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Chapter 11 Outline:

A The Role of Enzymes
A Chemical Reaction Rates and the Effects of
Catalystsd A Review

A How Enzymes Act as Catalysts: Principles and
Examples

A The Kinetics of Enzymatic Catalysis

A Enzyme Inhibition

A Cofactors, Vitamins, and Essential Metals

A The Diversity of Enzymatic Function

A Nonprotein Biocatalysts: Catalytic Nucleic Acids

A The Regulation of Enzyme Activity: Allosteric
Enzymes

A Covalent Modifications Used to Regulate Enzyme
Activity
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The Role of Enzymes

A 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.

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

A For example, the protein trypsin catalyzes hydrolysis of
peptide bonds in proteins and polypeptides.

A The substance that is acted on by an enzyme is called the
substrate of that enzyme.
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0

Living systems make use of energy from the
environment.

U Many chemical reactions that occurs in living organisms is
thermodynamically favorable, but they are very slow.

U Therefore in the course of evolution enzymes have been
selected to catalyze these reactions.

U Enzymes are catalysts of biological systems and except a
small group of ribozymes they are consist of proteins.

U Enzymes have extraordinary catalytic power, often far
greater than that of synthetic or inorganic catalysts.

U 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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Catalytic activity of the enzymes depends on the integrity of their native
protein conformation.

If an enzyme is denatured or dissociated into its subunits, catalytic activity is
usually lost.

Thus the primary, secondary, tertiary, and quaternary structures of protein
enzymes are essential to their catalytic activity.

Some enzymes require no chemical groups for activity other than their amino
acid residues.

Others require an additional chemical component called a cofactord either
one or more inorganic ions, such as Fe?*, Mg?*, Mn?*, or Zn?*, or a complex
organic or metalloorganic molecule called a coenzyme.

A coenzyme or metal ion that is very tightly or even covalently bound to the
enzyme protein is called a prosthetic group.




Coenzyme

Apoenzyme Cofactor Holoenzyme
(protein (nonprotein (whole
portion), portion), enzyme),
inactiye activator active
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U A complete, catalytically active enzyme together with its
bound coenzyme and/or metal ions is called a
holoenzyme.

U The protein part of such an enzyme is called the
apoenzyme or apoprotein.

U Finally, some enzyme proteins are modified covalently
by phosphorylation, glycosylation, and other processes.
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Clasification of enzymes

/IR BEN International Classification of Enzymes

Class no. Class name Type of reaction catalyzed
1 Oxidoreductases Transfer of electrons (hydride ions or H atoms)
2 Transferases Group transfer reactions
3 Hydrolases Hydrolysis reactions (transfer of functional groups to water)
4 Lyases Cleavage of C—C, C—0O, C—N, or other bonds by elimination, leaving double
bonds or rings, or addition of groups to double bonds
5 Isomerases Transfer of groups within molecules to yield isomeric forms
6 Ligases Formation of C—C, C—S, C—O0, and C—N bonds by condensation reactions

coupled to cleavage of ATP or similar cofactor

X This system divides enzymes into six classes, each
with subclasses, based on the type of reaction
catalyzed
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X 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.
ATP + p-glucose — ADP + D-glucose 6-phosphate

X For many enzymes, a trivial name is more frequently
usedo in this case, hexokinase.
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EC 2 Transferases

M hexokinase

EC 2.7.1.2 glucokinase

‘EC 232 ‘Aminoacyl‘[ransferases

|EC 233 |Acy1 groups converted into alkyl on transfer

‘EC 2.7.6 ‘Diphosphotransferases

‘EC 277 ‘Nucleotidyltransferases

|Nu111ber | Name { |EC 2.7 |T1‘ansferri11g phosphorus-containing groups
‘EC 2.1 ‘Transferring one-carbon groups { EC271 Phosphotransferases with an alcohol group as
‘EC 211 ‘Methyltrausferases { . acceptor
‘EC 212 ‘Hydroxymethyl—, Formyl- and Related Transferases { |EC 272 |Phosphotransferases with a carboxy group as acceptor
|EC 213 |Cal‘b0xy— and Carbamoyliransferases { EC 273 Phosphotransferases with a nitrogenous group as
|EC 2.14 |Amidi110transferases { acceptor -
|EC 2.2 |T1'ansfer1'ing aldehyde or ketonic groups { EC2.74 I:ilé)esli)tl;?transferases with a phosphate group as
|EC 221 |T1'ansket01ases and Transaldolases { EC 2.7.5 |Phosphotransferases with regeneration of donors,
‘EC 2.3 ‘Acyltransferases { apparently
‘EC 231 ‘Transfen‘ing groups other than amino-acyl groups { catalysing intramolecular transfers

|

|

|

|EC 2.4 |G1ycosyltransferases

|EC 241 |Hex05ylt1‘ausferases

|EC 242 |Pentosy1transferases

‘EC 2.4.99 ‘Transfen‘ing other glycosyl groups

EC 2.5 Transferring alkyl or aryl groups, other than methyl
groups
EC 251 Transferring Alkyl or Aryl Groups, Other than Methyl
"7 |Groups
|EC 2.6 |T1'ansferring nitrogenous groups

|EC 26.1 |T1‘ansaminases

|EC 262 |Amidi110transferases

|EC 263 |Oxi111i110transferases

‘EC 2.6.99 ‘Transfen‘ing Other Nitrogenous Groups

_ ‘EC 2.7.8 ‘Transferases for other substituted phosphate groups

( |EC 279 |Phosphotransferases with paired acceptors

|EC 2.7.10 |Protein—tyrosi11e kinases

|EC 2.7.11 |Protein—serhle/tlu‘eonine kinases

Dual-specificity kinases (those acting on Ser/Thr and

' ‘EC 2712 Tyr residues)

‘EC 2.7.99 ‘Other protein kinases

‘EC 2.8 ‘Transferring sulfur-containing groups

|EC 2.8.1 |Sulﬁutransferases

|EC 282 |Su1fotransferases

. |EC 283 |COA—t1'ansferases

|

{

{ ‘EC 2.7.13 ‘Protein—histidhle kinases
|

|

|

|

{ |EC 284 |Transfen‘ing alkvlthio groups
T

Transferring molybdenum- or tungsten-containing
groups

EC 2.10

Molybdenumtransferases or tungstentransferases with

EC2.10.1 sulfide groups as acceptors

|
|
|
|
|
|
|
|

EC 2.7.1.3 ketohexokinase
EC 2.7.1.4 fructokinase
EC 2.7.1.5 thamnulokinase
EC 2.7.1.6 galactokinase
EC 2.7.1.7 mannokinase

EC 2.7.1.8 glucosamine kinase

EC 2.7.1.9 deleted

EC 2.7.1.10 phosphoglucokinase
EC 2.7.1.11 6-phosphofiuctokinase
EC 2.7.1.12 gluconokinase

EC 2.7.1.13 dehydrogluconokinase
EC 2.7.1.14 sedoheptulokinase

EC 2.7.1.15 ribokinase
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Catalystsd A Review

Chemical Reaction Rates and the Effects of

[AlLC
- - -:f
Determining the order and rate constant of an 52
. : . : 25 A
irreversible first-order reaction: gy b 'I\
2= |
_ S8 Ll -——1-— M
AGraphs (a) and (b) analyze the rate of a single s iL_\h__M
reaction, with time expressed as multiples of the half-life e [”‘{gﬂ“"*.—";'r“‘;."‘j“‘*
. f1 2 £ 2 t, f2 ky 2
(t12) of the reactant. Note that for each interval of t,, the | o
reactant concentration is halved.
(Al
a)A graph of [A] versus t shows that the rate, defined as - __x /smeﬂcﬁ
the slope of the curve, decreases as the reaction It \
; = g |
ContlnueS '*E E 14 [Alg ———— ,_____\\
53 | |
g2 | |
b) A graph of In[A] versus t, when linear, indicates that ~ ©7 "kl F X
the reaction follows the equation [A], = [A],e™and is i i N
. .- . 1/16 [A],
first-order. The slope of this line (d In[A]/dt) is equal to - T 2 A an
kl. (b) Time
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Chemical Reaction Rates and the Effects of

Catalystsd A Review

A first-order rate constant has units of (time)1, whereas
a second-order rate constant has units of
(concentration) -1(time) L.

Often, however, the analysis of complex multistep
reaction schemes can be simplified by the recognition of
a rate-limiting step.

The rate-limiting step is the slowest step in a multistep
process.

As such, it determines the experimentally observed rate
for the entire process.

Pearson Canada | nc.
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Chemical Reaction Rates and the Effects of
Catalystsd A Review

Barriers to chemical reactions occur because a reactant molecule
must pass through a high-energy transition state to form products.

A This free energy barrier is called the activation energy.

A Catalysts increase reaction rates by lowering the activation energy.

(b) Transition state
&
bt ok
g AG 1 ﬁ.G‘*f
5 _
5 | gop— e _______\__J0NES L
$ Initial state
o (reactants) A
LL
_________________________ Ll 3
_ Final state
A= B (products)

Reaction coordinate
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Chemical Reaction Rates and the Effects of
Catalystsd A Review

A Afirst-order reaction is one whose rate is directly proportional
to the first power of the reactant concentration.

A Afirst-order reaction is characterized by single exponential
decay of the reactant.
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Chemical Reaction Rates and the Effects of
Catalystsd A Review

A The presence of a catalyst increases forward and
reverse rates for a reaction, but does not affect the
equilibrium composition of reactants and products.

Copyright E 2013 Pearson Canada | nc. 11-14



BIOCHEMISTRY Biochemistry, 4" Edition

Chemical Reaction Rates and the Effects of
Catalystsd A Review

A The rate enhancement for an enzyme-catalyzed reaction
IS the ratio of the rate constants for the catalyzed (k.,;)
and the noncatalyzed (k. ,,) reactions.

A The rate enhancement indicates how much faster the
reaction occurs in the presence of the enzyme.

Copyright E 2013 Pearson Canada | nc. 11-15
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x 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.

x The molecule that is bound in the active site and acted upon by the enzyme
is called the substrate.

x The surface of the active site is lined with amino acid residues with
substituent groups that bind the substrate and catalyze its chemical
transformation

E+S=— ES=— EP — E+P

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

x 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

Two models for enzymei substrate interaction:

A 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.

Distortion to
transition state
conformation

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

lock-and-key model, both enzyme and substrate
are distorted on binding. The substrate is forced oer 0+Q
into a conformation approximating the transition

state; the enzyme keeps the substrate under @ _

strain.

(a) Lock-and-key (b} Induced
model fit model

Copyright E 2013 Pearson Canada | nc. 11-17
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Transition state ()

Free energy, G

Reaction coordinate

X The function of a catalyst is to increase the rate of a reaction.
Catalysts do not affect reaction equilibria. Any reaction, such as
SA P, can be described by a reaction coordinate diagram.

X 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.

x Alternatively, the activation energy can be lowered by adding a
catalyst . Catalysts enhance reaction rates by lowering activation

ANAVrANINCc
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How Enzymes Act as Catalysts:
Principles and Examples

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

A This panel shows the transition state and tetrahedral intermediate for an enzyme-
catalyzed ester cleavage.

|+a— ++I:§:I

:D::) :{:I} 10
Hﬂé&ﬂ' RO" /! R HD/}\H'

“".. . .llla+ o JI&"“,

.Di—| +DH 'DH

Enz / Ean Enz /
Transition state Tetrahedral oxyanion

intermediate
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How Enzymes Act as Catalysts:
Principles and Examples

Catalysis of peptide bond hydrolysis by chymotrypsin:

7
Ohon, e
(N) 2

o | W
(g =
Ser C- Ser é,CH Ser Q
195—CH,—0~ 195—CH~0"7 | 195—CH,~0O N
z { z DL ¢ CH, (N)
- N\
H H . : O. ,CH
N N N el
% + 8 3 /
HisJL.\P His ‘ N> His | N> H
57  H, a7 H, 57 H,
0{(9//0 D\T{F&D DZ{,IJ,&D
Asp 102 Asp 102 Asp 102
ACYL-ENZYME - H,O SECOND FREE
COMPLEX OXYAMNION INTERMEDIATE ENZYME
A water molecule binds to the enzyme e The water molecule transfers its proton @ The second peptide fragment is released:
in place of the departed polypeptide. to His 57 and its —OH to the remaining The acyl bond is cleaved, the proton is
substrate fragment. Again a tetrahedral transferred from His back to Ser, and the
oxyanion intermediate is formed. enzyme returns to its initial state.
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The Kinetics of Enzymatic Catalysis

A An expression for a simple reaction involving a single
substrate and product was shown as:

ke o K3
E+S2ES ZEP=2E+PF
K_, K 5 K s

A If we analyze the initial rate of an enzyme-catalyzed
reaction (i.e., before a significant concentration of P
appears) and we assume that k,, k_;, and k; >> k,, the
equation above simplifies to:

ki Keat

E+S%‘EE—’E+P
1

A Where k_,, is the apparent rate constant for the rate-
determining conversion of substrate to product.

Copyright E 2013 Pearson Canada | nc. 11-21
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The Kinetics of Enzymatic Catalysis

A An expression for a simple reaction involving a single
substrate and product was shown as:

ke o K3
E+S2ES ZEP=2E+PF
K_, K 5 K s

A If we analyze the initial rate of an enzyme-catalyzed
reaction (i.e., before a significant concentration of P
appears) and we assume that k,, k_;, and k; >> k,, the
equation above simplifies to:

ki Keat

E+S%‘EE—’E+P
1

A Where k_,, is the apparent rate constant for the rate-
determining conversion of substrate to product.

Copyright E 2013 Pearson Canada | nc. 11-22



"BIOCHEMISTRY Biochemistry, 4" Edition

Copyright E 2013 Pearson Canada | nc. 1-23



BIOCHEMISTRY Biochemistry, 4" Edition

The Kinetics of Enzymatic Catalysis

A We have assumed that initial reaction conditions are such
that the reverse reaction between E and P is negligible.

A 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 k.

A Therefore, the reaction rate, or velocity, defined as the
observed rate of formation of products, can be expressed as

V = Kol ES]
A In practice, [ES] is difficult to measure in kinetics

experiments.

Copyright E 2013 Pearson Canada | nc. 11-24
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The Kinetics of Enzymatic Catalysis

It is desirable to express the rate, v, interms of the substrate
concentration [S] and the total enzyme concentration.

This suggests that E and S should be in equilibrium with ES,
with an equilibrium dissociation constant
kv [EI[S]
=% ~ES
This is usually an incorrect assumption, but under certain

circumstances this approximation is valid.

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.

Because the steady state accounts for nearly all the reaction
time, we can calculate the reaction velocity by assuming steady-
state conditions.

E 2013 Pearson Canada | nc.
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The Kinetics of Enzymatic Catalysis

A In the steady state, the rates of formation and breakdown of ES
are equal producing

ki [E][S] = k_,[ES] + Keat| ES]
Formation of Dissociation Breakdown
ES complex of ES complex toE + P

A Which can be rearranged to give

K
J!"f—1 + J!"fnzat

[ES] = ( )[E][E]

A Combining the ratio of rate constants in Equation 11.17 gives a
single constant K,,, the Michaelis constant:

_ J!"—1 + J!"3:5:1
M .I!f1

A Mathematical rearrangements of the above equations yields the
Michaelis-Menton Equation:

Keat[EL[S]

Ku + [S]

Copyright E 2013 Pearson Canada | nc. 11-27
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The Kinetics of Enzymatic Catalysis

A When [S] >> K,, and K, + [S] ~ [S] the Michaelis-Menton
Equation simplifies to the expression for V...

Vimax = KeatlEl

A Thus, k_[E], in is equivalent to V., and the Michaelisi
Menten rate equation now is:

 VidS]
T

Copyright E 2013 Pearson Canada | nc. 11-29
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The Kinetics of Enzymatic Catalysis

Reaction velocity as a function of Vimax
substrate concentration:

Arhis graph shows the variation of reaction

velocity with substrate concentration according
to the Michaelisi Menten model of enzyme 1
kinetics. z

Velocity

AThe values of v plotted here are determined

from the initial rates of the reaction.
[S] = Ky

Aat the point where [S] = K, the reaction has e :
exactly half its maximum velocity. Substrate concentration [S]

ANote that V,. ., is approached asymptotically.

Copyright E 2013 Pearson Canada | nc. 11-31
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The Kinetics of Enzymatic Catalysis

A The steady-state assumption proposes that the
concentration of enzymerl substrate complex remains nearly
constant through much of the reaction.

A The Michaelis constant, K,,, indicates the substrate
concentration at whi¥h. the react

A The turnover number, k_,,, measures the rate of the catalytic
process.

Copyright E 2013 Pearson Canada | nc. 11-32
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The Kinetics of Enzymatic Catalysis

Enzyme Reaction Catalyzed Ky (mol /L) keul(s™) keat/ Ky [(mol /L)~ 's™']
H,0

Chymotrypsin Ac—Phe-Ala—> AcPhe + Ala 1.5 % 1072 0.14 9.3
H,0

Pepsin Phe_Gly—> Phe + Gly 3% 107 0.5 1.7 X 10°

Tyrosyl-tRNA synthetase Tyrosine + tRNA — tyrosyl-tRNA 9 x 107* 7.6 8.4 > 10°

H,0
Ribonuclease Cytidine 2', 3’ - cytidine 3'- 7.9 % 1077 7.9 % 10° 1.0 x 10°
cyclic phosphate phosphate

Carbonic anhydrase HCO; + H" — H,0 + CO, 2.6 X 107* 4 % 10° 1.5 > 107
H,0

Fumarase Fumarate——> malate 5% 107 8 x 10° 1.6 x 10°

The ratio k., /K, Is a convenient measure of enzyme efficiency.
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The Kinetics of Enzymatic Catalysis

A Lineweaveri Burk plot:
An this double reciprocal plot, 1/v is graphed versus 1/[S].

ANote that a linear extrapolation of the data gives both V., and

KM.
1
v
1 ( K )1, 1
v \ Ve /IS]  Vinax
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The Kinetics of Enzymatic Catalysis
An Eadiel Hofstee plot:

AGraphing v versus V/[S], we obtain V., at (V/[S]) = 0 and K, from
the slope of the line.

0

W3]

Copyright E 2013 Pearson Canada | nc. 11-36
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The Kinetics of Enzymatic Catalysis

A Multisubstrate reactions fall into several
classes, depending on the order of
substrate binding:

o Random

o Ordered
o Ping-pong

Copyright E 2013 Pearson Canada | nc. 11-37
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The Kinetics of Enzymatic Catalysis

Random Substrate Binding:

A 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:

Copyright E 2013 Pearson Canada | nc. 11-38
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The Kinetics of Enzymatic Catalysis

Ordered Substrate Binding:

A In some cases, one substrate must bind before a second
substrate can bind significantly.

A This mechanism is often observed in oxidations of
substrates by the cofactor NAD*.

Copyright E 2013 Pearson Canada | nc. 11-39
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The Kinetics of Enzymatic Catalysis

The Ping-Pong Mechanism:
A n a -pfiopnigndbg r eacti on:
o0 One substrate is bound, one product is released.

0 A second substrate comes in, and a second product is
released.

Adere E* is a modified form of the enzyme, often carrying a fragment
of S1.

S1

F1 o
ES> E.51 22> B> o> £

= i LI

Copyright E 2013 Pearson Canada | nc. 11-40
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The effect of temperature on enzyme acyivity
X Enzymes catalyse reactions

by randomly colliding with

substrate molecules, increasing

temperature increases the rate

of reaction, forming more
product.
INCreasing
x However, as temperature Z”é?‘&??
increases, more bonds,
especially the weaker _
Hydrogen and lonic bonds, will feprme“rgmm
break as a result of this strain. — —

Eventually, the enzyme will 0 10 20 30 40 50 60 70
become denatured and will no ternperature (MC)
longer function.

x 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.
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The effect of pH on the activity

x Different enzymes have different Optimum pH
values. This is the pH value at which the bonds Lysozyme activity vs. pH
within them are influenced by H* and OH- lons in |
such a way that the shape of their active site is the
most complementary to the shape of their substrate.

E35
[COOH]=>
5ok cCoo
D52

[COOH]<
[COO]

X Any change in pH above or below the optimum will
quickly cause a decrease in the rate of reaction.

Activity (% of maximal)

Copyright E 2013 Pearson Canada | nc. 11-42
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Enzyme Inhibition

'7 Substrate

Active

A Inhibition of enzymes can be either  site of — Inhibitor

reversible or irreversible. enzyme '
A A competitive inhibitor competes

with substrate for the enzyme active \

site.

Substrate and
: inhibitor can
A Itincreases the apparent K,,. Products bind to the
S _ active site

A Both substrate and inhibitor can fit

the active site.

Inhibitor

A Substrate can be processed by the ~ Prevents

enzyme, but inhibitor cannot. E,ﬂﬁgtgf
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Enzyme Inhibition

: k1 Kcat
E+ S ES—E+P
+ -1
|
|
El
[E]; = [E] + [ES] + [EI]
Total Free Enzyme bound Enzyme bound
enzyme enzyme to substrate to inhibitor
Keatl EILS]
V =
K (1 + m) + [S]
M K,

Copyright E 2013 Pearson Canaaa | nc. 11-44
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Enzyme Inhibition
Effects of competitive inhibition on enzyme kinetics:

A The effect of a competitive inhibitor (1) on reaction velocity at
different substrate concentrations.

|
o1 -
K, K s
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Enzyme Inhibition

Lineweaveri Burk plots of the reactions with and without a
competitive inhibitor:

AT he lines cross the 1/v axis at the same V
competitive inhibitor.

showing that | is a

max?
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Enzyme Inhibition

A substrate and its competitive inhibitor: Q
NH,
.. _ \(|) . N XN
A The substrate UpA and the structurally similar LN <)
0 0O—CH, O N N7

molecule UpcA are competitors for the enzyme

2
ribonuclease. Q

A The single difference between the substrate
and the inhibitor is shown in red. fi
I

Copyright E 2013 Pearson Canada | nc. UpcA: competitive inhibitor of ribonuclease 11-47



"BIOCHEMISTRY Biochemistry, 4" Edition

Enzyme Inhibition

A An uncompetitive inhibitor does not compete for the
active site but affects the catalytic event.

A It reduces both the apparent V,... and apparent K.

A These effects cannot be reversed by increasing [S].

E +@ﬁ Ee—l*E+F'

Copyright E 2013 Pearson Canada | nc.
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Enzyme Inhibition

A An uncompetitive inhibitor does not
compete for the active site but affects
the catalytic event.

J[ﬁ J[{
E+SZ2ES—— E+P
ki
_|_

£

ElS —< No reaction
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Enzyme Inhibition

Effects of uncompetitive inhibition on enzyme kinetics:

(a)The effect of an uncompetitive inhibitor (I) on reaction velocity at
different substrate concentrations.
(b)Lineweaveri Burk plots of the reactions shown in (a).

AThe lines are parallel and cross 1/v axis at different points, clearly
distinguishing this situation from competitive inhibition.
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