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Enzymes: Biological Catalysts
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Chapter 11 Outline:

Å The Role of Enzymes

Å Chemical Reaction Rates and the Effects of 

CatalystsðA Review

Å How Enzymes Act as Catalysts: Principles and 

Examples

Å The Kinetics of Enzymatic Catalysis

Å Enzyme Inhibition

Å Cofactors, Vitamins, and Essential Metals

Å The Diversity of Enzymatic Function

Å Nonprotein Biocatalysts: Catalytic Nucleic Acids

Å The Regulation of Enzyme Activity: Allosteric 

Enzymes

Å Covalent Modifications Used to Regulate Enzyme 

Activity
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Å In general terms, a catalyst  is a substance that increases 

the rate, or velocity, of a chemical reaction without itself 

being changed in the overall process. 

Å Enzymes are biological catalysts, most of which are proteins. 

Å For example, the protein trypsin catalyzes hydrolysis of 

peptide bonds in proteins and polypeptides. 

Å The substance that is acted on by an enzyme is called the 

substrate of that enzyme.
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ü Living systems make use of energy from the

environment.

ü Many chemical reactions that occurs in living organisms is

thermodynamically favorable, but they are very slow.

ü Therefore in the course of evolution enzymes have been

selected to catalyze these reactions.

ü Enzymes are catalysts of biological systems and except a

small group of ribozymes they are consist of proteins.

ü Enzymes have extraordinary catalytic power, often far

greater than that of synthetic or inorganic catalysts.

ü They have a high degree of specificity for their substrates,

they accelerate chemical reactions tremendously, and

they function in aqueous solutions under very mild

conditions of temperature and pH.
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ü Catalytic activity of the enzymes depends on the integrity of their native

protein conformation.

ü If an enzyme is denatured or dissociated into its subunits, catalytic activity is

usually lost.

ü Thus the primary, secondary, tertiary, and quaternary structures of protein

enzymes are essential to their catalytic activity.

ü Some enzymes require no chemical groups for activity other than their amino

acid residues.

ü Others require an additional chemical component called a cofactorðeither

one or more inorganic ions, such as Fe2+, Mg2+, Mn2+, or Zn2+, or a complex

organic or metalloorganic molecule called a coenzyme.

ü A coenzyme or metal ion that is very tightly or even covalently bound to the

enzyme protein is called a prosthetic group.



Biochemistry, 4th Edition6

üA complete, catalytically active enzyme together with its

bound coenzyme and/or metal ions is called a

holoenzyme.

üThe protein part of such an enzyme is called the

apoenzyme or apoprotein.

üFinally, some enzyme proteins are modified covalently

by phosphorylation, glycosylation, and other processes.
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Clasification of enzymes 

×This system divides enzymes into six classes, each

with subclasses, based on the type of reaction

catalyzed

.
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× Its Enzyme Commission (E.C.) number is 2.7.1.1.

The first number (2) denotes the class name

(transferase); the second number (7), the subclass

(phosphotransferase); the third number (1), hydroxyl

group as acceptor; and the fourth number (1), shows

discovery number.

×For many enzymes, a trivial name is more frequently 

usedðin this case, hexokinase.
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Determining the order and rate constant of an

irreversible first-order reaction: 

ÅGraphs (a) and (b) analyze the rate of a single 

reaction, with time expressed as multiples of the half-life 

(t1/2) of the reactant. Note that for each interval of t1/2 the 

reactant concentration is halved. 

a)A graph of [A] versus t shows that the rate, defined as 

the slope of the curve, decreases as the reaction 

continues. 

b) A graph of ln[A] versus t, when linear, indicates that 

the reaction follows the equation [A]t = [A]oe
-kt and is 

first-order. The slope of this line (d ln[A]/dt) is equal to -

k1.
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Chemical Reaction Rates and the Effects of 
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Å A first-order rate constant has units of (time)-1, whereas 

a second-order rate constant has units of 

(concentration) -1(time) -1.

Å Often, however, the analysis of complex multistep 

reaction schemes can be simplified by the recognition of 

a rate-limiting step. 

Å The rate-limiting step is the slowest step in a multistep 

process. 

Å As such, it determines the experimentally observed rate 

for the entire process.



Biochemistry, 4th Edition

Chemical Reaction Rates and the Effects of 

CatalystsðA Review
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Å Barriers to chemical reactions occur because a reactant molecule 

must pass through a high-energy transition state to form products.

Å This free energy barrier is called the activation energy.

Å Catalysts increase reaction rates by lowering the activation energy.
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Chemical Reaction Rates and the Effects of 

CatalystsðA Review
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Å A first-order reaction is one whose rate is directly proportional 

to the first power of the reactant concentration.

Å A first-order reaction is characterized by single exponential 

decay of the reactant.
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Chemical Reaction Rates and the Effects of 

CatalystsðA Review
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Å The presence of a catalyst increases forward and 

reverse rates for a reaction, but does not affect the 

equilibrium composition of reactants and products.
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Chemical Reaction Rates and the Effects of 

CatalystsðA Review
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Å The rate enhancement for an enzyme-catalyzed reaction 

is the ratio of the rate constants for the catalyzed (kcat) 

and the noncatalyzed (knon) reactions. 

Å The rate enhancement indicates how much faster the 

reaction occurs in the presence of the enzyme.



Biochemistry, 4th Edition1

6

×The distinguishing feature of an enzyme-catalyzed reaction is that it takes

place within the confines of a pocket on the enzyme called the active site.

×The molecule that is bound in the active site and acted upon by the enzyme

is called the substrate.

×The surface of the active site is lined with amino acid residues with

substituent groups that bind the substrate and catalyze its chemical

transformation.

×The enzyme-substrate complex, is central to the action of enzymes.

×A simple enzymatic reaction might be written where E, S, and P represent the

enzyme, substrate, and product; ES and EP are transient complexes of the

enzyme with the substrate and with the product.
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How Enzymes Act as Catalysts: 

Principles and Examples
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Two models for enzymeïsubstrate interaction:

Å In this example, the enzyme catalyzes a 

cleavage reaction. 

a) The lock-and-key model. In this early model, the 

active site of the enzyme fits the substrate as a 

lock does a key. 

b) The induced fit model. In this elaboration of the 

lock-and-key model, both enzyme and substrate 

are distorted on binding. The substrate is forced 

into a conformation approximating the transition 

state; the enzyme keeps the substrate under 

strain.
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×The function of a catalyst is to increase the rate of a reaction. 

Catalysts do not affect reaction equilibria. Any reaction, such as 

SĄP, can be described by a reaction coordinate diagram.

×Reaction rates can be increased by raising the temperature and/or

pressure, thereby increasing the number of molecules with sufficient 

energy to overcome the energy barrier.

×Alternatively, the activation energy can be lowered by adding a 

catalyst . Catalysts enhance reaction rates by lowering activation 

energies.
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How Enzymes Act as Catalysts: 

Principles and Examples
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Enthalpic stabilization of the transition state in an enzyme-catalyzed reaction:

Å This panel shows the transition state and tetrahedral intermediate for an enzyme-

catalyzed ester cleavage. 
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How Enzymes Act as Catalysts: 

Principles and Examples
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Catalysis of peptide bond hydrolysis by chymotrypsin:
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Å An expression for a simple reaction involving a single 

substrate and product was shown as:

Å If we analyze the initial rate  of an enzyme-catalyzed 

reaction (i.e., before a significant concentration of P 

appears) and we assume that k1, k-1, and k3 >> k2, the 

equation above simplifies to:

Å Where kcat is the apparent rate constant for the rate-

determining conversion of substrate to product.
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The Kinetics of Enzymatic Catalysis
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Å We have assumed that initial reaction conditions are such 

that the reverse reaction between E and P is negligible.

Å The catalytic formation of the product, with enzyme 

regeneration, will then be a simple first-order reaction, and 

its rate will be determined solely by the concentration of ES 

and the value of kcat.

Å Therefore, the reaction rate, or velocity, defined as the 

observed rate of formation of products, can be expressed as

v = kcat[ES]

Å In practice, [ES] is difficult to measure in kinetics 

experiments. 



Biochemistry, 4th Edition

The Kinetics of Enzymatic Catalysis
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Å It is desirable to express the rate, v,  in terms of the substrate 

concentration [S] and the total enzyme concentration. 

Å This suggests that E and S should be in equilibrium with ES, 

with an equilibrium dissociation constant

Å This is usually an incorrect assumption, but under certain 

circumstances this approximation is valid. 

Å When the reaction is started by mixing enzymes and substrates, 

the ES concentration builds up at first, but quickly reaches a 

steady state, in which it remains almost constant. This steady 

state will persist until almost all of the substrate has been 

consumed. 

Å Because the steady state accounts for nearly all the reaction 

time, we can calculate the reaction velocity by assuming steady-

state conditions. 
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Å In the steady state, the rates of formation and breakdown of ES 

are equal producing

Å Which can be rearranged to give

Å Combining the ratio of rate constants in Equation 11.17 gives a 

single constant KM, the Michaelis constant:

Å Mathematical rearrangements of the above equations yields the 

Michaelis-Menton Equation:
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Å When [S] >> KM and KM + [S] ~ [S] the Michaelis-Menton 

Equation simplifies to the expression for Vmax:

Å Thus, kcat[E]t in is equivalent to Vmax and the Michaelisï

Menten rate equation now is:
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Reaction velocity as a function of 

substrate concentration: 

ÅThis graph shows the variation of reaction 

velocity with substrate concentration according 

to the MichaelisïMenten model of enzyme 

kinetics. 

ÅThe values of v plotted here are determined 

from the initial rates of the reaction.

ÅAt the point where [S] = KM the reaction has 

exactly half its maximum velocity. 

ÅNote that Vmax is approached asymptotically.
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The Kinetics of Enzymatic Catalysis
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Å The steady-state assumption proposes that the 

concentration of enzymeïsubstrate complex remains nearly 

constant through much of the reaction.

Å The Michaelis constant, KM, indicates the substrate 

concentration at which the reaction rate is İ Vmax.

Å The turnover number, kcat, measures the rate of the catalytic 

process.



Biochemistry, 4th Edition

Copyright É 2013 Pearson Canada Inc. 1 - 33



Biochemistry, 4th Edition

The Kinetics of Enzymatic Catalysis
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The ratio kcat/KM is a convenient measure of enzyme efficiency.
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The Kinetics of Enzymatic Catalysis
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A LineweaverïBurk plot: 

ÅIn this double reciprocal plot, 1/v is graphed versus 1/[S]. 

ÅNote that a linear extrapolation of the data gives both Vmax and 

KM.
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The Kinetics of Enzymatic Catalysis
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An EadieïHofstee plot: 

ÅGraphing v versus V/[S], we obtain Vmax at (V/[S]) = 0 and KM from 

the slope of the line.
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Å Multisubstrate reactions fall into several 

classes, depending on the order of 

substrate binding: 

o Random

o Ordered

o Ping-pong
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Random Substrate Binding:

Å Either substrate can be bound first, although in many 

cases one substrate will be favored for initial binding, 

and its binding may promote the binding of the other. 

The general pathway is:
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Ordered Substrate Binding:

Å In some cases, one substrate must bind before a second 

substrate can bind significantly.

Å This mechanism is often observed in oxidations of 

substrates by the cofactor NAD+. 



Biochemistry, 4th Edition

The Kinetics of Enzymatic Catalysis

Copyright É 2013 Pearson Canada Inc. 11 - 40

The Ping-Pong Mechanism:

ÅIn a ñping-pongò reaction:

o One substrate is bound, one product is released. 

o A second substrate comes in, and a second product is 

released. 

ÅHere E* is a modified form of the enzyme, often carrying a fragment 

of S1. 
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× Enzymes catalyse reactions

by randomly colliding with

substrate molecules, increasing

temperature increases the rate

of reaction, forming more

product.

× However, as temperature

increases, more bonds,

especially the weaker

Hydrogen and Ionic bonds, will

break as a result of this strain.

Eventually, the enzyme will

become denatured and will no

longer function.

× In summary, as temperature

increases, initially the rate of

reaction will increase, because

of increased Kinetic Energy.

However, the effect of bond

breaking will become greater

and greater, and the rate of

reaction will begin to decrease.

The effect of temperature on enzyme acyivity
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×Different enzymes have different Optimum pH

values. This is the pH value at which the bonds

within them are influenced by H+ and OH- Ions in

such a way that the shape of their active site is the

most complementary to the shape of their substrate.

×Any change in pH above or below the optimum will

quickly cause a decrease in the rate of reaction.

The effect of pH on the activity  
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Enzyme Inhibition
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Å Inhibition of enzymes can be either 

reversible or irreversible.

Å A competitive inhibitor competes 

with substrate for the enzyme active 

site. 

Å It increases the apparent KM.

Å Both substrate and inhibitor can fit 

the active site. 

Å Substrate can be processed by the 

enzyme, but inhibitor cannot.
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Enzyme Inhibition
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Effects of competitive inhibition on enzyme kinetics:

Å The effect of a competitive inhibitor (I) on reaction velocity at 

different substrate concentrations.
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Enzyme Inhibition
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LineweaverïBurk plots of the reactions with and without a 

competitive inhibitor:

ÅThe lines cross the 1/v axis at the same Vmax, showing that I is a 

competitive inhibitor.
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Enzyme Inhibition
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A substrate and its competitive inhibitor:

Å The substrate UpA and the structurally similar 

molecule UpcA are competitors for the enzyme 

ribonuclease. 

Å The single difference between the substrate 

and the inhibitor is shown in red.
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Enzyme Inhibition
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Å An uncompetitive inhibitor does not compete for the 

active site but affects the catalytic event. 

Å It reduces both the apparent Vmax and apparent KM. 

Å These effects cannot be reversed by increasing [S].
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Enzyme Inhibition
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Å An uncompetitive inhibitor does not 

compete for the active site but affects 

the catalytic event. 
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Enzyme Inhibition
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Effects of uncompetitive inhibition on enzyme kinetics: 

(a)The effect of an uncompetitive inhibitor (I) on reaction velocity at 

different substrate concentrations.

(b)LineweaverïBurk plots of the reactions shown in (a). 

ÅThe lines are parallel and cross 1/v axis at different points, clearly 

distinguishing this situation from competitive inhibition.


