v/ = k-3 [EI ), are equal. So, 

(14.35) 

T herefore, 

So, 

[Ell = (~) [E) [I) 
k_s 

(14.36) Because Vmax = lv;.[ET], 

If we define K1 as k-3/ k3 , an enzyme-inhibitor dissociation constant, 
then 

knowing [Erl = [E) + [ES] + [EI]. 
Then 

(14.37) 

(14.38) 

or 

Several features of competitive inhibition are evident. First, at a given [I], v 
decreases (1 / v increases). When [S] becomes infinite, v = Vmax and is unaf­
fected by I because all of the enzyme is in the ES form. Note that the value of 
the - x-intercept decreases as [I] increases. This - x-intercept is often termed 
the apparent Km (or Kmapp) because it is the .K, apparent under these condi­
tions. The diagnostic criterion for competitive inhibition is· that Vmax is unaf­
fected by I; that is, all lines share a common y-intercept. This criterion is also 
the best experimental indication of binding at the same site by two substances. 
Competitive inhibitors resemble S structurally. 

Succinate Dehydrogenase - A Classic Example of Competitive Inhibition 

The enzyme succinate dehydrogenase (SDH) is competitively inhibited by malo­
nate. Figure 14.14 shows the structures of succinate and malonate. The struc­
tural similarity between them is obvious and is the basis of malonate's ability 
to mimic succinate and bind at the active site of SDH. However, unlike succi­
nate, which is oxidized by SDH to form fumarate, malonate cannot lose two 
hydrogens; consequently, it is unreactive. 

Noncompetitive Inhibition 

Noncompetitive inhibitors interact with both E andES (or with Sand ES, but 
this is a rare and specialized case). Obviously, then, the inhibitor is not bind­
ing to the same site asS, and the inhibition cannot be overcome by raising [S]. 
There are tl-vo types of noncompetitive inhibition: pure and mixed. 

Vm,JS] v = -----"==-=---

[S] + K,.(1 + ~) 

(14.40) 

(14.41) 

(14.42) 

(14.43) 
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F1GURE 14.14 • Structures of succinate, the 
substrate of succinate dehydrogenase (SDH), 
and malonate, the competitive inhibitor. 
Fumarate (the product of SDH action on succi­
n ate ) is also shown. 

F1GURE 14.15 • Lineweaver-Burk plot of 
pure noncompetitive inhibition. Note that I 
does not al ter K,. but that it decreases Vma•· In 
the presence of I , the y-intercept is equal to 
(1 / Vmax) (1 + I/ K1) · 

Substrate Product Competitive 
inhibitor 

coo- coo- coo-
I I I 

CH2 SDH CH CH2 

I 
~ > II I 

CH2 HC coo-
I 2H I 
coo- coo-

Succinate Fumarate Malonate 

Pure Noncompetitive Inhibition 

In this situation, the binding of I by E has no effect on the binding of S by E. 
That is , S and I bind at different sites on E, and binding of I does not affect 
binding of S. Consider the system 

K1 
E+I ~EI 

Kr' 
ES + I ~IES (14.44) 

Pure n oncompetitive inhibition occurs if Kr = K/ . This si tuation is relatively 
uncommon ; the Lineweaver-Burk plot for such an instance is given in Figure 
14.15. Note that K.,, is unchanged by I (the x-intercept remains the same, with 
or without I ) . Note also that Ymax decreases. A similar pattern is seen if the 
am ount of enzyme in the experiment is decreased . Thus, it is as if I lowered 
[E] . 

Mixed Noncompetitive Inhibition 

In this situation, the binding of I by E influences the binding of S by E. Either 
the binding sites for I and S are near one another or conformational changes 
in E caused by I affect S binding. In this case, K 1 and Kr', as defined previously, 
are not equal. Both K, and Ymax are altered by the presence of I, and K,/ Vma-.. 
is not constant (Figure 14.16). This inhibitory pattern is commonly encoun­
tered. A reasonable explanation is tha t the inhibitor is binding at a site distinct 
from the active site, yet is influencing the binding of S at the active site. 

v;nax 

1 

K., .. 
"\ 

v 

(1+ ~~) 

""' / 
/ 

/ 
/ , 

/ , 
/ ; 
/; 
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FIGURE 14.16 • Lineweaver-Burk plot of mixed noncompetitive inhibition. Note that 
both intercepts and the slope change in the presence of I. (a) When K, is less than K/; 
(b) when K 1 is greater than K1' . 

Presumably, these effects are transmitted via alterations in the protein's con­
fo rmation. Table 14.6 includes the rate equations and apparent K,,. and v;,a.x 
values for both types of noncompetitive inhibition. 

Irreversible Inhibition 

U the inhibitor combines irreversibly with the enzyme-for example, by cova­
lent attachment-the kinetic pattern seen is like that of noncompetitive inhi­
bition, because the net effect is a loss of active enzyme. Usually, this type of 
inhibition can be distinguished from the noncompetitive, reversible inhibition 
case since the reaction of I withE (and/ or ES) is not instantaneous. Instead, 
there is a time-dependent decrease in enzymatic activity as E + I~ EI proceeds, and 
the rate of this inactivation can be followed. Also, unlike reversible inhibitions, 
dilution or dialysis of the enzyme: inhibitor solution does not dissociate the EI 
complex and restore enzyme activity. 

Suicide Substrates -Mechanism-Based Enzyme Inactivators 

Suicide substrates are inhibitory substrate analogs designed so that, via normal 
catalytic action of the enzyme, a very reactive group is generated. This reactive 
group then forms a covalent bond with a nearby functional group within the 
active site of the enzyme, thereby causing irreversible inhibition. Suicide sub­
strates, also called Trojan horse substrates, are a type of affinity label. As substrate 
analogs, they bind with specificity and high affinity to the enzyme active site; 
in their reactive form, they become covalently bound to the enzyme. This cova­
lent link effectively labels a particular functional group within the active site, 
identifying the group as a key player in the enzyme's catalytic cycle. 

Penicillin - A Suicide Substrate 

Several drugs in current medical use are mechanism-based enzyme inactiva­
t.ors . For example, the antibiotic penicillin exerts its effects by covalently react­
ing with an essential serine residue in the active site of glycoprotein peptidase, an 
enzyme that acts to cross-link the peptidoglycan chains during synthesis of bac­
terial cell walls (Figure 14.17). Once cell wall synthesis is blocked, the bacter­
ial cells are very susceptible to rupture by osmotic lysis, and bacterial growth 
is halted. 

14.4 • Enzyme In hi!Jition 447 
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'RJ--Variable group 
I. 
C = 0 Thiuzolidine 
I ring 

HN I 
1 1-1/s"- /CHs 

I-IC-C C 

OH 
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Ser 

I 
Glycopeptide 

transpep tidase 

Active enzyme 

I I I "-cH. 
c-N--C J g \ H-coo-

Reactivc peptide bond 
of P-lactam ring 

Penicillin 

l 
.Rl 
I 
c=o 
I 

HN 
I 1-I/s, /CH3 

HC-C C 
I I I "-cH3 o=c N-c · I H r-('"'COo-
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I 

Glycopeptide 
transpcptidase 

Penicilloyl-enzyme complel' 
(enzymatically inactive) 

FIGURE 14.17 " Penicillin is an irreversible inhibitor of the enzyme glycoprotein peptidase, , · 
which catalyzes an essential step in bacterial cell wall synthesis. Penicillin consists of a thia-' 

zolidine ring fused to a ,B-Iactam ring to which a variable group R is attached. A reactive 
peptide bond in the ,B-lactam ring covalently attaches to a serine residue in the active site 
of the glycopeptide transpeptidase. (The conformation of penicillin around its reactive 

peptide bond resembles the transition state of the normal glycoprotein peptidase sub­
strate.) The penicilloyl-enzyme complex is catalytically inactive. The bond between the 

enzyme and penicillin is indefinitely stable; that is, penicillin binding is irreversible. 

14.5 • Kinetics of Enzyme-Catalyzed Reactions 
Involving Two or More Substrates 

Thus far, we have considered only the simple case of enzymes that act upon 

single substrate, S. This situation is not common. Usually, enzymes catalyze 
tions in which two (or even more) substrates take part. 

Consider the case of an enzyme catalyzing a reaction involving two 

strates, A and B, and yielding the products P and Q: 

A + B enzyme p + Q 

Such a reaction is termed a bisubstrate reaction. In general, bisubstrate 

tions proceed by one of two possible routes: 

1. Both A and B are bound to the enzyme and then reaction occurs to give 

P+Q: 

E+A+B ~ AEB ~ PEQ ~ E+P + Q 

Reactions of this type are defined as sequential or single-displacement 
reactions. They can be either of two distinct classes: 
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a. random, where either A or B may bind to the enzyme first, followed by 
the other substrate, or 

b. ordered, where A, designated the leading substrate, must bind to E first 
before B can be bound. 

Both classes of single-displacement reactions are characterized by lines 
that intersect to the left of the 1/ v axis in Lineweaver- Burk double­
reciprocal p lots (Figure 14.18). 

2. The other general possibility is that one substrate, A, binds to the enzyme 
and reacts with it to yield a chemically modified form of the enzyme (E') 
plus the product, P. The second substrate, B, then reacts with E', 
regenerating E and forming the other product, Q. 

E+A~EA~ E'P\E'T E'B ~ EQ~ E + Q 

p B 
(14.47) 

Reactions that fit this model are called ping-pong or double-displacement reac­
tions . Two distinctive features of this mechanism are the obligatory formation 
of a modified enzyme intermediate, E' , and the pattern of parallel lines 
obtained in double-reciprocal plots (Figure 14.19). 

Random, Single-Displacement Reactions 

ln this type of sequential reaction, all possible binary enzyme: substrate com­
plexes (AE, EB, QE, EP) are formed rapidly and reversibly when the enzyme 
is added to a reaction mixture containing A, B, P, and Q: 

/ QE==Q+ E A+E<== AE'AEB 

E + B==EB/ 

== QEP (14.48) 

'EP==E+P 

The rate-limiting step is the reaction AEB~QEP. It doesn't matter whether A 
or B binds first to E, or whether Q or P is released first from QEP. Sometimes, 

Double-reciprocal form 
of the rate equation: 

_1_ = _ 1_ (K~ + K~ K~) ( _!_+ _ 1_ ( H K~) ) 
v V,,.,x (B] (A] V.nax (B] 

v 

, , 0 l 

-~ [A] 

ncreasing 
oncentration ofB 
second substrate) 

3(B] 

Slopes are given by 

_ l_ (K,;;+ K~ K~) 
Vmax (B] 

FIGURE 14.18 • Single-displacement bisub­
strate mechanism. Double-reciprocal p lots of 
the rates observed with different fixed concen­
trations of one substrate (B here) are graphed 
versus a series of concentrations of A. Note 
that, in these Lineweaver- Burk p lots for single­
displacement bisubstrate mechanisms, the lines 
intersect to the left of the 1/v axis. 
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FIGURE 14.19 • Double-displacement (ping­
pong) bisubstrate mechanisms are character­
ized by Lineweaver-Burk plots of parallel lines 
when double-reciprocal plots of the rates 
observed with different fixed concentrations of 
the second substrate, B, are graphed versus a 
series of concentrations of A. 

Double-reciprocal form 
of the rate equation: v 

K~ ( 1 ) ( K,~ ) ( 1 ) 
V.11ax [A] + l + [B] V.nax 

v Increasing 
concentration of B 

[B]~ 

1 ( K~ ) 
)•-intercepts are Ymax 1 + [B] 

2[B] \ 

3 [B] 

0 
x-intercepts are 

KA 
Slope is constan t, = --"'­

Vma.x 

1 

[A] 

reactions that follow this random order of addition of substrates to E can be 

distinguished mechanistically from reactions obeying an ordered, single­

displacement mechanism, if A h as no influence on the binding constant forB 

(and vice versa); that is, the mechanism is purely random. Then, the lines in 

a Lineweaver - Burk plot intersect at the l /[A] axis (Figure 14.20) . 

Creatine Kinase Acts by a Random, Single-Displacement Mechanism 

An example of a random, single-displacement mechanism is seen in th e enzyme 

creatine kinase, a phosphoryl-transfer enzyme that uses ATP as a ph osphoryl 

[B] 
1 

v 

0 

Increasing 
concentrations of B 

1 

[A] 

3[B] 

FIGURE 14.20 • Random, single-displacement bisubstrate mechanism where A does not 

affect B binding, and vice versa. Note that the lin es intersect at the 1/ [A] axis. (If [B] 

were varied in an experiment with several fixed concentrations of A, the lines would inter­

sect at the 1/ [B] axis in a 1/v versus 1/ [B] plot.) 
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donor to form creatine phosphate (CrP) from creatine (Cr). Creatine-P is an 
important reservoir of phosphate-bond energy in muscle cells (Figure 14.21). 

ATP + E ~ ATP:E 
ADP:E ~ ADP + E 

~ / 
ATP:E:Cr ~ ADP:E:CrP 

/ ' E + Cr ~ E:Cr E:CrP ~ E + CrP 

The overall direction of the reaction will be determined by the relative con­
centrations of ATP, ADP, Cr, and CrP and the equilibrium constant for the reac­
tion. The enzyme can be considered to have two sites for substrate (or prod­
uct) binding: an adenine nucleotide site, where ATP or ADP binds, and a 
creatine site, where Cr or CrP is bound. In such a mechanism, ATP and ADP 
compete for binding at their unique site , vihile Cr and CrP compete at the spe­
cific Cr-, CrP-binding site. Note that no modified enzyme form (E'), such as 
an E-P04 intermediate, appears here. The reaction is characterized by rapid 
and reversible binary ES complex formation, followed by addition of the 
remaining substrate, and the rate-determining reaction taking place within the 
ternary complex. 

Ordered, Single-Displacement Reactions 

In this case, the leading substrate, A (also called the obligatory or compulsory 
substrate), must bind first. Then the second substrate, B, binds. Strictly speak­
ing, B cannot bind to free enzyme in the absence of A. Reaction between A 
and B occurs in the ternary complex, and is usually followed by an ordered 
release of the products of the reaction, P and Q. In the schemes below, Q is 
the product of A and is released last. One representation, suggested by W. W. 
Cleland, follows: 

A B p Q 

1 1 r r 
E AE --- AEB ~ QEP --- QE ---- E 

Another way of portraying this mechanism is as follows: 

B 

l 
A-;/M~AEB 

QE~ 
QE~=r~QEP 

p 

(14.49) 

Note that A and Q are competitive for binding to the free enzyme, E, but not 
A and B (or Q and B). 

Creatine 

Creatine-P 

FIGURE 14.21 • The structures of creatine 
and creatine phosphate , guanidiniurn com­
pounds that are important in muscle energy 
metabolism. 
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NAD+ -Dependent Dehydrogenases Show Ordered 
Single-Displacement Mechanisms 

Nicotinamide adenine dinucleotide (NAD+ )-dependent dehydrogenases are enzymes •• 
that typically behave according to the kinetic pattern just described. A general •• 
reaction of these dehydrogenases is · 

NAD+ + BH2 ===NADH + H+ + B 

The leading substrate (A) is nicotinamide adenine dinucleotide (NAD+), and 
NAD+ and NADH (product Q) compete for a common site on E. A specific 

example is offered by alcohol dehydrogenase (ADH): 

NAD+ + CH3CH20H ~ NADH + H+ + CH3CHO 
(A) ethanol (Q) acetaldehyde 

~) ~ 

We can verify that this ordered mechanism is not random by demonstrating 
that noB (ethanol) is bound toE in the absence of A (NAD+). 

Double-Displacement (Ping~Pong) Reactions 

Reactions conforming to this kinetic pattern are characterized by the fact that 
the product of the enzyme's reaction with A (called Pin the following schemes) 

is released prior to reaction of the enzyme with the second substrate, B. As a 
result of this process, the enzyme, E, is converted to a modified form, E', which 
then reacts with B to give the second product, Q, and regenerate the unmod~ 
ified enzyme form, E: 

A p B Q 

1 r 1 i 
E AE ::;;:=:=: PE I E' E'B ~ EQ E 

or 

AE PE' A\/\(Q A-/ ~p 
E E' AE E'B 

Q~ r-B )\)\ 
EQ E'B p E' B 

Note that these schemes predict that A and Q compete for the free enzyme 
form, E, while B and P compete for the modified enzyme form, E'. A and Q 
do not bind toE', nor do Band P combine with E. 

Aminotransferases Show Double-Displacement Catalytic Mechanisms 

One class of enzymes that follow a ping-pong-type mechanism are aminotrans­

Jerases (previously known as transaminases). These enzymes catalyze the trans­
fer of an amino group from an amino acid to an a-keto acid. The products 

are a new amino acid and the keto acid corresponding to the carbon skeleton 
of the amino donor: · 

amino acid1 + keto acid2 - keto acid1 + amino acid2 
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FIGURE 14.22 • Glutamate:aspartate aminotransferase, an enzyme conforming to a dou­
ble-displacement bisubstra te mechanism. Glutamate: aspartate aminotransferase is a pyri­
doxal phosphate - dependent enzyme. The pyridoxal serves as the - NH2 acceptor from 
glutamate to form pyridoxamine. Pyridoxamine is then the amino donor to oxaloacetate 
to form asparate and regenerate the pyridoxal coenzyme form. (The pyridoxamine : 
enzyme is the E' form.) 

A specific example would be glutamate: aspartate aminotransferase. Figure 14.22 
depicts the scheme for this mechanism. Note that glutamate and aspartate are 
competitive for E, and that oxaloacetate and a-ketoglutarate compete for E'. 
In glutamate: aspartate aminotransferase, an enzyme-bound coenzyme, pyri­
doxal phosphate (a vitamin B6 derivative), serves as the amino group accep­
tor/ donor in the enzymatic reaction. The unmodified enzyme form, E, has the 
coenzyme in the aldehydic pyridoxal form, whereas the modified enzyme form, 
E', is ac tually pyridoxamine phosphate (Figure 14.22). Not all enzymes dis­
playing ping-pong - type mechanisms require coenzymes as carriers for the 
chemical substituent transferred in the reaction. 

Diagnosis of Bisubstrate Mechanisms 

Kineticists rely on a number of diagnostic tests for the assignment of a reac­
tion mechanism to a specific enzyme. One is the graphic analysis of the kinetic 
patterns observed. It is usually easy to distinguish between single- and double­
displacement reactions in this manner, and examining competitive effects 
between substrates aids in assigning reactions to random versus ordered pat­
terns of S-binding. A second diagnostic test is to determine whether the enzyme 
catalyzes an exchange reaction. Consider as an example the two enzymes sucrose 
phosphorylase and maltose phosphorylase. Both catalyze the phosphorolysis of a 
disaccharide and both yield glucose-1-phosphate and a free hexose: 

sucrose+ Pi~ glucose-1-phosphate +fructose 

maltose + Pi~ glucose-1-phosphate + glucose 
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Interestingly, in the absence of sucrose and fructose, sucrose phosphory­

lase will catalyze the exchange of inorganic phosphate, P;, into glucose-1-phos­

phate. This reaction can be followed by using 32P; as a radioactive tracer and 

observing the appearance of 32P into glucose-1-phosphate: 

32p; + G-1-P:;;::=:::::P; + G-1-32p 

Maltose phosphorylase cannot carry out a similar reaction. The 32P exchange 

reaction of sucrose phosphorylase is accounted for by a double-displacement 

mechanism where E' :::: E-glucose: 

sucrose+ E ~ E-glucose +fructose 

E-glucose + P; ~ E + glucose-1-phosphate 

Thus, in the presence of just 32P; and glucose-1-phosphate, sucrose phosphory­

lase still catalyzes the second reaction and radioactive P; is incorporated into 

glucose-1-phosphate over time. 
Maltose phosphorylase proceeds via a single-dispiacement reaction that 

necessarily requires the formation of a ternary maltose: E: P; (or glucose: E: 

glucose-1-phosphate) complex for any reaction to occur. Exchange reactions 

are a characteristic of enzymes that obey double-displacement mechanisms at 

some point in their catalysis. 

Multisubstrate Reactions 

Thus far, we have considered enzyme-catalyzed reactions involving one or two 

substrates. How are the kinetics described in those cases in which more than 

two substrates participate in the reaction? An example might be the glycolytic 

enzyme glyceraldeh:yde-3-phosphate dehydrogenase (Chapter 19): 

NAD+ + glyceraldehyde-3-P + P1 ----l> NADH + H+ + 1,3-bisphosphoglycerate 

Many other multisubstrate examples abound in metabolism. In effect, these sit­

uations are managed by realizing that the interaction of the enzyme with its 

many substrates can be treated as a series of uni- or bisubstrate steps in a multi­

step reaction pathway. Thus, the complex mechanism of a multisubstrate reac­

tion is resolved into a sequence of steps, each of which obeys the single- and 

double-displacement patterns just discussed. 

14.6 • RNA and Antibody Molecules 
as Enzymes: Ribozymes and Abzymes 

Catalytic RNA Molecules: Ribozymes 

It was long assumed that all enzymes are proteins. However, in recent years, 

more and more instances of biological catalysis by RNA molecules have been 

discovered. These catalytic RNAs, or ribozymes, satisfy several enzymatic crite­

ria: They are substrate-specific, they enhance the reaction rate, and they emerge 

from the reaction unchanged. For example, RNase P, an enzyme responsible 

for the formation of mature tRNA molecules from tRNA precursors, requires 

an RNA component as well as a protein subunit for its activity in the celL In 

vitro, the protein alone is incapable of catalyzing the maturation reaction, but 

the RNA component by itself can carry out the reaction under appropriate 

conditions. In another case, in the ciliated protozoan Tetrahymena, formation 

of mature ribosomal RNA from a pre-rRNA precursor involves the removal of 

an internal RNA segment and the joining of the two ends in a process known 

as splicing out. The excision of this intervening internal sequence of RNA and 



Par Pharmaceutical, Inc. Ex. 1032 
Par v. Horizon, IPR of Patent No. 9,561,197 

Page 33 of 37

14.6 • RNA and Antibody Molecules as Enzymes: Ribozymes and Abzyrnes 455 

(a) 

F1GURE 14.23 • RNA splicing in Tetrahymena rRNA maturation: (a) the guanosine­
mediated reaction involved in the autocatalytic excision of the Tetrahymena rRNA intron, 
and (b) the overall splicing process. The cycl ized intron is formed via nucleophilic attack 
of the 3'-0H on the phosphodiester bond that is 15 nucleotides from the 5'-GA end of 
the spliced-out intron. Cyclization frees a linear 15-mer with a 5'-GA end. 

ligation of the ends is, remarkably, catalyzed by the intervening sequence of 
RNA itself, in the presence of Mg2 + and a free molecule of guanosine nucleo­
side or nucleotide {Figure 14.23). In vivo, the intervening sequence RNA prob­
ably acts only in splicing itself out; in vitro, however, it can act many times, turn­
ing over like a true enzyme. 

Protein-Free 50S Ribosomal Subunits Catalyze 
Peptide Bond Formation In Vitro 

Perhaps the most significant case of catalysis by RNA occurs in protein syn­
thesis. Harry F. Noller and his colleagues have found that the peptidyl trans­
ferase reaction, which is the reaction of peptide bond formation during pro­
tein synthesis {Figure 14.24), can be catalyzed by 50S ribosomal subunits (see 
Chapter 12) from which virtually all of the protein has been removed. These 
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FIGURE 14.24 a Protein-free 50S ribosomal subunits have peptidyl transferase activity. 

Peptidyl transferase is the name of the enzymatic function that catalyzes peptide bond for­

mation. The presence of this activity in protein-free 50S ribosomal subunits was demon­

strated using a model assay for peptide bond formation in which an aminoacyl-tRNA ana­

log (a short RNA oligonucleotide of sequence CAACCA carrying35 S-labeled methionine 

attached at its 3'-0H end) served as the peptidyl donor and puromycin (another amino­

acyl-tRNA analog) served as the peptidyl acceptor. Activity was measured by monitoring 

the formation of 35 S-labeled methioninyl-puromycin. 

experiments imply that just the 23S rRNA by itself is capable of catalyzing pep­

tide bond formation. Also, the laboratory of Thomas Cech has created a syn­

thetic 196--nucleotide-long ribozyme capable of performing the peptidyl trans­

ferase reaction. 
Several features of these "RNA enzymes," or ribozymes, lead to the real­

ization that their biological efficiency does not challenge that achieved by pro­

teins. First, RNA enzymes often do not fulfill the criterion of catalysis in vivo 

because they act only once in intramolecular events such as self-splicing. 

Second, the catalytic rates achieved by RNA enzymes in vivo and in vitro are 
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Hydro~'Y 
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(b) 0'\. /0-o 
0 

Cyclic phosphonate ester 

significantly enhanced by the participation of protein subunits. Nevertheless, 
the fact that RNA can catalyze certain reactions is experimentaJ support 
for the idea that a primordial world dominated by RNA molecules existed 
before the evolution of DNA and proteins. 

Catalytic Antibodies: Abzymes 

Antibodies are immunoglobulins, which, of course, are proteins. Like other anti­
bodies, catalytic antibodies, so-called abzymes, are elicited in an organism in 
response to immunological challenge by a foreign molecule called an antigen 
(see Chapter 29 for discussions on the molecular basis of immunology). In this 
case, h owever, the antigen is purposefully engineered to be an analog of the tran­
sition-state intermediate in a reaction. The rationale is that a protein specific for 
binding the transition-state intermediate of a reaction will promote entry of 
the normal reactant irito the reactive, transition-state conformation. Thus, a 
catalytic antibody facilitates, or catalyzes, a reaction by forcing the conforma­
tion of its substrate in the direction of its transition state. (A prominent expla­
nation for the remarkable catalytic power of conventional enzymes is their great 
affinity for the transition-state intermediates in the reactions they catalyze; see 
Chapter 16.) · 

One strategy has been to prepare ester analogs by substituting a phos­
phorus atom for the carbon in the ester group (Figure 14.25) . The phospho­
compound mimics the natural transition state of ester hydrolysis, and anti­
bodies elicited against these analogs act like enzymes in accelerating the rate 
of ester hydrolysis as much as 1000-fold. Abzymes have been developed for a 
number of other classes of reactions, including C-C bond formation via aldol 
condensation (the reverse of the aldolase reaction [see Figure 14.2, reaction 4 
and Chapter 19]) and the pyridoxal 5' -P-dependent aminotransferase reaction 
shown in Figure 14.22. In this latter instance, N"'-(5'-ph osphopyridoxyl)-lysine 
(Figure l4.26a) coupled to a carrier protein served as the antigen. An anti­
body raised against this antigen catalyzed the conversion ofn-alanine and pyri­
doxal 5'-P to pyruvate and pyridoxamine 5'-P (Figure 14.26b). This biotech­
nology offers the real possibility of creating "designer enzymes," specially 
tailored enzymes designed to carry out specific catalytic processes. 

FIGURE 14.25 • Catalytic antibodies are 
designed to specifically bind the transition-state 
intermediate in a chemical reaction. (a) The 
intramolecular hydrolysis of a hydroxy ester to 
yield as products a &.lactone and the alcohol 
phenol. Note the cyclic transition state. (b) 
The cyclic phosphonate ester analog of the 
cyclic transition state . Antibodies raised against 
this phosphonate ester act as enzymes: they are 
catalysts that markedly accelerate the rate of 
ester hydrolysis. 
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+ 

F1GURE 14.26 • (a) Antigen used to create an abzyme with aminotransferase activity. 
(b) Aminotransferase reaction catalyzed by the abzyme. 

Pyruvate 

Pyridoxamine 5'-P 

PROBLEMS 

1. According to the Michaelis- Menten equation, what is the 
vi Vmax ratio when [S] = 4 K,,? 

2. If Vmax = 100 ,umol/mL sec and K.n = 2 mM, wha t is the veloc­
ity of the reaction when [S] = 20 mM? 

3. For a Michaelis- Menten reaction , k1 = 7 X 1071M · sec, 
k_ 1 = 1 X 103 I sec, and ~ = 2 X 104 I sec. Wha t are the values of Ks 
and K,,? Does substrate binding approach equilibrium or does it 
behave more like a steady-state system? 

4. The following kine tic data were obtained for an enzyme in the 
absence of any inhibitor (1), an d in the presence of two different 
inhibitors (2) and (3) at 5 mM concentration. Assume [E1] is the 
same in each experiment. 

[S] (1) (2) (3) 

(mM) v(,umoi/ mL sec) v(,umol/ mL sec) v(,umol/ mL sec) 

1 12 4.3 5.5 
2 20 8 9 

4 29 14 13 

8 35 21 16 

12 40 26 18 

a. Determine Vmax and K,, for the enzyme. 
b. Determine the type of inhibition and the Kr. for each inhibitor. 

5. The general rate equation for an ordered, single-displacement 
reaction where A is the leading substrate is 

v = --;--;:------:-V-l!!m;aax~[A-=.].::_,(B,..:]~---
(KtK); + K,~ [B] + K); [A] + [A] [B] ) 

Write the Lineweaver-Burk (double-reciprocal) equivalent of this 
equation, and from it calculate algebraic expressions for (a) the 
slope; (b) they-intercepts; and (c) the horizontal and vertical coor-

dinates of the point of intersection when 1l v is plotted versus 
11 [B] at various fixed concentrations of A. 

6. The following graphical patterns obtained from kinetic experi­
ments have several possible interpretations depending on the 
nature of the experiment and the variables being p lotted. Give at 
least t\vo possibilities for each. 

I 
[S] 

I 
[S] 

I 
[S] 

7. Liver alcohol dehydrogenase (ADH) is relatively nonspecific 
and will oxidize ethanol or other alcohols, including methanol. 
Methanol oxidation yields formaldehyde, which is qu ite toxic, 
causing, among other things, blindness. Mistaking it for the cheap 
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wine he usually prefers, my dog Clancy ingested about 50 mL of 
windshield washer fluid (a solution 50% in methanol.) Knowing 
that methanol would be excreted eventually by Clancy's kidneys if 
its oxidation could be blocked, and realizing that, in terms of 
methanol oxidation by ADH, ethanol would act as a competitive 
inhibitor, I decided to offer Clancy some wine. How much of 
Glancy's favorite vintage (12% ethanol) must he consume in order 
to lower the activity of his ADH on methanol to 5% of its normal 
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