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Lecture 12 - Summary

2

Molecular simulations Evolutionary couplings 

AlphaFold 2 Protein design

AF2 solved the problem of protein structure prediction and 
produced models for >2 200M sequences 

- Physics-based models allow to generate molecular movies of 
biological systems 

history
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Like Sydney Altman1, I too was initially
rejected by the renowned Medical
Research Council (MRC) Laboratory of
Molecular Biology in Cambridge,
England. The year was 1967 and I was
then in my final year of a B.Sc. degree in
Physics at Kings College in London.
Enthralled by John Kendrew’s BBC 1964
television series “The Thread of Life”, I
wanted desperately to do my Ph.D. at the
MRC in Cambridge. Alas there was no
room for any new postgraduate students
in 1967!

After some negotiations, I was accepted
for the following year. More importantly,
John Kendrew said that I should spend the
intervening period at the Weizmann
Institute in Israel with Shneior Lifson.
Kendrew had just heard of Lifson’s initial
ideas2 on the consistent force field (CFF),
which was an attempt to simulate the
properties of any molecular system from a
simple potential energy function. He
believed that these methods should be
applied to protein and nucleic acid macro-
molecules. I arrived in Israel in October,
1967 and set to work programming the
consistent force field under the supervi-
sion of Lifson and his Ph.D. student Arieh
Warshel. At that time, computing at the
Weizmann Institute was amongst the best
in the world; in 1963 computer engineers
there had built their own machine, appro-
priately known as the Golem, after the
Jewish folklore automaton.
In a few short months we had a program

called CFF that allowed us to calculate the
energy, forces (energy first derivatives with
respect to atomic positions) and curvature
(energy second derivatives with respect to
atomic positions) of any molecular system.
Warshel went on to use the program to cal-
culate structural, thermodynamic and
spectroscopic properties of small organic
molecules3, while I followed Kendrew’s
dictum and applied these same programs
to proteins. This led to the first energy
minimization of an entire protein struc-
ture (in fact we did two, myoglobin and
lysozyme) in a process that became known
as energy refinement4.
I began my Ph.D. at the MRC in

Cambridge in September, 1968 and was
immediately immersed in the annual tra-

dition of Lab Talks. These talks by mem-
bers of the three divisions at the
Laboratory of Molecular Biology at that
time (Structural Studies Division under
Kendrew, the Cell Biology Division under
Sydney Brenner and Francis Crick, and
Protein and Nucleic Acid Chemistry
Division under Fred Sanger) were a treat
for newcomers to the Lab. The ‘Molecule
of the Year’ was tRNA, which had been
predicted to exist by Francis Crick 10 years
before5 and was now the subject of intense
structural and genetic interest. I decided
to try to build a model of tRNA and start-
ed off playing with CPK space-filling
models at home. Transfer RNA has almost
2,000 atoms and a space-filling model
weighs over 100 pounds. My most vivid
memory is lowering the tRNA CPK model
from the first floor window of our terrace
cottage in Newnham, while my somewhat
pregnant wife was having a hard time con-
trolling her laughter. The model, which
was then rebuilt from brass components,
towered over me as I measured all atomic
positions with a plumb line (a pointed
metal weight hanging from a string onto
graph paper) so that the model could be
energy refined. Modeling tRNA led me to

interact closely with both Crick and Aaron
Klug and so I was exposed to the wonders
of molecular and structural biology.

The model was published in 1969 
(ref. 6) and I settled down to work on my
thesis entitled “Conformation Analysis of
Proteins”7. This was entirely devoted to
computational biology and included
chapters entitled “Energy Parameters
from Proteins”, “Interpreting Problematic
Regions of Electron Density Maps Using
Convergent Energy Refinement”, “Energy
Refinement of Enzyme/Substrate Com-
plexes: Lysozyme and Hexa-N-Acetyl-
glucosamine” and “Energy Refinement of
Tertiary Structure Changes Caused by
Oxygenation of Horse Haemoglobin”.

Work on nucleic acids was not neglect-
ed and at that time it seemed that RNA
folding would be easier to tackle than pro-
tein folding8. Computational work on
protein folding began in 1973 during my
postdoctoral research with Shneior Lifson
back at the Weizmann Institute. Arieh
Warshel had returned from his postdoc at
Harvard and we started to work together
again on both protein folding and enzyme
reactions. Each project led to novel simu-
lations9,10 that became the basis for a great

The birth of computational structural
biology
M ichael Levitt

Fig. 1 The total potential energy of any molecule is the sum of simple allo wing for bond stre tch-
ing , bond angle bending , bond twist ing , van der Waals in teract ions and electrosta tics. M any prop-
erties o f a biomolecules can be simulated with such an empirical energy funct ion .
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- EVs extracts structural information from sequence data

A variety of AI-driven methods allow to accurately design new 
to nature molecular systems 



The many timescales  
of biological processes 
• biological nanoscale spans different timescales 

• small things function at higher rate



The many timescales of biological processes 
from days to seconds ... 



The many timescales of biological processes 
... and from seconds to microseconds 



Thermodynamic approach Kinetic approach

What is the difference in free energy 
between the unbound and bound state? 

𝑘a

𝑘d

How fast does the ligand bind the protein?  
How fast does the complex dissociate?

Two different ways of assessing binding

6

Measuring the energy change at steady 
state to calculate KD

Measuring the rates at which system achieves 
equilibrium (ka and kd) to calculate KD

D

association rate

dissociation rate

ka
kd
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Thermodynamics vs. Kinetics 

• Thermodynamics has no concept of time 
• Thermodynamics does not consider the pathway only 

considers initial state and final state and tell us whether 
a reaction is spontaneous based on that  

• Kinetics considers the rate of changes and the reaction 
pathway from reactants to products 

∆G˚

EA ≡ ∆G‡    
(activation energy)

@ChemKritzer on Twitter

4



Activation energy and reaction rate
• Reaction rates are exponentially and inversely correlated to the activation energy 
• The reactions below have the same ∆G˚ and Keq but different rates 

e.g. ATP hydrolysis
Spontaneous

Catalyzed

8

ATPase enzymes accelerate the reaction rates by 
factors of 107 from ~0.3 s⁻¹ (eg actin) to > 240 s⁻¹ 
(kinesin).

- in water:  Ea ~ 170 kJ/mol
- catalysed: Ea ~ as low as ~12 kJ/mol



Rate equations 9

• for quantification of reactions we will use chemical concentration 
(# molecules/moles per unit of volume) 

• in general concentration for a species i depends upon space and 
time, thus  

• in cells, local concentration is more appropriated than a global 
value (not homogenous)  

• if concentration is very low, stochastic behavior needs to be taken 
into account 

• if         , and                                   , then the time evolution of the 
species i is:                                             

ci(r, t)

ci(t) {cj} = (c1, c2, ..., cn)

dci(t)
dt

= f({cj}; {ki}) ki are called rate constants
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Kinetics of simple reactions

A+B

C

• Let’s look at a simple chemical reaction where A and B react to produce C (can also be thought of as binding) 
• The system is initially not in equilibrium but with time A and B convert to C

- Thermodynamically this reaction is 
favorable 
- However, that doesn’t automatically 
mean that it will be fast

• For quantification molecular concentration (# 
molecules/moles per unit of volume) are used

• The rate of reaction defines how efficiently the 
reactants change to products with time

• The rates of reactants are always negative and the 
rates of products are always positive 

• k is called reaction rate constant (equivalent to ka 
and kd discussed in Lecture 10)



Reaction rates depend on molecular collisions
• The collision rate is proportional to the product of concentrations of reactants 
• Higher temperature increases the diffusion rates of molecules and the likelihood of collisions

11



Reactions and diffusion 12

• rate of collision N depends on the 
frequency of collisions and if they lead to 
products (effective collisions) 

         kcoll ~1010 M-1 s-1 

• diffusion-limited reactions are the fastest 

• usual fast reactions have kobs~106 M-1 s-1 

• need for optimal orientation for formation of 
the transition state (TS) 

• effective # of collisions are weighted with fp 

(fraction of collisions that can actually lead to 
product)

Ncoll = kcoll[A][B]

A

B

A = kcollfp A = pre-exponential factor

TSreactants products  
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H +H2 � H2 +H

e�EA/RT

k = Ae�EA/RT

d[C]

dt
= Ae�EA/RT [A][B]RAB- RBC

TS

• a given energy is required to reach the TS 

• activation energy EA 

• fraction of molecules having such energy is  

• thus the rate constant:

encounters through di! usion and the orientational factor. Note that the activation 
energies in the forward and reverse directions of reactions are di! erent, and the 
orientational factors will also be di! erent.

" e expected reaction rate constant is a product of the two factors we have dis-
cussed. " e # rst is the combination of the reaction collision rate and the orienta-
tion e! ect, A, as given in Equation 15.102. " e second is the Boltzmann factor, and 
together these give the following expression for the rate constant:

(15.103)

An overall kinetic equation for a bimolecular reaction can therefore be written as 
follows: 

(15.104)

Figure 15.35 Energy vs. reaction 
coordinate diagram. (A) A simple 
atom exchange reaction is shown. The 
reaction coordinate is the difference 
in separation of atom 1 and 2 (r1) and 
atoms 2 and 3 (r2). (B) The energy as 
a function of the reaction coordinate. 
The maximum point on this curve is 
the transition state marked with ‡. The 
energy barriers that must be overcome 
to bring the atoms together in the 
forward and reverse directions are 
indicated by EA. (C) A more complete 
energy diagram. The reaction pathway 
shown by the red dotted line represents 
the minimum energy path from 
reactants to products and, drawn as a 
function of a single variable, it would 
look like the curve in (B). (C, adapted 
from C.M. Dobson, A. Šali and 
M. Karplus, Angew. Chemie 37: 868–893, 
1998. With permission from John Wiley 
& Sons.)
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Arrhenius equation - linear version 14

• if 

• linear version of the Arrhenius 
equation used to calculate the 
activation energy of a reaction

k = Ae�EA/RT

ln k =

✓
�EA

R

◆
1

T
+ lnA

-EA/R

ln A



Concentration and order of the reaction

• k is related to the frequency of 
collision depending of the environment  
• It also depends on collisions that 
actually form products (not always the 
case) 
• Order of the reaction is the number 
of molecules  
• Unit of k depends on the reaction 
order (s-1, M-1s-1, etc.) 

Fundamental reaction types:

the slower the reaction the higher is the order

M-1 sec-1

M-2 sec-1

sec-1

k 
unit

15



• Reaction that proceeds at a rate that depends linearly on only one reactant concentration  
• Examples include decay, degradation, isomerization…

Examples of 1st order reactions

Retinal isomerization by photons

Light

Spontaneous decay of radioactive nuclei

Carbohydrate mutarotation

Important for photosynthesis and vision16

bacteriorhodopsin



t1/2

• Molecular decay or retinol isomerization can be modeled as 

• Rate of decay of reactant is proportional to its concentration via k 
[s-1] constant; solving the 1st-order linear differential equation: 

• With [A]0=c(t=0) is the initial concentration, 𝜏 is the characteristic 
time of decay (lifetime or time constant)  

• Rate equations describe the time evolution of average A and B 
amounts (concentrations) 

• Half-life t1/2 (= ln2/k =0.693/k) is the time needed for the 
concentration of [A] to drop to half of its initial value 

1st Order Reactions: Determining kinetic parameters

17

dcB

dt
= kcA = k[c(0)− cB ]⇒ cB(t) = c0(1− e−kt)[B](t) = [A]0(1� e�kt)

d[B]

dt
= k[A] = k{[A]0 � [B]}



• Protein folding is a reaction with many intermediate steps.  
• For simpler proteins (monomeric, no post-translational modifications), the folding process can be 

approximated as a series of 1st order reactions

Protein folding can be considered a series of 1st order reactions

• To determine the concentration of each reaction component 
at each time point these equations need to be integrated 

• the slowest step is called rate-determining step

18

[A] = [A]0e
�k1t

[B] =
k1[A]0
k2 � k1

(e�k1t � e�k2t)

[C] = [A]0


1� 1

k2 � k1
(k2e

�k1t � k1e
�k2t)

�

• solutions



• More general case including 2 reactants whose concentrations impact reaction kinetics 
• If A and B reactants come together to form a product C 

• The rate equation can be written as: 

• The rate of reaction (i.e. forming C) is proportional to the probability that A and B are at the same 
place (i.e., undergoing collision). Higher temperature promotes the reaction. 

• Unlike the 1st order kinetics this case the dynamical equation of different species are coupled (i.e., 
you need to know the concentration of both A and B to determine reaction rate) 

2nd order reactions

19



• Molecule binding can be approximated using 2nd order reversible reaction  
• The complex is equivalent to a ”reaction product” while the two binding partners are “reactants” 
• For example, consider ligand-receptor case or drug binding:  

• L = concentration of ligands, R = concentration of receptors.           But when L >> R:

Reactions can be reversible

Receptor-Ligand 
Complex

Receptor

Ligand

R + L LR

20

d[LR]
dt

= −koff [LR] + kon[L][R]k
0

on[R]

kon = νk
�

on = [M−1s−1]

koff = [s−1]
• with

pseudo 1st-order rate constant



Ligand binding 21

[R] = ([R]0 � [R]eq)e
�(k

0
on+koff )t + [R]eq

kobs = k
0

on + koff = kon[L] + koff



• At the equilibrium the reaction is at its steady state, thus the rate of LR product release is zero: 

• solving for : 

• Steady state conditions can be reached also out-of-equilibrium, when concentrations do not 
change with time. This is always the case in cellular metabolic pathways (BC2) 

• In cells, basic metabolites and building blocks are constantly replenished

Equilibrium and Steady-State conditions

Equilibrium 
(constant level, no net flow)

Steady state 
(constant level, with flow)
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−koff [LR]eq + kon[L]eq[R]eq = 0

Kd =
[L]eq[R]eq

[LR]eq
=

koff

kon
Kd =

[L]eq[R]eq

[LR]eq
=

koff

kon
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Catalysis of chemical reactions
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• The modification of the rate of a chemical reaction, usually an acceleration, by addition of a substance (catalyst) 
not consumed during the reaction 
• Catalysis can be achieved by light, chemical methods, proteins (i.e., enzymes) and even RNA (i.e., ribozymes)

Photocatalysis

Chemical catalysis

Enzymatic catalysis

RNA catalysis

(ester hydrolysis in the presence of acids)

(diazirine group cross-linking)
(lactose hydrolysis)

(RNA-catalyzed methylation of RNA)



Enzymes
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• Enzymes catalyze hundreds of stepwise reactions of metabolism, conserve and transform chemical energy, and 
make biological macromolecules from simple precursors.  
• While all proteins interact with other biomolecules, only ~10% of all proteins possess enzymatic activity. 
• Enzymes are named by adding the suffix “-ase” to the name of their substrate or of their activity. 
• Substrate binding site on the enzyme is known as the active site. 
• They are named and classified based on the type of reaction catalyzed  

 

• The name enzyme comes from Greek én (within) and zymē (yeast)

EC Number (Enzyme Commission number)
Example : Alcohol Dehydrogenase (EC 1.1.1.1) 
• 1. Oxidoreductase (catalyzes redox reactions).
• 1.1. Acting on the CH-OH group of donors (alcohols).
• 1.1.1. With NAD+ or NADP+ as acceptor.
• 1.1.1.1 Alcohol dehydrogenase. 



Enzyme cofactors
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• Some enzymes require an additional chemical component called a cofactor.  
• Cofactors can be inorganic ions, or complex organic or metalloorganic molecules called coenzymes. 
• Vitamins are organic molecules essential for normal cellular processes, serving as precursors of coenzymes  

 

Coenzyme A (CoA)
Flavin adenine dinucleotide (FAD)

metallo-enzymes



Enzyme cofactors
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• Cofactors are often found in enzyme active sites where they actively contribute to catalysis of reactions 
• In the absence of cofactor, enzyme is inactive (apoenzyme) and often unstable in solution 
• Cofactor binding provides functionality, and this active complex is referred to as holoenzyme 

 Succinate dehydrogenase (SDH) has several cofactors

Background info: 
- SDH is a crucial enzyme in cellular 
respiration, acting in both the Krebs cycle 
(oxidizing succinate to fumarate) and the 
electron transport chain (transferring electrons 
to ubiquinone). 
- Both processes are essential for energy 
metabolism inside the cell



• Enzymes have extraordinary catalytic power and a high degree of specificity for their substrates and they 
accelerate chemical reactions tremendously (105 to 1017-fold).  
• They function in aqueous solutions under very mild conditions of temperature and pH, unlike many catalysts 
used in organic chemistry.  
• Like other catalysts, enzymes enhance reaction rates by lowering activation energies. They have no effect on 
the position of reaction equilibria.  

 

Enzyme properties
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Ea ≡ ∆G‡    
(activation energy)

uncatalyzed reaction catalyzed reaction



Transition state complementarity and rate enhancement
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• Early theory from Fischer et al (1890s) proposed a “lock and key” model for enzyme-substrate interaction which 
explains the specificity, but does not explain why reaction rate increases 
• Let’s imagine a scenario where a substrate is converted into a product: 

 
- Uncatalyzed  
- High activation energy

- Enzyme binds substrate well  
- The activation energy increases

- Enzyme binds substrate less-well compared to (b) 
- The activation energy decreases



Transition state complementarity and rate enhancement
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• Enzyme-substrate interactions need to be sufficiently strong to lead to complex formation, but the full 
complement of such interactions is created with substrate in a transition state conformation
• 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 transition state is not a stable species, but is a brief point in time that the substrate spends atop an 

energy hill  
• for this reason is not easy to capture the structure of such a fleeting state (e.g. by X-ray crystallography) 

 

Enzyme

The enzyme brings these two reactants into close 
proximity and coordinates them in such a way that 
they form an unstable transition intermediate 
ultimately leading to the departure of the red group 
on the right side and formation of products.



Examples of enzymatic reactions
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• Many enzymatic mechanisms involve transfer of protons (general acid-base catalysis) or the formation of 
transient covalent bonds in the active site via amino-acids or cofactors 

 

Nucleophile is a chemical group that forms bonds by donating electron pair 
Electrophile forms bonds with nucleophiles by accepting electrons

β-galactosidase

Active sites

β-galactosidase cleaves galactose from carbohydrates (e.g., lactose)

Asp/Glu

Glu

Substrate

Nucleophilic attack



Examples of enzymatic reactions
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• Many enzymatic mechanisms involve transfer of protons (general acid-base catalysis) or the formation of 
transient covalent bonds in the active site via amino-acids or cofactors 

 

Serine protease 
(e.g., trypsin)

Active site

Serine proteases (comprising digestive enzymes) cleave peptide bonds in proteins

Green arrows indicate the 
nucleophilic attacks 
(electron transfer) 

Ser His Asp

Ser + His + Asp 
= 

Catalytic triadhttps://www.youtube.com/watch?v=8NriQtOso9I 

https://www.youtube.com/watch?v=8NriQtOso9I


Groups commonly involved in catalysis
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• Amino-acids with exchangeable hydrogens in their side chains (i.e., bound to O or N) are particularly important 
for reaction catalysis
• Active site residues are often not proximal in sequence, but they are brought together in 3D structure  
• Metal ions are also very important for certain enzymes and contribute either by (1) coordinating the substrate in 
the active site through ionic interactions or (2) by catalyzing oxidation/reduction reactions 

 
Amino-acids with general acid:base properties

Example of metal ion (Zn2+) assisted catalysis



Enzyme kinetics
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Biophysics is applied to measure reaction kinetics
• Different spectroscopic methods are exploited for the purpose of measuring reaction progress 
• Reactants are combined and reaction progress monitored over time by a suitable detection method 

Absorption:

Emmission/Fluorescence:

Refraction:

Polarization: Resonance:

I0 I1

Same 𝛌

Different 𝛌

Emission

Fluorescence

Sample

Sample Sample

Sample Sample

Excitation

B

Excitation FID

Sample

Scattering:
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Enzyme

Substrate

Quantitative analyses of reaction rates
• If you consider a simple reaction where a substrate get converted into a product through the action of an enzyme: 

• The amount of product will gradually increase while the amount of substrate decreases proportionally 
• The rate at which the reaction takes place will differ depending on the experimental conditions (e.g., enzyme 
concentration, substrate concentration temperature), but it will also be dependent on the enzyme’s capacity to 
catalyze reactions (i.e., reduce the activation energy). 
• Measuring the catalytic properties of different enzymes is a discipline known as enzyme kinetics.



Measuring kinetic parameters of enzymes
• Studying the effects of substrate [S] or product [P] concentration is complicated as it changes with time 
• the rate of P production is called velocity of the reaction, it changes proportionally with substrate 

concentration, during the reaction [E] is usually constant  
• the velocity of the reaction is linear with time during the initial phase 
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v - velocity of the reaction depends on time t 
k - rate constant (Arrhenius equation) 

• To treat the problem, we only measure the initial velocity of the reaction (designated V0), when the 
velocity regime is linear 

16.1 Enzyme-catalyzed reactions can be described as a 
binding step followed by a catalytic step

For enzymatic reactions, the reactants are usually referred to as the substrates 
for the enzyme. Substrate, enzyme, and product will be indicated by S, E, and P, 
respectively. Within each enzyme there is an active site, which includes a region 
where the chemical reaction actually occurs (the catalytic site). ! e active site 
may also contain other regions that help hold and position the substrate at the 
correct location in the active site. Most of the essential elements of enzyme kinetic 
behavior are manifested when there is just a single substrate, and so that case will 
be considered " rst because it is the simplest to understand. 

For a single substrate, the overall enzyme-catalyzed reaction can be written as:

 (16.1)

We need, in general, to consider both the forward rate constant (kf) and the rate 
constant for the reverse reaction (kr). When analyzing the results of experiments, 
the situation is simpli" ed if the reaction is initiated by adding the substrate to the 
enzyme, so that there are no product molecules initially. ! e rate of back reaction 
is often very slow, and hence it can be ignored in the analysis. ! e rate of product 
formation is then given by:

(16.2)

! e rate of product formation is called the velocity of the reaction, v. If the rate 
of the reaction is measured only during the initial period of the reaction (that is, 
before substrate is depleted and product builds up), then the rate is referred to as 
the initial velocity, v0. 

Equation 16.2 predicts that the velocity of the reaction depends linearly on the 
concentrations of both substrate and enzyme. In actuality, if one measures the 
velocity of the reaction as a function of substrate concentration, holding enzyme 
concentration constant, results such as those shown in Figure 16.3 are found. At 
very low substrate concentrations the response is indeed linear, but with increas-
ing substrate the rate levels o# , reaching a maximum value termed the maximal 
velocity (Vmax). A second parameter, the Michaelis constant (KM), speci" es the 
concentration of substrate required to reach half of this maximum velocity. As a 
result, a more complex kinetic scheme than that described by Equation 16.1 is 
required to explain these data. 
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Figure 16.3 A graph of the initial 
velocity of reaction for different 
concentrations of the substrate, 
S. At very high concentration, the 
velocity approaches the value Vmax, 
and it reaches half of that value when 
the substrate concentration is KM, the 
Michaelis constant. 

Maximal velocity 

The maximal velocity, Vmax, is 
the maximum rate of reaction 
catalyzed by an enzyme at very 
high substrate concentration.

Michaelis constant 

The Michaelis constant, KM, is 
the concentration of substrate 
required for the reaction velocity 
to be 1/2 Vmax.
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Initial velocity 

When substrate is added to the 
enzyme to initiate a reaction, 
there is initially little or no 
product present and the amount 
of substrate has not decreased 
signifi cantly. The rate of the 
reaction during this period is called 
the initial velocity, v0.
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product present and the amount 
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reaction during this period is called 
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• The initial velocity (V0) expressed as a function of starting substrate concentration [S] provides the typical 
enzyme kinetics plot from which catalytic parameters can be extracted 
• Note that all initial velocity measurements need to be performed under constant experimental conditions 
including temperature, enzyme concentration, buffer composition etc. The only variable is [S].

Measuring kinetic parameters of enzymes

• At relatively low concentrations of substrate relative to the 
enzyme, V0 increases almost linearly with an increase in [S] 

• At higher substrate concentrations, V0 increases by smaller 
and smaller amounts in response to increases in [S]. 

• The maximum value of reaction velocity that can be 
achieved under given experimental conditions is called Vmax 

• the Michaelis constant (KM) specifies the concentration of 
substrate required to reach half of Vmax 

If [E] > [S] then V0 ~ k[S] 

If [S] >> [E] then all E is saturated with S

(reminiscent of hyperbolic binding isotherm)



Michaelis-Menten kinetics (1913) 
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There is a close connection between the thermodynamics of binding and the kinetics of enzyme-catalyzed 
reactions, because the first step in catalysis is the binding of substrate to the enzyme. If the on- and off -rates for 
the substrate binding to the enzyme are fast compared to the catalytic step, then the binding can be 
considered to be a reversible event724 CHAPTER 16:  Principles of Enzyme Catalysis

! e graph of reaction velocity as a function of substrate concentration (see Figure 
16.3) is reminiscent of the hyperbolic binding isotherm for a ligand binding to a 
protein (see Figure 12.4). Recall that at low substrate concentration the fraction 
of the protein that is bound to ligand increases steeply with substrate concentra-
tion. But, at higher substrate concentration, as the protein becomes saturated, the 
binding curve levels o"  and approaches a maximum value asymptotically. ! ere 
is, indeed, a close connection between the thermodynamics of binding and the 
kinetics of enzyme-catalyzed reactions, because the # rst step in catalysis is the 
binding of substrate to the enzyme. If the on- and o" -rates for the substrate bind-
ing to the enzyme are fast compared to the catalytic step, then the binding can be 
considered to be a reversible event, as shown in Figure 16.4. 

Considering binding and dissociation of the substrate as separate kinetic steps 
that come before the actual catalyzed reaction gives a more complicated kinetic 
model:

 (16.3)

! e rate constant k2 is associated with the actual chemical step. As we discussed 
earlier, the reverse reaction is ignored because, if the measurements are made 
within a short time after mixing substrate and enzyme, then not enough product 
is generated to drive the reverse reaction. ! is description of kinetic behavior is 
called Michaelis–Menten kinetics, named for the biochemists who established 
this model in 1913, following the slightly earlier work of Henri. 

One important consequence of the reaction scheme shown in Equation 16.3 is 
that the recognition of the substrate is separated from the catalysis of the chemi-
cal reaction. ! e speci# city of the enzyme for the substrate often manifests itself 
in the # rst step, with the nature of the interactions between the substrate and the 
enzyme determining whether the substrate binds to the enzyme and whether it 
binds in an orientation appropriate for catalysis. ! is step is governed by the same 
set of principles that we have established in Chapters 12 and 13 for simple binding 
events. As an example, the structure of a protease enzyme bound to its substrate 
is shown in Figure 16.5. Proteases are enzymes that cleave peptide bonds. Some 
proteases are digestive enzymes and cleave peptides with hardly any speci# city. 
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Figure 16.4 A schematic drawing of 
the process of an enzyme binding 
substrate, which reacts and then 
is released as product. The analysis 
of such a reaction scheme is known 
as Michaelis–Menten kinetics. An 
example of a real enzyme–substrate 
complex is shown in Figure 16.5.
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Figure 16.5 The structure of the 
TEV (tobacco etch virus) protease, 
bound to its substrate. Flaps on the 
enzyme close around the substrate 
to enclose it. Binding pockets for a 
phenylalanine in the front view (A) 
and a leucine in the back view (B) 
are evident. These are just two of the 
many sequence-specifi c interactions 
that are apparent when the structure 
is examined carefully. (PDB code: 
1LVB.) 
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ing to the enzyme are fast compared to the catalytic step, then the binding can be 
considered to be a reversible event, as shown in Figure 16.4. 

Considering binding and dissociation of the substrate as separate kinetic steps 
that come before the actual catalyzed reaction gives a more complicated kinetic 
model:

 (16.3)

! e rate constant k2 is associated with the actual chemical step. As we discussed 
earlier, the reverse reaction is ignored because, if the measurements are made 
within a short time after mixing substrate and enzyme, then not enough product 
is generated to drive the reverse reaction. ! is description of kinetic behavior is 
called Michaelis–Menten kinetics, named for the biochemists who established 
this model in 1913, following the slightly earlier work of Henri. 

One important consequence of the reaction scheme shown in Equation 16.3 is 
that the recognition of the substrate is separated from the catalysis of the chemi-
cal reaction. ! e speci# city of the enzyme for the substrate often manifests itself 
in the # rst step, with the nature of the interactions between the substrate and the 
enzyme determining whether the substrate binds to the enzyme and whether it 
binds in an orientation appropriate for catalysis. ! is step is governed by the same 
set of principles that we have established in Chapters 12 and 13 for simple binding 
events. As an example, the structure of a protease enzyme bound to its substrate 
is shown in Figure 16.5. Proteases are enzymes that cleave peptide bonds. Some 
proteases are digestive enzymes and cleave peptides with hardly any speci# city. 
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Others, such as the one shown in Figure 16.5, are very speci! c, and cleave only 
particular peptide bonds within a speci! c sequence context. As you can see from 
the structure shown in Figure 16.5, numerous interactions between the enzyme 
and the substrate ensure that only the correct target sequence binds with high 
a"  nity to the enzyme.

16.2 The Michaelis–Menten equation describes the kinetics 
of the simplest enzyme-catalyzed reactions

For the reaction scheme shown in Equation 16.3, the initial velocity, v0, is given 
by:

 (16.4)

If we initiate the reaction by mixing enzyme with substrate, the enzyme–substrate 
complex will begin to form, but can dissociate to release free enzyme. # e com-
plex can also generate product and then dissociate to release free enzyme. After 
some time, the rates of formation and dissociation of the enzyme complex will 
become equal, and so the concentrations of the free enzyme and the enzyme–
substrate complex will reach constant values. Recall from Section 15.13 that this 
corresponds to a steady-state situation. We will use [E•S]ss to denote the steady 
state concentration of the enzyme–substrate complex. As long as there is a large 
amount of substrate present, [E•S]ss does not change with time and we can write:

 (16.5)
Rearranging this gives: 

 (16.6)

Using Equation 16.6 in Equation 16.4, the initial velocity, v0, is given by:

(16.7)

In Equation 16.7, [E] is the concentration of free enzyme. # e concentration of the 
free enzyme is not straightforward to determine experimentally or to calculate. 
[E] can be eliminated from the rate equations by rewriting them to use the total 
enzyme concentration present, [E]0:

or                                                                      (16.8)

# e same idea can be applied to the substrate, but the substrate is usually present 
in large excess relative to enzyme. If the rates are measured only during a brief 
period immediately after initiating the reaction (again, by measuring the initial 
velocity, v0), we can then assume that the concentration of the substrate ([S]) is 
essentially constant at its starting value [S]0:

(16.9)

Substituting the expression for [E] into the equation for the steady-state concen-
tration of enzyme–substrate complex (that is, Equation 16.6) then gives: 

 (16.10)

Grouping together the terms containing [E•S]ss then gives:

 (16.11)
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Michaelis–Menten kinetics 
derives from a model with 
reversible substrate binding to 
the enzyme, followed by the 
chemical transformation. It predicts 
the behavior of many enzymes 
very well.
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We de! ne the Michaelis constant, KM, as follows:

 (16.13)

Using this de! nition for KM in Equation 16.12, we get:

 (16.14)

We obtain an expression for the initial velocity by multiplying [E•S]ss by k2:

(16.15)

" e maximum velocity, Vmax, of the enzyme-catalyzed reaction occurs when all of 
the enzyme is bound to substrate—that is, when [E•S] is equal to [E]0. And so the 
value of Vmax is given by:

 (16.16)

Substituting this into Equation 16.15 gives:

(16.17)

Equation 16.17 is called the Michaelis–Menten equation and it predicts precisely 
the behavior shown in Figure 16.3 and Figure 16.6. 

Note that when [S] = KM, the velocity will be half of Vmax, which is the functional 
de! nition of KM given originally in Section 16.1. " e value of the Michaelis con-
stant can be determined experimentally by using data such as those in Figure 16.6 
and equating KM to the substrate concentration at which the velocity is half-maxi-
mal. " e determination of the value of KM in this way is only possible if the rate of 
the reaction can in fact be measured at a su#  ciently high substrate concentration 
that the plateau value is observed. " is may not be possible if the substrate is not 
su#  ciently soluble, and alternate methods for determining the value of KM are 
discussed below in Section 16.8.

16.3 The value of the Michaelis constant, KM, is related to 
how much enzyme has substrate bound

" e value of the Michaelis constant (KM) determines how much of the enzyme is 
bound to the substrate, as can be seen from the expression for the concentration 
of the enzyme–substrate complex, [E•S]ss, given by Equation 16.14. [E•S]ss can be 
expressed as the product of the fractional occupancy of the enzyme, f, multiplied 
by the total enzyme concentration, [E]0:

 (16.18)

where

Based on the discussion in Chapter 12 (see Equation 12.11), we know that if the 
enzyme and the substrate are in equilibrium, then the fraction of enzyme bound 
to ligand, f, is given by:

(16.19)
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Michaelis–Menten 
equation

For the simplest enzyme-catalyzed 
reaction, shown in Equation 16.3, 
the initial rate of the reaction under 
steady-state conditions is given by:

Vmax is the maximum rate of the 
reaction and KM is the Michaelis 
constant, which corresponds to the 
substrate concentration at which 
the rate is half-maximal. 
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dt
= kcA = k[c(0)− cB ]⇒ cB(t) = c0(1− e−kt)

[E] (free enzyme) is difficult to measure, thus we can express in terms of total E concentration, [E]0 
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, substituting and solving for [ES]ss we obtain 

Others, such as the one shown in Figure 16.5, are very speci! c, and cleave only 
particular peptide bonds within a speci! c sequence context. As you can see from 
the structure shown in Figure 16.5, numerous interactions between the enzyme 
and the substrate ensure that only the correct target sequence binds with high 
a"  nity to the enzyme.

16.2 The Michaelis–Menten equation describes the kinetics 
of the simplest enzyme-catalyzed reactions

For the reaction scheme shown in Equation 16.3, the initial velocity, v0, is given 
by:

 (16.4)

If we initiate the reaction by mixing enzyme with substrate, the enzyme–substrate 
complex will begin to form, but can dissociate to release free enzyme. # e com-
plex can also generate product and then dissociate to release free enzyme. After 
some time, the rates of formation and dissociation of the enzyme complex will 
become equal, and so the concentrations of the free enzyme and the enzyme–
substrate complex will reach constant values. Recall from Section 15.13 that this 
corresponds to a steady-state situation. We will use [E•S]ss to denote the steady 
state concentration of the enzyme–substrate complex. As long as there is a large 
amount of substrate present, [E•S]ss does not change with time and we can write:

 (16.5)
Rearranging this gives: 

 (16.6)

Using Equation 16.6 in Equation 16.4, the initial velocity, v0, is given by:

(16.7)

In Equation 16.7, [E] is the concentration of free enzyme. # e concentration of the 
free enzyme is not straightforward to determine experimentally or to calculate. 
[E] can be eliminated from the rate equations by rewriting them to use the total 
enzyme concentration present, [E]0:

or                                                                      (16.8)

# e same idea can be applied to the substrate, but the substrate is usually present 
in large excess relative to enzyme. If the rates are measured only during a brief 
period immediately after initiating the reaction (again, by measuring the initial 
velocity, v0), we can then assume that the concentration of the substrate ([S]) is 
essentially constant at its starting value [S]0:

(16.9)

Substituting the expression for [E] into the equation for the steady-state concen-
tration of enzyme–substrate complex (that is, Equation 16.6) then gives: 
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We de! ne the Michaelis constant, KM, as follows:

 (16.13)

Using this de! nition for KM in Equation 16.12, we get:

 (16.14)

We obtain an expression for the initial velocity by multiplying [E•S]ss by k2:

(16.15)

" e maximum velocity, Vmax, of the enzyme-catalyzed reaction occurs when all of 
the enzyme is bound to substrate—that is, when [E•S] is equal to [E]0. And so the 
value of Vmax is given by:

 (16.16)

Substituting this into Equation 16.15 gives:

(16.17)

Equation 16.17 is called the Michaelis–Menten equation and it predicts precisely 
the behavior shown in Figure 16.3 and Figure 16.6. 

Note that when [S] = KM, the velocity will be half of Vmax, which is the functional 
de! nition of KM given originally in Section 16.1. " e value of the Michaelis con-
stant can be determined experimentally by using data such as those in Figure 16.6 
and equating KM to the substrate concentration at which the velocity is half-maxi-
mal. " e determination of the value of KM in this way is only possible if the rate of 
the reaction can in fact be measured at a su#  ciently high substrate concentration 
that the plateau value is observed. " is may not be possible if the substrate is not 
su#  ciently soluble, and alternate methods for determining the value of KM are 
discussed below in Section 16.8.

16.3 The value of the Michaelis constant, KM, is related to 
how much enzyme has substrate bound

" e value of the Michaelis constant (KM) determines how much of the enzyme is 
bound to the substrate, as can be seen from the expression for the concentration 
of the enzyme–substrate complex, [E•S]ss, given by Equation 16.14. [E•S]ss can be 
expressed as the product of the fractional occupancy of the enzyme, f, multiplied 
by the total enzyme concentration, [E]0:

 (16.18)

where

Based on the discussion in Chapter 12 (see Equation 12.11), we know that if the 
enzyme and the substrate are in equilibrium, then the fraction of enzyme bound 
to ligand, f, is given by:
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! e graph of reaction velocity as a function of substrate concentration (see Figure 
16.3) is reminiscent of the hyperbolic binding isotherm for a ligand binding to a 
protein (see Figure 12.4). Recall that at low substrate concentration the fraction 
of the protein that is bound to ligand increases steeply with substrate concentra-
tion. But, at higher substrate concentration, as the protein becomes saturated, the 
binding curve levels o"  and approaches a maximum value asymptotically. ! ere 
is, indeed, a close connection between the thermodynamics of binding and the 
kinetics of enzyme-catalyzed reactions, because the # rst step in catalysis is the 
binding of substrate to the enzyme. If the on- and o" -rates for the substrate bind-
ing to the enzyme are fast compared to the catalytic step, then the binding can be 
considered to be a reversible event, as shown in Figure 16.4. 

Considering binding and dissociation of the substrate as separate kinetic steps 
that come before the actual catalyzed reaction gives a more complicated kinetic 
model:

 (16.3)

! e rate constant k2 is associated with the actual chemical step. As we discussed 
earlier, the reverse reaction is ignored because, if the measurements are made 
within a short time after mixing substrate and enzyme, then not enough product 
is generated to drive the reverse reaction. ! is description of kinetic behavior is 
called Michaelis–Menten kinetics, named for the biochemists who established 
this model in 1913, following the slightly earlier work of Henri. 

One important consequence of the reaction scheme shown in Equation 16.3 is 
that the recognition of the substrate is separated from the catalysis of the chemi-
cal reaction. ! e speci# city of the enzyme for the substrate often manifests itself 
in the # rst step, with the nature of the interactions between the substrate and the 
enzyme determining whether the substrate binds to the enzyme and whether it 
binds in an orientation appropriate for catalysis. ! is step is governed by the same 
set of principles that we have established in Chapters 12 and 13 for simple binding 
events. As an example, the structure of a protease enzyme bound to its substrate 
is shown in Figure 16.5. Proteases are enzymes that cleave peptide bonds. Some 
proteases are digestive enzymes and cleave peptides with hardly any speci# city. 
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Figure 16.4 A schematic drawing of 
the process of an enzyme binding 
substrate, which reacts and then 
is released as product. The analysis 
of such a reaction scheme is known 
as Michaelis–Menten kinetics. An 
example of a real enzyme–substrate 
complex is shown in Figure 16.5.
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Figure 16.5 The structure of the 
TEV (tobacco etch virus) protease, 
bound to its substrate. Flaps on the 
enzyme close around the substrate 
to enclose it. Binding pockets for a 
phenylalanine in the front view (A) 
and a leucine in the back view (B) 
are evident. These are just two of the 
many sequence-specifi c interactions 
that are apparent when the structure 
is examined carefully. (PDB code: 
1LVB.) 
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We de! ne the Michaelis constant, KM, as follows:

 (16.13)

Using this de! nition for KM in Equation 16.12, we get:

 (16.14)

We obtain an expression for the initial velocity by multiplying [E•S]ss by k2:

(16.15)

" e maximum velocity, Vmax, of the enzyme-catalyzed reaction occurs when all of 
the enzyme is bound to substrate—that is, when [E•S] is equal to [E]0. And so the 
value of Vmax is given by:

 (16.16)

Substituting this into Equation 16.15 gives:

(16.17)

Equation 16.17 is called the Michaelis–Menten equation and it predicts precisely 
the behavior shown in Figure 16.3 and Figure 16.6. 

Note that when [S] = KM, the velocity will be half of Vmax, which is the functional 
de! nition of KM given originally in Section 16.1. " e value of the Michaelis con-
stant can be determined experimentally by using data such as those in Figure 16.6 
and equating KM to the substrate concentration at which the velocity is half-maxi-
mal. " e determination of the value of KM in this way is only possible if the rate of 
the reaction can in fact be measured at a su#  ciently high substrate concentration 
that the plateau value is observed. " is may not be possible if the substrate is not 
su#  ciently soluble, and alternate methods for determining the value of KM are 
discussed below in Section 16.8.

16.3 The value of the Michaelis constant, KM, is related to 
how much enzyme has substrate bound

" e value of the Michaelis constant (KM) determines how much of the enzyme is 
bound to the substrate, as can be seen from the expression for the concentration 
of the enzyme–substrate complex, [E•S]ss, given by Equation 16.14. [E•S]ss can be 
expressed as the product of the fractional occupancy of the enzyme, f, multiplied 
by the total enzyme concentration, [E]0:

 (16.18)

where

Based on the discussion in Chapter 12 (see Equation 12.11), we know that if the 
enzyme and the substrate are in equilibrium, then the fraction of enzyme bound 
to ligand, f, is given by:
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For the simplest enzyme-catalyzed 
reaction, shown in Equation 16.3, 
the initial rate of the reaction under 
steady-state conditions is given by:

Vmax is the maximum rate of the 
reaction and KM is the Michaelis 
constant, which corresponds to the 
substrate concentration at which 
the rate is half-maximal. 
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Others, such as the one shown in Figure 16.5, are very speci! c, and cleave only 
particular peptide bonds within a speci! c sequence context. As you can see from 
the structure shown in Figure 16.5, numerous interactions between the enzyme 
and the substrate ensure that only the correct target sequence binds with high 
a"  nity to the enzyme.

16.2 The Michaelis–Menten equation describes the kinetics 
of the simplest enzyme-catalyzed reactions

For the reaction scheme shown in Equation 16.3, the initial velocity, v0, is given 
by:

 (16.4)

If we initiate the reaction by mixing enzyme with substrate, the enzyme–substrate 
complex will begin to form, but can dissociate to release free enzyme. # e com-
plex can also generate product and then dissociate to release free enzyme. After 
some time, the rates of formation and dissociation of the enzyme complex will 
become equal, and so the concentrations of the free enzyme and the enzyme–
substrate complex will reach constant values. Recall from Section 15.13 that this 
corresponds to a steady-state situation. We will use [E•S]ss to denote the steady 
state concentration of the enzyme–substrate complex. As long as there is a large 
amount of substrate present, [E•S]ss does not change with time and we can write:

 (16.5)
Rearranging this gives: 

 (16.6)

Using Equation 16.6 in Equation 16.4, the initial velocity, v0, is given by:

(16.7)

In Equation 16.7, [E] is the concentration of free enzyme. # e concentration of the 
free enzyme is not straightforward to determine experimentally or to calculate. 
[E] can be eliminated from the rate equations by rewriting them to use the total 
enzyme concentration present, [E]0:

or                                                                      (16.8)

# e same idea can be applied to the substrate, but the substrate is usually present 
in large excess relative to enzyme. If the rates are measured only during a brief 
period immediately after initiating the reaction (again, by measuring the initial 
velocity, v0), we can then assume that the concentration of the substrate ([S]) is 
essentially constant at its starting value [S]0:

(16.9)

Substituting the expression for [E] into the equation for the steady-state concen-
tration of enzyme–substrate complex (that is, Equation 16.6) then gives: 
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Grouping together the terms containing [E•S]ss then gives:
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We de! ne the Michaelis constant, KM, as follows:

 (16.13)

Using this de! nition for KM in Equation 16.12, we get:

 (16.14)

We obtain an expression for the initial velocity by multiplying [E•S]ss by k2:

(16.15)

" e maximum velocity, Vmax, of the enzyme-catalyzed reaction occurs when all of 
the enzyme is bound to substrate—that is, when [E•S] is equal to [E]0. And so the 
value of Vmax is given by:

 (16.16)

Substituting this into Equation 16.15 gives:

(16.17)

Equation 16.17 is called the Michaelis–Menten equation and it predicts precisely 
the behavior shown in Figure 16.3 and Figure 16.6. 

Note that when [S] = KM, the velocity will be half of Vmax, which is the functional 
de! nition of KM given originally in Section 16.1. " e value of the Michaelis con-
stant can be determined experimentally by using data such as those in Figure 16.6 
and equating KM to the substrate concentration at which the velocity is half-maxi-
mal. " e determination of the value of KM in this way is only possible if the rate of 
the reaction can in fact be measured at a su#  ciently high substrate concentration 
that the plateau value is observed. " is may not be possible if the substrate is not 
su#  ciently soluble, and alternate methods for determining the value of KM are 
discussed below in Section 16.8.

16.3 The value of the Michaelis constant, KM, is related to 
how much enzyme has substrate bound

" e value of the Michaelis constant (KM) determines how much of the enzyme is 
bound to the substrate, as can be seen from the expression for the concentration 
of the enzyme–substrate complex, [E•S]ss, given by Equation 16.14. [E•S]ss can be 
expressed as the product of the fractional occupancy of the enzyme, f, multiplied 
by the total enzyme concentration, [E]0:
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where

Based on the discussion in Chapter 12 (see Equation 12.11), we know that if the 
enzyme and the substrate are in equilibrium, then the fraction of enzyme bound 
to ligand, f, is given by:
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We de! ne the Michaelis constant, KM, as follows:

 (16.13)

Using this de! nition for KM in Equation 16.12, we get:

 (16.14)
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value of Vmax is given by:

 (16.16)

Substituting this into Equation 16.15 gives:
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Equation 16.17 is called the Michaelis–Menten equation and it predicts precisely 
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Note that when [S] = KM, the velocity will be half of Vmax, which is the functional 
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the reaction can in fact be measured at a su#  ciently high substrate concentration 
that the plateau value is observed. " is may not be possible if the substrate is not 
su#  ciently soluble, and alternate methods for determining the value of KM are 
discussed below in Section 16.8.

16.3 The value of the Michaelis constant, KM, is related to 
how much enzyme has substrate bound

" e value of the Michaelis constant (KM) determines how much of the enzyme is 
bound to the substrate, as can be seen from the expression for the concentration 
of the enzyme–substrate complex, [E•S]ss, given by Equation 16.14. [E•S]ss can be 
expressed as the product of the fractional occupancy of the enzyme, f, multiplied 
by the total enzyme concentration, [E]0:
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where

Based on the discussion in Chapter 12 (see Equation 12.11), we know that if the 
enzyme and the substrate are in equilibrium, then the fraction of enzyme bound 
to ligand, f, is given by:
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Michaelis–Menten 
equation

For the simplest enzyme-catalyzed 
reaction, shown in Equation 16.3, 
the initial rate of the reaction under 
steady-state conditions is given by:

Vmax is the maximum rate of the 
reaction and KM is the Michaelis 
constant, which corresponds to the 
substrate concentration at which 
the rate is half-maximal. 
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Now, the maximum velocity, Vmax, of the enzyme-catalyzed reaction occurs when all of the enzyme is 
bound to substrate—that is, when [E•S] is equal to [E]0. And so the value of Vmax = k2[E]0. Finally:
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We de! ne the Michaelis constant, KM, as follows:

 (16.13)

Using this de! nition for KM in Equation 16.12, we get:

 (16.14)

We obtain an expression for the initial velocity by multiplying [E•S]ss by k2:

(16.15)
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Substituting this into Equation 16.15 gives:

(16.17)
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Michaelis–Menten equation



Michaelis-Menten equation
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• used to fit experimental data and calculate Km, Vmax or k2 for any enzyme 

• Different sections of the curve can be rationalized through this equation 

• When [S] is low (i.e., [S] << KM) 

Linear increase of V0 with [S]

• When [S] is high (i.e., [S] >> Km) 

Plateau at high [S]

• When [S] = KM
[S] at ½ Vmax  equals to KM
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We de! ne the Michaelis constant, KM, as follows:

 (16.13)

Using this de! nition for KM in Equation 16.12, we get:

 (16.14)

We obtain an expression for the initial velocity by multiplying [E•S]ss by k2:

(16.15)

" e maximum velocity, Vmax, of the enzyme-catalyzed reaction occurs when all of 
the enzyme is bound to substrate—that is, when [E•S] is equal to [E]0. And so the 
value of Vmax is given by:

 (16.16)

Substituting this into Equation 16.15 gives:

(16.17)

Equation 16.17 is called the Michaelis–Menten equation and it predicts precisely 
the behavior shown in Figure 16.3 and Figure 16.6. 

Note that when [S] = KM, the velocity will be half of Vmax, which is the functional 
de! nition of KM given originally in Section 16.1. " e value of the Michaelis con-
stant can be determined experimentally by using data such as those in Figure 16.6 
and equating KM to the substrate concentration at which the velocity is half-maxi-
mal. " e determination of the value of KM in this way is only possible if the rate of 
the reaction can in fact be measured at a su#  ciently high substrate concentration 
that the plateau value is observed. " is may not be possible if the substrate is not 
su#  ciently soluble, and alternate methods for determining the value of KM are 
discussed below in Section 16.8.

16.3 The value of the Michaelis constant, KM, is related to 
how much enzyme has substrate bound

" e value of the Michaelis constant (KM) determines how much of the enzyme is 
bound to the substrate, as can be seen from the expression for the concentration 
of the enzyme–substrate complex, [E•S]ss, given by Equation 16.14. [E•S]ss can be 
expressed as the product of the fractional occupancy of the enzyme, f, multiplied 
by the total enzyme concentration, [E]0:

 (16.18)

where

Based on the discussion in Chapter 12 (see Equation 12.11), we know that if the 
enzyme and the substrate are in equilibrium, then the fraction of enzyme bound 
to ligand, f, is given by:

(16.19)

K
k k

kM
1 2

1

= +−

K
[E S]

[E]

1
[S]

ss
0

M

• =
+⎛

⎝⎜
⎞
⎠⎟

v k
k

K
[E S]

[E]

1
[S]

0 2 ss
2 0

M

= • =
+⎛

⎝⎜
⎞
⎠⎟

V k [E]max 2 0=

v
V

K
1

[S]

0
max

M

=
+⎛

⎝⎜
⎞
⎠⎟

f[E S] [E]ss 0• =

f
K
1

1
[S]

M

=
+⎛

⎝⎜
⎞
⎠⎟

K K
S

S
1

1
[S]

D D

[ ]
[ ]=

+
=

+⎛
⎝⎜

⎞
⎠⎟

f

Michaelis–Menten 
equation

For the simplest enzyme-catalyzed 
reaction, shown in Equation 16.3, 
the initial rate of the reaction under 
steady-state conditions is given by:

Vmax is the maximum rate of the 
reaction and KM is the Michaelis 
constant, which corresponds to the 
substrate concentration at which 
the rate is half-maximal. 

v
V

K
S

1
[ ]

0
max

M

=
+





To calculate the occupancy of the enzyme, we use Equation 16.18:

 (16.22)
! us, because the enzyme turns over substrate and releases the product very 
quickly, only about 8% of the enzyme is occupied by substrate under steady-state 
conditions (Figure 16.7B).

16.4 Enzymes are characterized by their turnover numbers 
and their catalytic effi ciencies

When the substrate concentration is low, as shown in Figure 16.8A, most of the 
enzyme molecules are not occupied by substrate. Under these conditions, the rate 
of the reaction should be proportional to substrate concentration. As more sub-
strate molecules are added to the reaction, there are empty enzyme molecules 
to which they can bind, and the reaction proceeds faster. In particular, when [S] 

>> KM, the 1 in the denominator of the Michaelis–Menten equation is small rela-
tive to KM/[S] and can be ignored. At low substrate concentration, the Michaelis–
Menten equation therefore takes a simpler form, in which the rate of the reaction 
is related linearly to substrate concentration: 

 (16.23)
In Equation 16.23, we have used Equation 16.16 to replace Vmax with k2[E]0. Under 
such conditions (that is, when [S] >> KM), most enzyme molecules are not occu-
pied at any given time, so [E] ≈ [E]0. 

At high substrate concentration, speci# cally when [S] >> KM, the enzyme becomes 
saturated with substrate (Figure 16.8B). Under such conditions, KM/[S] >> 1, so 
KM/[S] can be ignored in the Michaelis–Menten equation. ! us, as the substrate 
concentration is increased, the rate equation becomes independent of substrate 
concentration asymptotically:

 (16.24)

! is asymptotic plateau in the value of the reaction rate is exactly the behavior 
observed experimentally, as shown in Figure 16.6. 

! e apparent rate constant for an enzyme reaction at high substrate concentration 
(that is, when the reaction is proceeding with maximal rate) is often referred to as 
the catalytic rate constant, kcat. ! e value of kcat is also referred to as the turno-
ver number for the enzyme, because it is the maximum number of reactions per 
second per mole of the enzyme. For a reaction obeying simple Michaelis–Menten 
kinetics, the value of kcat is the same as the value of k2, the rate constant associated 

(A) (B) Figure 16.8 Two extremes of 
substrate concentration. (A) When 
the substrate concentration is low 
(that is, when [S] >> KM), most of the 
enzyme molecules (blue) are empty. 
The rate is affected by the speed 
with which substrate molecules (red) 
bind to the enzyme. (B) When the 
substrate concentration is very high 
(that is, when [S] >> KM), almost all of 
the enzyme molecules are bound to 
substrate. The rate of the reaction 
is then determined by the rate of 
the chemical catalysis step on the 
enzyme molecules. Further increases 
in the concentration of the substrate 
do not increase the rate because the 
additional substrate molecules do not 
have any empty enzyme molecules to 
which they can bind. 
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Catalytic rate constant, kcat

The apparent rate constant for 
an enzyme-catalyzed reaction 
operating at maximum rate is called 
the catalytic rate constant, kcat. 
The maximum rate, Vmax, occurs 
when the enzyme is saturated with 
substrate: 
Vmax = kcat [E]0
If the enzyme obeys Michaelis–
Menten kinetics then kcat is the 
same as k2, the rate constant 
for the catalytic step (see 
Equation 16.16).

To calculate the occupancy of the enzyme, we use Equation 16.18:
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Catalytic rate constant, kcat

The apparent rate constant for 
an enzyme-catalyzed reaction 
operating at maximum rate is called 
the catalytic rate constant, kcat. 
The maximum rate, Vmax, occurs 
when the enzyme is saturated with 
substrate: 
Vmax = kcat [E]0
If the enzyme obeys Michaelis–
Menten kinetics then kcat is the 
same as k2, the rate constant 
for the catalytic step (see 
Equation 16.16).
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What is the meaning of different constants
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• The Km is sometimes used as an indicator of the affinity of an enzyme for its substrate.  
• Under the conditions that k2 represents the rate limiting step the reaction (k2 << k-1) then the Km expression can 
be simplified to k-1/k1 which is essentially a dissociation constant for the ES complex reaction 
• It has concentration of KD units but the values vary greatly even for different substrates of the same enzyme 



Vmax and kcat
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• Vmax and k2 are connected through the equation: Vmax = k2[E]0 
• For simple 2-step M-M mechanism, k2 ≡ kcat , called catalytic rate constant or turnover number for the enzyme 
• kcat  can also be used more generally to depict the overall rate constant of a multi-step reaction.  
• kcat / KM  is called the catalytic efficiency of the enzyme (optimal, diffusion-limited enzymes reach ~1010 M–1•sec–1) 

• kcat is a 1st order rate constant and has units of s-1.  
• It is equivalent to the number of substrate molecules converted to product in a given unit of time on a single 
enzyme molecule.

Catalase

H2O2 + H2O2

2H2O + O2



Enzyme inhibition
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• Enzyme inhibitors are molecules that interfere with catalysis, slowing or halting enzymatic reactions.  
• Enzyme inhibitors are among the most important pharmaceutical agents known (~50% of drugs on the market) 
• Ibuprofen and Aspirin (acetylsalicylate) inhibits the enzyme called COX-1 that catalyzes the first step in the 
synthesis of prostaglandins, compounds involved in many processes, including some that cause pain.  

• Inhibitors can be broadly divided into reversible and irreversible based on whether they achieve the desired 
outcome by transiently affecting to the target (reversible) or permanently (irreversible) 

Covalent attachment 
= 

Irreversible

Transient binding 
= 

Reversible



Reversible enzyme inhibition
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• inhibitors can act by competitive, non-competitive and substrate-dependent non-competitive mechanisms 
• An inhibition constant (KI) quantifies the strength of inhibitor in blocking the activity of an enzyme

Competitive

A competitive inhibitor (I) directly 
competes with the substrate for binding 
to the active site of an enzyme. They 
cannot bind at the same time. 

Substrate-dependent  
non-competitive

An uncompetitive inhibitor (I) binds the 
enzyme in a different site but it does 
bind only the ES complex. It does not 
directly interfere with the binding of S 
to E but reduces the [ ] of active ES  

Non-competitive

A non-competitive inhibitor (I) binds the 
enzyme in a different site and 
independently from S. It does not 
directly interfere with the binding of S 
to E but reduces the [ ] of active ES 
through an allosteric mechanism  



Reversible enzyme inhibition
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• Depending on the inhibition mechanism the kinetic parameters are impacted differently 
• Inhibition is also dose dependent (i.e., the higher the inhibitor concentration the greater the inhibitory effect)

Competitve:           Km is higher                 Vmax stays the same 
Uncompetitive:    Km is lower                  Vmax is lower 
Non-competitive: Km stays the same      Vmax is lower

• Impact on kinetic parameters is quantified through parameter 𝛂 which is dependent on KI and the concentration 
of inhibitor [I] 

Example for competitive inhibition:

* These are apparent Km and Vmax constants since kinetics is measured 
in the presence of an inhibitor. It does not mean that the enzyme itself 
changed but that rather the measured readout is altered.



Reversible enzyme inhibition
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• Equations used to describe enzyme kinetics in the presence of different types of inhibitors

Competitive Non-competitive

‘ ‘

• 𝛂 is derived for KI (binding to enzyme), while 𝛂’ corresponds to K’I (binding to enzyme-substrate complex)  

Substrate-dependent  
non-competitive



Irreversible enzyme inhibition
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• Irreversible inhibitors bind covalently to an enzyme that is essential for the enzyme’s activity. 

- A special class of irreversible inhibitors are 
the suicide inactivators. 

- 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 into a very reactive compound that 
combines irreversibly with the enzyme. 

of substrate. A second class of noncompetitive inhibitors are those that bind at the 
active site and react covalently with an amino acid in the active site. Such inhibi-
tors are called irreversible inhibitors because they cannot dissociate and hence 
their e! ect is to block substrate binding permanently.

" e structure of thymidylate synthase (which makes thymidine from uridine by 
the transfer of a methyl group) is shown in Figure 16.21, with a covalently attached 
inhibitor bound to the active site. " e inhibitor, 5-# uoro-uridine monophosphate 
(5-F-UMP) is an analog of the substrate of the enzyme, uridine, and the inhibitor 
works by taking advantage of the catalytic mechanism of the enzyme. " e inhibi-
tor lets the $ rst steps of the reaction occur, which is the attack by the sidechain of 
a cysteine residue from the enzyme at the C6 position of the uracil ring. But, the 
reaction is prevented from proceeding to completion because a proton in uracil, 
which normally needs to be abstracted, is replaced in the inhibitor by a # uorine. 
" e resulting adduct of the enzyme with substrate analog 5-F-uridine and meth-
ylene tetrahydrofolate bound can no longer react and be released (Figure 16.19B).

(B) noncompetitive(A) competitive (C) substrate-dependent
 noncompetitive
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Figure 16.20 Lineweaver–Burk plots are compared for the three inhibition mechanisms discussed. 
(A) Competitive inhibition. (B) Noncompetitive inhibition. (C) Substrate-dependent noncompetitive inhibition. 
The distinct changes with added inhibitor allow the mechanisms to be easily distinguished.

Figure 16.21 The structure 
of thymidylate synthase 
(which makes thymidine 
from uridine by transfer of a 
methyl group) is shown with 
an irreversible (covalently 
attached) inhibitor bound. This 
inhibitor is “mechanism-based,” 
letting the fi rst steps of the 
reaction occur (that is, attack of 
a Cys from the enzyme at the C6 
position of the uracil ring), but 
then preventing completion of 
the reaction because a proton 
that needs to be abstracted 
is replaced by a fl uorine. 
The resulting adduct of the 
enzyme with substrate analog 
5-F-uridine and methylene 
tetrahydrofolate bound can 
no longer be released, and the 
enzyme is blocked permanently. 
(PDB code: 1TSN.) 
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Irreversible inhibitors 

A molecule that permanently 
damages the ability of the enzyme 
to catalyze reactions is called an 
irreversible inhibitor. Such inhibitors 
react covalently with the enzyme.

thymidylate synthase covalent bond 
to protein

Cys 146

methylene 
tetrahydrofolatemethylene 

tetrahydrofolate

substrate analog
inhibitor 5-F-UMP

5-F-UMP inhibitor 

fluorine



• Reaction rates are inversely correlated to the activation energy (Arrenhius equation) 

• The half-life of a reaction provides a measure of the relative speed at which the product is generated 

• Multistep reactions have intermediates that build up as the reaction is initiated, but disappear as the 
reaction goes to completion  

• A steady state condition in a reaction means that a concentration does not change with time although 
the reaction is occurring 

• Enzymes reduce the activation energy required for chemical reactions  

• Enzymes are proteins often complexed with cofactors/ coenzymes  

• The ratio of forward and reverse reactions must be considered in calculating the approach to equilibrium 

• Enzymes kinetics describes how reactions change in response to changes in experimental parameters  

• Concepts of V0, Vmax Km, kcat and catalytic efficiency (kcat / Km)  

• The principle of reversible and irreversible enzyme inhibition  

Summary


