
ENZYMES



There are two fundamental conditions for life. 

First, the living entity must be able to self-replicate, 
second, the organism must be able to catalyze chemical 
reactions efficiently and selectively.

The enzymes, the most remarkable and highly specialized 
proteins.

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

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.



Enzymes are central to every biochemical process.

They catalyze the hundreds of stepwise reactions that 
degrade nutrient molecules, conserve and transform 
chemical energy, and make biological macromolecules 
from simple precursors.

Enzymes are important practical tools, in medicine 
chemical industry, food processing, and agriculture.



An introduction to enzymes

The history of biochemistry is the history of enzyme 
research:

– 1700s the digestion of meat by secretions of the stomach.

– 1800s examinations of the conversion of starch to sugar by 
saliva and various plant extracts.

– 1850s, Louis Pasteur fermentation of sugar into alcohol by 
yeast is catalyzed by “ferments.”

– Ferments were inseparable from the structure of living yeast 
cells.

– 1897 Buchner yeast extracts could ferment sugar to alcohol.

– Kühne called these molecules enzymes.



– Sumner 1926 isolation and crystallization of urease.

– Urease crystals consisted entirely of protein, and he 
postulated that all enzymes are proteins.

– Northrop and Kunitz crystallized pepsin, trypsin, and 
other digestive enzymes and found them also to be 
proteins.

– Haldane weak bonding interactions between an enzyme 
and its substrate might be used to catalyze a reaction.



Most enzymes are proteins

With the exception of a small group of catalytic RNA 
molecules all enzymes are proteins.

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

If an enzyme is broken down into its component amino 
acids, its catalytic activity is always destroyed.

Enzymes have molecular weights ranging from about 12,000 
to more than 1 million.



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

Others require an additional chemical component called a 
cofactor − one or more inorganic ions, such as Fe2+, Mg2+, 
Mn2+, or Zn2+, or a complex organic or metalloorganic
molecule called a coenzyme.

Some enzymes require both a coenzyme and one or more 
metal ions for activity.



Some inorganic elements that serve as cofactors for enzymes 
 

Cu2+ Cytochrome oxidase 
Fe2+ or Fe3+ Cytochrome oxidase, catalase, peroxidase 
K+ Pyruvate kinase 
Mg2+ Hexokinase, glucose 6-phosphatase, pyruvate kinase 
Mn2+ Arginase, ribonucleotide reductase 
Mo Dinitrogenase 
Ni2+ Urease 
Se Glutathione peroxidase 
Zn2+ Carbonic anhydrase, alcohol dehydrogenase, carboxypeptidases 

A and B 
 



Some coenzymes that serve as transient carriers of specific atoms or 
functional groups 

Coenzyme Examples of chemical 
groups transferred 

Dietary precursor in 
mammals 

Biocytin CO2 Biotin 

Coenzyme A Acyl groups Pantothenic acid and 
other compounds 

5’-Deoxyadenosylcobalamin 
(coenzyme B12) 

H atoms and alkyl groups Vitamin B12 

Flavin adenine dinucleotide Electrons Riboflavin (vitamin B2) 
Lipoate Electrons and acyl groups Not required in diet 
Nicotinamide adenine 
dinucleotide Hydride ion (:H−) Nicotinic acid (niacin) 

Pyridoxal phosphate Amino groups Pyridoxine (vitamin B6) 
Tetrahydrofolate One-carnon groups Folate 
Thiamine pyrophosphate Aldehydes Thiamie (vitamin B1) 
 



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

A complete, catalytically active enzyme together with its 
bound coenzyme and/or metal ions is called a 
holoenzyme.

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

Coenzymes are derived from vitamins, organic nutrients 
required in small amounts in the diet.



Enzymes are classified by the reactions they catalyze

Many enzymes have been named by adding the suffix “-
ase” to the name of their substrate or to a word or phrase 
describing their activity.

– Urease catalyzes hydrolysis of urea.

– DNA polymerase catalyzes the polymerization of nucleotides 
to form DNA. 

Other enzymes were named by their discovers for a broad 
function, before the specific reaction catalyzed was 
known.

– An enzyme known to act in the digestion of foods was named 
pepsin, from the Greek pepsis, “digestion”.

– Lysozyme was named for its ability to lyse bacterial cell walls.



International agreement a system for naming and 
classifying enzymes.

This divides enzymes into six classes, each with 
subclasses, based on the type of reaction catalyzed.

– The formal systematic name of the enzyme catalyzing 
the reaction

ATP + D-glucose → ADP + D-glucose 6-phosphate

is ATP:glucose phosphotransferase, indicates that it 
catalyzes the transfer of a phosphoryl group from ATP 
to glucose. 



Its Enzyme Commission number (E.C. number) is 2.7.1.1.: 
– The first number (2) denotes the class name 

(transferase); 
– the second number (7), the subclass (phospho-

transferase); 
– the third number (1), a phosphotransferase with a 

hydroxyl group as acceptor;
– and the fourth number (1), D-glucose as the phosphoryl

group acceptor.



International classification of enzymes 
No. Class 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 Addition of groups to double bonds, or formation of 
double bonds by removal of groups 

5 Isomerases Transfer of groups within molecules to yield isomeric 
forms 

6 Ligases Formation of COC, COS, COO, and CON bonds by 
condensation reactions coupled to ATP cleavage 

 



Summary for „An Introduction to Enzymes”

• Life depends on the existence of powerful and specific 
catalysts: the enzymes. Almost every biochemical 
reaction is catalyzed by an enzyme.

• With the exception of a few catalytic RNAs, all known 
enzymes are proteins. Many require nonprotein
coenzymes or cofactors for their catalytic function.

• Enzymes are classified according to the type of reaction 
they catalyze. All enzymes have formal E.C. numbers 
and names, and most have trivial names.



2. How Enzymes Work



Under biologically relevant conditions, uncatalyzed
reactions tend to be slow − most biological molecules are 
quite stable in the neutral-pH, mild-temperature, aqueous 
environment inside cells.

Many common reactions in biochemistry are unfavourable 
or unlikely in the cellular environment, such as the 
transient formation of unstable charged intermediates or 
the collision of two or more molecules in the precise 
orientation required for reaction.



An enzyme circumvents these 
problems by providing a 
specific environment within 
which a given reaction can 
occur more rapidly.

An enzyme-catalyzed reaction 
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.

Binding of a substrate to an 
enzyme at the active site

The enzyme chymotrypsin, with 
bound substrate in red. 

Some key active-site amino acid 
residues appear as a red splotch on 
the enzyme surface.



Enzymes affect reaction rates, not equilibria

A simple enzymatic reaction
E + S ↔ ES ↔ EP ↔ E + P

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.

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

Catalysts do not affect reaction equilibria.

Any reaction, can be described by a reaction coordinate 
diagram, a picture of the energy changes during the 
reaction.



In the coordinate diagram, the free energy of the system is 
plotted against the progress of the reaction.

The starting point for either the forward or the reverse 
reaction is called the ground state, the contribution to the 
free energy of the system by an average molecule under a 
given set of conditions

Standard set of conditions (temperature 298 K; partial 
pressure of each gas 1 atm, or 101.3 kPa; concentration of 
each solute 1 M) and express the free-energy change for 
this reacting system as ΔGo, the standard free-energy 
change.

Biochemists define a biochemical standard free-energy 
change, ΔG’o, the standard free-energy change at pH 7.0.



Reaction coordinate diagram for a chemical reaction.
The free energy of the system is plotted against the progress of the 

reaction S→P.
A diagram of this kind is a description of the energy changes during the 

reaction, and the horizontal axis (reaction coordinate) reflects the 
progressive chemical changes 
(e.g., bond breakage or for-
mation) as S is converted to P.
The activation energies, ΔG‡, 

for the S→P and P→S 
reactions are indicated. 

ΔG’° is the overall standard 
free-energy change in the 
direction S→P.



In the figure the free energy of the ground state of P is lower 
than that of S, so ΔG’° for the reaction is negative and the 
equilibrium favours P. 

The position and direction of equilibrium are not affected by 
any catalyst.

There is an energy barrier between S and P: the energy 
required for alignment of reacting groups, formation of 
transient unstable charges, bond rearrangements, and other 
transformations required for the reaction to proceed in 
either direction.



To undergo reaction, the molecules must overcome this 
barrier and therefore must be raised to a higher energy 
level. 

At the top of the energy hill is a point at which decay to the 
S or P state is equally probable.

This is called the transition state.

It is simply a fleeting molecular moment in which events 
such as bond breakage, bond formation, and charge 
development have proceeded to the precise point at 
which decay to either substrate or product is equally 
likely.

The difference between the energy levels of the ground 
state and the transition state is the activation energy, 
ΔG‡.



A higher activation energy corresponds to a slower 
reaction. 

Reaction rates can be increased by raising the temperature, 
increasing the number of molecules with sufficient 
energy to overcome the energy barrier. 

The activation energy can be lowered by adding a catalyst. 

Catalysts enhance reaction rates by lowering activation 
energies.



In the reaction S→P, the 
ES and EP intermediates 
occupy minima in the 
energy progress curve of 
the enzyme-catalyzed  re-
action. 

The terms ΔG‡ and 
ΔG‡ correspond to the 
activation energy for the 
uncatalyzed reaction and 
the overall activation 
energy for the catalyzed 
reaction, respectively. 

The activation energy is 
lower when the enzyme 
catalyzes the reaction.

Reaction coordinate diagram 
comparing enzyme-catalyzed and 

uncatalyzed reactions

uncat
cat



Any enzyme that catalyzes the reaction S→P also catalyzes 
the reaction P→S.

The enzyme is not used up in the process, and the 
equilibrium point is unaffected. 

However, the reaction reaches equilibrium much faster when 
the appropriate enzyme is present, because the rate of the 
reaction is increased.

The conversion of sucrose and oxygen to carbon dioxide and 
water:

C12H22O11 + 12 O2 → 12 CO2 + 11 H2O
This conversion, has a very large and negative ΔG’°, and at 

equilibrium the amount of sucrose present is negligible.



Sucrose is a stable compound, because the activation energy 
barrier that must be overcome before sucrose reacts with 
oxygen is quite high.

In cells sucrose is readily broken down to CO2 and H2O in a 
series of reactions catalyzed by enzymes. 

These enzymes not only accelerate the reactions. 

They organize and control them so that much of the energy 
released is recovered in other chemical forms and made 
available to the cell for other tasks.



Any reaction may have several steps, involving the transient 
chemical species called reaction inter-mediates.

A reaction intermediate has a finite chemical lifetime.

When the S P reaction is catalyzed by an enzyme, the ES 
and EP complexes can be considered intermediates, even 
though S and P are stable chemical species.

Less stable chemical intermediates often exist in the course 
of an enzyme-catalyzed reaction.



When several steps occur in a reaction, the overall rate is 
determined by the step with the highest activation energy; 
this is called the rate-limiting step.

The rate-limiting step is the highest-energy point in the 
diagram for inter-conversion of S and P.

Activation energies are energy barriers to chemical reactions.

The rate at which a molecule undergoes a particular reaction 
decreases as the activation barrier for that reaction 
increases.



Reaction rates and equilibria have precise 
thermodynamic definitions

An equilibrium such as S P is described by an 
equilibrium constant, Keq, or simply K .

Under the standard conditions used to compare 
biochemical processes, an equilibrium constant is 
denoted K’ :

The relationship between K’ and G’° can be described by 
the expression

ΔG’° = −RT ln K’
where R is the gas constant, 8.315 J/mol · K, and T is the 
absolute temperature, 298 K (25 °C).

]S[
]P['K eq =

eq

eq

eq



Relationship between K’eq and ΔG’°

K’eq ΔG’° (kJ/mol) K’eq ΔG’° (kJ/mol) 
10−6 34.2 1 0 
10−5 28.5 101 −5.7 
10−4 22.8 102 −11.4 
10−3 17.1 103 −17.1 
10−2 11.4   
10−1 5.7   

 
A large negative value for ΔG’° reflects a favourable reaction 

equilibrium, but this does not mean the reaction will proceed at a 
rapid rate.

The rate of any reaction is determined by the concentration of the 
reactant (or reactants) and by a rate constant, usually denoted by 
k. 

For the unimolecular reaction S→P, the rate (or velocity) of the 
reaction, V is expressed by a rate equation:

V = k[S]



In this reaction, the rate depends only on the concentration of S. 

This is called a first-order reaction.

The k has units of reciprocal time, such as s−1.

If a first-order reaction has a rate constant k of 0.03 s−1, this may 
be interpreted to mean that 3% of the available S will be 
converted to P in 1 s. 

A reaction with a rate constant of 2,000 s−1 will be over in a small 
fraction of a second. 

If a reaction rate depends on the concentration of two different
compounds, or if the reaction is between two molecules of the 
same compound, the reaction is second order and k is a second-
order rate constant, with units of M−1s−1. 



The rate equation then becomes:
V = k[S1][S2]

From transition-state theory we can derive an expression 
that relates the magnitude of a rate constant to the 
activation energy:

where k is the Boltzmann constant and h is Planck’s 
constant.

The relationship between the rate constant k and the 
activation energy ΔG‡ is inverse and exponential.

This is the basis for the statement that a lower activation 
energy means a faster reaction rate.

RT/Ge
h

kTk
‡Δ−=k



A few principles explain the catalytic power and 
specificity of enzymes

Enzymes are extraordinary catalysts. 
The rate enhancements they bring about are in the range of 5 

to 17 orders of magnitude. 
Enzymes are also very specific, readily discriminating 

between substrates with quite similar structures.
Some rate enhancements produced by enzymes 
Cyclophilin 105 
Carbonic anhydrase 107 
Triose Phosphate isomerase 109 
Carboxipeptidase A 1011 
Phosphoglucomutase 1012 
Succinyl-CoA transferase 1013 
Urease 1014 
Orotidine monophosphate decarboxylase 1017 



The first catalytic functional groups on an enzyme may form a 
transient covalent bond with a substrate and activate it for 
reaction.

These reactions occur only in the enzyme active site. 

Covalent interactions between enzymes and substrates lower 
the activation energy by providing an alternative, lower-
energy reaction path.

The second part the non-covalent interactions between 
enzyme and substrate.

Much of the energy required to lower activation energies is 
derived from weak, non-covalent interactions between 
substrate and enzyme.



Formation of each weak interaction in the ES complex is 
accompanied by release of a small amount of free energy 
that provides a degree of stability to the interaction. 

The energy derived from enzyme-substrate interaction is 
called binding energy, ΔGB.

Binding energy is a major source of free energy used by 
enzymes to lower the activation energies of reactions.



Weak interactions between enzyme and substrate are 
optimized in the transition state

Emil Fischer enzymes were structurally complementary to 
their substrates, so that they fit together like a lock and 
key.

This idea has greatly influenced the development of bio-
chemistry.

Linus Pauling in order to catalyze reactions, an enzyme 
must be complementary to the reaction transition state.

Optimal interactions between substrate and enzyme occur 
only in the transition state.



Some weak interactions are formed in the ES complex, but 
the full complement of such interactions between 
substrate and enzyme is formed only when the substrate 
reaches the transition state. 

The free energy (binding energy) released by the formation 
of these interactions partially offsets the energy required 
to reach the top of the energy hill.

The weak binding interactions between the enzyme and the 
substrate provide a substantial driving force for 
enzymatic catalysis.



Binding energy contributes to reaction specificity 
and catalysis

The energy available from formation of a single weak 
interaction is generally estimated to be 4 to 30 kJ/mol.

The overall energy available from a number of such 
interactions is therefore sufficient to lower activation 
energies by the 60 to 100 kJ/mol required.

The binding energy gives an enzyme its specificity, the 
ability to discriminate between a substrate and a competing 
molecule.

If an enzyme active site has functional groups arranged 
optimally to form a variety of weak interactions with a 
particular substrate in the transition state, the enzyme will 
not be able to interact to the same degree with any other 
molecule.



If the substrate has a hydroxyl group that forms a hydrogen 
bond with a specific Glu residue on the enzyme, any 
molecule lacking a hydroxyl group at that particular 
position will be a poorer substrate for the enzyme.

Any molecule with an extra functional group for which the 
enzyme has no pocket or binding site is likely to be 
excluded from the enzyme. 

In general, specificity is derived from the formation of many 
weak interactions between the enzyme and its specific 
substrate molecule.



The glycolytic enzyme triose phosphate isomerase
catalyzes the interconversion of glyceraldehyde 3-
phosphate and dihydroxyacetone phosphate:

This reaction rearranges the carbonyl and hydroxyl groups 
on carbons 1 and 2. 

More than 80% of the enzymatic rate acceleration has been 
traced to enzyme-substrate interactions involving the 
phosphate group on carbon 3 of the substrate.



The enzyme itself usually undergoes a change in 
conformation when the substrate binds, induced by 
multiple weak interactions with the substrate.

This is referred to as induced fit, a mechanism postulated by 
Daniel Koshland in 1958. 

Induced fit serves to bring specific functional groups on the 
enzyme into the proper position to catalyze the reaction.

Induced fit is a common feature of the reversible binding of 
ligands to proteins.



Specific catalytic groups contribute to catalysis

General Acid-Base Catalysis:
Catalysis that uses only the H+ (H3O+) or OH− ions present in 

water is referred to as specific acid-base catalysis.

Covalent Catalysis:
In covalent catalysis, a transient covalent bond is formed 

between the enzyme and the substrate.
The hydrolysis of a bond between groups A and B:

A−B A + B
In the presence of a covalent catalyst (an enzyme with a 

nucleophilic group X:) the reaction becomes
A−B + X: → A−X + B A + X: + B

H2O

H2O



Both of the new steps must be faster than the uncatalyzed
reaction. 

A number of amino acid side chains, and the functional 
groups of some enzyme cofactors can serve as 
nucleophiles in the formation of covalent bonds with 
substrates.

The covalent bond formed between the enzyme and the 
substrate can activate a substrate for further reaction in a 
manner that is usually specific to the particular group or 
coenzyme.



Many organic reactions are 
promoted by proton donors 
(general acids) or proton 
acceptors (general bases). 

The active sites of some 
enzymes contain amino 
acid functional groups, 
such as those shown here, 
that can participate in 
the catalytic process as 
proton donors or proton 
acceptors.

Amino acids in general 
acid-base catalysis



Metal Ion Catalysis:

Metals can participate in catalysis in several ways. 

Ionic interactions between an enzyme-bound metal and a 
substrate can help orient the substrate for reaction or 
stabilize charged reaction transition states.

Metals can also mediate oxidation-reduction reactions by 
reversible changes in the metal ion’s oxidation state.

Nearly a third of all known enzymes require one or more 
metal ions for catalytic activity.



Most enzymes employ a combination of several catalytic 
strategies.

Both covalent catalysis and general acid-base catalysis is 
the reaction catalyzed by chymotrypsin.

The first step is cleavage of a peptide bond, which is 
accompanied by formation of a covalent linkage 
between a Ser residue on the enzyme and part of the 
substrate.

The reaction is enhanced by general base catalysis by 
other groups on the enzyme:



The first step in the reaction catalyzed by chymotrypsin is the acylation
step.

The hydroxyl group of Ser195 is the nucleophile in a reaction aided by 
general base catalysis (the base is the side chain of His57). 

This provides a new pathway for the hydrolytic cleavage of a peptide 
bond. 

Catalysis occurs only if each step in the new pathway is faster than the 
uncatalyzed reaction.

Covalent and general 
acid-base catalysis

+ R2–NH2



Summary for „How Enzymes Works” I.

• Enzymes are highly effective catalysts, commonly 
enhancing reaction rates by a factor of 105 to 1017.

• Enzyme-catalyzed reactions are characterized by the 
formation of a complex between substrate and enzyme 
(an ES complex). Substrate binding occurs in a pocket 
on the enzyme called the active site.

• The function of enzymes and other catalysts is to lower 
the activation energy, ΔG‡, for a reaction and thereby 
enhance the reaction rate. The equilibrium of a reaction 
is unaffected by the enzyme.



Summary for „How Enzymes Works” II.

• A significant part of the energy used for enzymatic rate 
enhancements is derived from weak interactions 
(hydrogen bonds and hydrophobic and ionic 
interactions) between substrate and enzyme. The 
enzyme active site is structured so that stabilizing the 
transition state.

• Additional catalytic mechanisms employed by enzymes 
include general acid-base catalysis, covalent catalysis, 
and metal ion catalysis.



3. Enzyme Kinetics



Substrate concentration affects the rate of enzyme-
catalyzed reactions

Enzyme kinetics is the oldest approach to understanding 
enzyme mechanisms and remains the most important.

A key factor affecting the rate of a reaction catalyzed by an 
enzyme is the concentration of substrate, [S].

[S] changes during the course of an in vitro reaction as 
substrate is converted to product.

The initial rate (or initial velocity), designated Vo, when [S] 
is much greater than the concentration of enzyme, [E]. 



In a typical reaction, the enzyme may be present in nanomolar
quantities, whereas [S] may be five or six orders of 
magnitude higher. 

If only the beginning of the reaction is monitored (often the 
first 60 seconds or less), changes in [S] can be limited to 
a few percent, and [S] can be regarded as constant. 

Vo can then be explored as a function of [S], which is 
adjusted by the investigator.

At relatively low concentrations of substrate, Vo increases 
almost linearly with an increase in [S].



At higher substrate concentrations, Vo increases by smaller 
and smaller amounts in response to increases in [S]. 

Finally, a point is reached beyond which increases in Vo

are vanishingly small as [S] increases. 

This plateau-like Vo region is close to the maximum 
velocity, Vmax.



Effect of substrate concentration 
on the initial velocity of an 
enzyme-catalyzed reaction

Vmax is extrapolated from the plot, 
because Vo approaches but never 
quite reaches Vmax.

The substrate concentration at 
which Vo is half maximal is Km, 
the Michaelis constant.

The concentration of enzyme in an experiment such as this is generally so 
low that [S] >> [E] even when [S] is described as low or relatively low. 

The units shown are typical for enzyme-catalyzed reactions and are given 
only to help illustrate the meaning of Vo and [S]. 



Leonor Michaelis and Maud Menten in 1913 postulated that 
the enzyme first combines reversibly with its substrate to 
form an enzyme-substrate complex in a relatively fast 
reversible step:

A:

The ES complex then breaks down in a slower second step 
to yield the free enzyme and the reaction product P:

B:

Because the slower second reaction must limit the rate of the 
overall reaction, the overall must be proportional to the 
concentration of ES.



The enzyme exists in two forms, the free or uncombined
form E and the combined form ES. 

At low [S], most of the enzyme is in the uncombined form E. 

Here, the rate is proportional to [S] because the equilibrium 
of Equation A is pushed toward formation of more ES as 
[S] increases. 

The maximum initial rate of the catalyzed reaction (Vmax) is 
observed when virtually all the enzyme is present as the ES 
complex and [E] is vanishingly small. 

Under these conditions, the enzyme is “saturated” with its 
substrate, so that further increases in [S] have no effect on 
rate.



This condition exists when [S] is sufficiently high that 
essentially all the free enzyme has been converted to the ES 
form. 

After the ES complex breaks down to yield the product P, the 
enzyme is free to catalyze reaction of another molecule of 
substrate.

When the enzyme is first mixed with a large excess of 
substrate, there is an initial period, the pre–steady state, 
during which the concentration of ES builds up.

This period is usually too short to be easily observed, lasting 
just microseconds. 

The reaction quickly achieves a steady state in which [ES] 
(and the concentrations of any other intermediates) remains 
approximately constant over time.



The relationship between substrate concentration
and reaction rate can be expressed quantitatively

The curve expressing the relationship between [S] and Vo has the 
same general shape for most enzymes, which can be expressed 
algebraically by the Michaelis-Menten equation. 

Michaelis and Menten the rate-limiting step in enzymatic 
reactions is the breakdown of the ES complex to product and 
free enzyme. 

Early in the reaction, the concentration of the product, [P], is
negligible, and we make the simplifying assumption that the 
reverse reaction, P→S (described by k−2), can be ignored. 

This assumption is not critical but it simplifies our task. 



The overall reaction then reduces to

Vo is determined by the breakdown of ES to form product, 
which is determined by [ES]:

Because [ES] is not easily measured experimentally, first, 
we introduce the term [Et], representing the total enzyme 
concentration (the sum of free and substrate-bound 
enzyme). 

Free or unbound enzyme can then be represented by 
[Et] − [ES].

Because [S] is ordinarily far greater than [Et], the amount 
of substrate bound by the enzyme at any given time is 
negligible compared with the total [S].

(1)



Step 1:
The rates of formation and breakdown of ES are determined 

by the steps governed by the rate constants k1 (formation) 
and k−1 + k2 (breakdown), according to the expressions:

Step 2:
The initial rate of reaction reflects a steady state in which [ES] 

is constant, the rate of formation of ES is equal to the rate of 
its breakdown.

This is called the steady-state assumption.

For the steady state:

(2)

(3)

(4)



Step 3
We now solve Equation (4) for [ES]. 
First, the left side is multiplied out and the right side 

simplified to give:

Adding the term k1[ES][S] to both sides of the equation and 
simplifying gives:

We then solve this equation for [ES]:

This can now be simplified further, combining the rate 
constants into one expression:

(5)

(6)

(7)

(8)



The term (k2 + k−1)/k1 is defined as the Michaelis constant, Km. 
Substituting this into Equation (8) simplifies the expression to:

Step 4:
We can now express Vo in terms of [ES]. 
Substituting the right side of Equation (9):

The maximum velocity occurs when the enzyme is saturated 
([ES] = [Et]) Vmax can be defined as k2[Et]. 

Substituting this in Equation (10) gives Equation (9):

(9)

(10)



This is the Michaelis-Menten equation, the rate equation 
for a one-substrate enzyme-catalyzed reaction.

It is a statement of the quantitative relationship between the 
initial velocity Vo, the maximum velocity Vmax, and the 
initial substrate concentration [S],

An important numerical relationship emerges from the 
Michaelis-Menten equation in the special case when Vo is 
exactly one-half Vmax.

Than 



Dependence of initial velocity on substrate concentration.
This graph shows the kinetic parameters that define the limits of the 

curve at high and low [S]. 
At low [S], Km >> [S] and the [S] term in the denominator of the 

Michaelis-Menten Equation (9) becomes insignificant. 
The equation simplifies to Vo = Vmax[S]/Km and Vo exhibits a linear 

dependence on [S].

At high [S], where [S] >> Km, 
the Km term in the denominator 
of the Michaelis-Menten
equation becomes insignificant 
and the equation simplifies to 
Vo = Vmax. 

This is consistent with the 
plateau observed at high [S].



On dividing by Vmax, we obtain:

Solving for Km, we get Km + [S] = 2 [S], or:

Km is equivalent to the substrate concentration at which 
Vo is one-half Vmax.



Kinetic parameters are used to compare enzyme activities

The Michaelis-Menten equation describes the kinetic 
behaviour of a great many enzymes, are said to follow 
Michaelis-Menten kinetics.

The practical rule that Km = [S] when Vo = ½ Vmax holds for 
all enzymes that follow Michaelis-Menten kinetics.

The parameters Vmax and Km can be obtained experimentally 
for any given enzyme, but by themselves they provide little 
information about the number, rates, or chemical nature of 
discrete steps in the reaction.



Interpreting Vmax and Km:
The Km can vary greatly from enzyme to enzyme, and even 

for different substrates of the same enzyme.

Km for some enzymes and substrates 
Enzyme Substrate Km (mM) 

Hexokinase (brain) ATP 0.4 
 D-Glucose 0.05 
 D-Fructose 1.5 
Carbonic anhydrase HCO3 26 
Chymotrypsin Glycyltyrosinylglycine 108 
 N-benzoyltyrosinamide 2.5 
β-Galactosidase D-Lactose 4.0 
Threonine dehydratase L-Threonine 5.0 
 

−



The actual meaning of Km depends on specific aspects of the 
reaction mechanism such as the number and relative rates 
of the individual steps. 

For reactions with two steps,

When k2 is rate-limiting, k2 << k−1 and Km reduces to k−1/k1, 
which is defined as the dissociation constant, Kd, of the 
ES complex.

Sometimes k2 >> k−1, and then Km = k2/k1. 

In other cases, k2 and k−1 are comparable and Km remains 0a 
more complex function of all three rate constants.



The quantity Vmax also varies greatly from one enzyme to 
the next. 

If an enzyme reacts by the two-step Michaelis-Menten
mechanism, Vmax = k2[Et], where k2 is rate-limiting.

The number of reaction steps and the identity of the rate-
limiting step(s) can vary from enzyme to enzyme.

Product release, EP → E + P, is rate-limiting.



Most of the enzyme is in the EP form at saturation, and 
Vmax = k3[Et]. 

It is useful to define a more general rate constant, kcat, to 
describe the limiting rate of any enzyme-catalyzed reaction 
at saturation.

If the reaction has several steps and one is clearly rate-
limiting, kcat is equivalent to the rate constant for that 
limiting step.

The constant kcat is a first-order rate constant and hence has 
units of reciprocal time. 

It is also called the turnover number. 



It is equivalent to the number of substrate molecules 
converted to product in a given unit of time on a single 
enzyme molecule when the enzyme is saturated with 
substrate.

Turnover numbers, kcat, of some enzymes 
Enzyme Substrate Kcat (s−1) 

Catalase H2O2 40,000,000 
Carbonic anhydrase HCO3 400,000 
Acetylcholinesterase Acetylcholin 14,000 
β-Lactamase Benzylpenicillin 2,000 
Fumarase Fumarate 800 
RecA protein (an ATPase) ATP 0.4 
 

−



Many enzymes catalyze reactions with two or more 
substrates

In most enzymatic reactions two (and sometimes more) 
different substrate molecules bind to the enzyme and 
participate in the reaction. 

In the reaction catalyzed by hexokinase, ATP and glucose 
are the substrate molecules, and ADP and glucose 6-
phosphate are the products:

ATP + glucose → ADP + glucose 6-phosphate

The rates of such bisubstrate reactions can also be analyzed 
by the Michaelis-Menten approach. 

Hexokinase has a characteristic Km for each of its 
substrates.



In some cases, both substrates are bound to the enzyme 
concurrently at some point in the course of the reaction, 
forming a noncovalent ternary complex.

The substrates bind in a random sequence or in a specific order.

Common mechanisms for enzyme-catalyzed bisubstrate reactions (a)
The enzyme and both substrates come together to form a ternary 

complex. 
In ordered binding, substrate 1 must bind before substrate 2 can bind 

productively.
In random binding, the substrates can bind in either order.



In other cases, the first substrate is converted to product and 
dissociates before the second substrate binds, so no ternary 
complex is formed.

Common mechanisms for enzyme-catalyzed bisubstrate reactions
(b)

An enzyme-substrate complex forms, a product leaves the complex, 
the altered enzyme forms a second complex with another substrate
molecule, and the second product leaves, regenerating the enzyme.



Enzymes are subject to reversible or irreversible 
inhibition

Enzyme inhibitors are molecular agents that interfere with 
catalysis, slowing or halting enzymatic reactions.

There are two broad classes of enzyme inhibitors: 
reversible and irreversible.

Reversible inhibition:

Competitive inhibition

Uncompetitive inhibition

Mixed inhibition



Competitive inhibition:
A competitive inhibitor competes with the substrate for the active 

site of an enzyme. 

While the inhibitor (I) occupies the active site it prevents binding 
of the substrate to the enzyme. 

Many competitive inhibitors are compounds that resemble the 
substrate and combine with the enzyme to form an EI complex, 
but without leading to catalysis.

The inhibitor binds reversibly to the enzyme, the competition can 
be biased to favour the substrate simply by adding more 
substrate. 

When [S] far exceeds [I], the probability that an inhibitor molecule 
will bind to the enzyme is minimized and the reaction exhibits a
normal Vmax.



Competitive inhibitors bind to the enzyme’s active site.

Types of reversible inhibition

1. Competitive inhibition



A medical therapy based on competition at the active site is used 
to treat patients who have ingested methanol.

The liver enzyme alcohol dehydrogenase converts methanol to 
formaldehyde, which is damaging to many tissues. 

Blindness is a common result of methanol ingestion, the eyes 
are particularly sensitive to formaldehyde.

Ethanol competes effectively with methanol as an alternative 
substrate for alcohol dehydrogenase.

Ethanol is also a substrate for alcohol dehydrogenase and its 
concentration will decrease over time as the enzyme converts 
it to acetaldehyde.



Uncompetitive inhibition:
An uncompetitive inhibitor binds at a site distinct from the 

substrate active site and, unlike a competitive inhibitor, 
binds only to the ES complex.

Uncompetitive inhibitors bind at a separate site, but bind only to the 
ES complex.



Mixed inhibition:
A mixed inhibitor also binds at a site distinct from the substrate 

active site, but it binds to either E or ES.

Mixed inhibitors bind at a separate site, but may bind to either E or ES.



In practice, uncompetitive and mixed inhibition are 
observed only for enzymes with two or more substrates −
say, S1 and S2 − and are very important in the 
experimental analysis of such enzymes. 

If an inhibitor binds to the site normally occupied by S1, it 
may act as a competitive inhibitor in experiments in 
which [S1] is varied. 

If an inhibitor binds to the site normally occupied by S2, it 
may act as a mixed or uncompetitive inhibitor of S1.

A product generally binds to some part of the active site, 
thus serving as an inhibitor.



Irreversible Inhibition:
The irreversible inhibitors are those that bind covalently with or 

destroy a functional group on an enzyme that is essential for the 
enzyme’s activity, or those that form a particularly stable 
noncovalent association. 

Formation of a covalent link between an irreversible inhibitor and an 
enzyme is common.

Suicide inactivators are relatively unreactive until they bind to the 
active site of a specific enzyme. 

A suicide inactivator undergoes the first few chemical steps of the 
normal enzymatic reaction, but instead of being transformed into 
the normal product, the inactivator is converted to a very reactive 
compound that combines irreversibly with the enzyme. 

These compounds are also called mechanism-based inactivators.



Irreversible inhibition 
Reaction of chymotrypsin with diisopropylfluorophosphate (DIFP) 

irreversibly inhibits the enzyme.
This has led to the conclusion that Ser195 is the key active-site Ser 

residue in chymotrypsin.



Enzyme activity depends on pH

Enzymes have an optimum pH (or pH range) at which their 
activity is maximal.

At higher or lower pH, activity decreases.
Amino acid side chains in the active site may act as weak 

acids and bases with critical functions that depend on their 
maintaining a certain state of ionization.

Elsewhere in the protein ionized side chains may play an 
essential role in the interactions that maintain protein 
structure.

Removing a proton from a His residue, for example, might 
eliminate an ionic interaction essential for stabilizing the 
active conformation of the enzyme.



The pH-activity profiles of two enzymes. 
These curves are constructed from measurements of initial velocities 

when the reaction is carried out in buffers of different pH. 
Because pH is a logarithmic scale reflecting tenfold changes in [H+], 

the changes in Vo are also plotted on a logarithmic scale. 
The pH optimum for the activity of an enzyme is generally close to the 

pH of the environment in which the enzyme is normally found.

Pepsin, which hydrolyzes certain peptide 
bonds of proteins during digestion in the 
stomach, has a pH optimum of about 1.6. 

The pH of gastric juice is between 1 and 2.



Glucose 6-phosphatase of hepatocytes (liver cells), with a pH 
optimum of about 7.8, is responsible for releasing glucose into 
the blood.

The normal pH of the cytosol of hepatocytes is about 7.2.



Summary for „Enzyme Kinetics” I.

• Most enzymes have certain kinetic properties in 
common. When substrate is added to an enzyme, the 
reaction rapidly achieves a steady state in which the 
rate at which the ES complex forms balances the rate at 
which it reacts. 

As [S] increases, the steady-state activity of a fixed 
concentration of enzyme increases in a hyperbolic 
fashion to approach a characteristic maximum rate, 
Vmax.



Summary for „Enzyme Kinetics” II.

• The substrate concentration that results in a reaction rate 
equal to one-half Vmax is the Michaelis constant Km, 
which is characteristic for each enzyme acting on a 
given substrate. Michaelis-Menten kinetics is also 
called steady-state kinetics.

• Km and Vmax have different meanings for different 
enzymes. The limiting rate of an enzyme-catalyzed 
reaction at saturation is described by the constant kcat, 
the turnover number.



• Reversible inhibition of an enzyme is competitive, 
uncompetitive, or mixed. 

Competitive inhibitors compete with substrate by binding 
reversibly to the active site, but they are not transformed 
by the enzyme. 

Uncompetitive inhibitors bind only to the ES complex, at a 
site distinct from the active site. Mixed inhibitors bind to 
either E or ES, again at a site distinct from the active site. 

In irreversible inhibition an inhibitor binds permanently to 
an active site by forming a covalent bond or a very stable 
noncovalent interaction.

• Every enzyme has an optimum pH at which it has maximal 
activity.

Summary for „Enzyme Kinetics” III.


