
Kinetics Plays a Critical Role in Biology



Time is a Variable of Reaction Progress



Reaction Rates & Stoichiometry



Definition of Rate Law



Determination of Rate Laws



Expression of Rate Laws



Elementary Reaction Rates



Time Course of a Sample Reaction



Dependence of Rate on Stoichiometry



Dependence of Rate on Stoichiometry



Kinetic Order of Reactions 



Comparison of Different Reaction Orders







Cyclic Reactions & Detailed Balance



Cyclic Reactions: Glucose Phosphorylation





Simple Reaction Coordinates



Transition State for Proline Isomerization



Reaction Coordinate for Proline Isomerization





Transition State Theory Posits that
Reactants are in Equilibrium with
the Collection of States at the Top

of the Reaction Barrier



Temperature Dependence of Proline Isomerization



Activation Energy (Ea) for Proline Isomerization

Slope yields Ea / R, which in
this case is Ea = 54 KJ/mol

Plot of ln(k) vs. 1/T should be
linear for elementary reaction



Enzyme Kinetics

E + S ES E + P
k1 k2

k-1
E = enzyme concentration
S = Substrate concentration
ES = Enzyme-substrate complex concentration
P = product concentration
k1 = rate constant for formation of ES from E + S
k-1 = rate constant for decomposition of ES to E + S
k2 = rate constant for decomposition of ES to E + P

Figure fromTony Carruthers

Assumptions:
• Only ES exists; no EP
• P→ S is negligible
• [S] >> [E]
• Rate of ES formation =
Rate of ES decomposition



te y t te ss m ti n

• When the enzyme is first mixed with a large
excess of substrate there is an initial period,
lasting just a few microseconds, the pre-
steady state, during which the ES complex
concentration builds up

• The reaction quickly achieves a steady state
in which [ES] remains approximately constant
over time (Briggs and Haldane, 1925)

For additional material: Fundamentals of Enzyme Kinetics, Athel Cornish-Bowden, 2004
or Enzyme Kinetics, Athel Cornish-Bowden and C. W. Wharton, IRL Press, 1988



ic e is ent n e i ti n

1. The overall rate of product formation: vo = k2 [ES]

2. Rate of formation of [ES]: vf = k1[E][S]

3. Rate of decomposition of [ES]:

vd = k-1[ES] + k2 [ES]

4. Rate of ES formation = Rate of ES decomposition
(steady state)

5. So: k1[E][S] = k-1[ES] + k2 [ES]

E + S ES E + P
k1 k2

k-1



6. In solving for [ES], use the enzyme balance to
eliminate [E]. ET = [E] + [ES]

7. k1 (ET - [ES])[S] = k-1[ES] + k2 [ES]

k1 ET[S] - k1[ES][S] = k-1[ES] + k2 [ES]

8. Rearrange and combine [ES] terms:

k1 ET[S] = (k-1 + k2 + k1 [S])[ES]

k1 ET[S]
9. Solve for [ES] = -----------------------

(k-1 + k2 + k1 [S])



ET[S]
10. Divide through by k1: [ES] = -----------------------

(k-1 + k2)/k1 + [S]

11. Defined Michaelis constant: KM = (k-1 + k2) / k1

12. Substitute KM into the equation in step 10.

13. Then substitute [ES] into vo = k2 [ES] from
step1 and replace k2 ET with Vmax to give:

Vmax[S]
vo = -----------

KM + [S]



ic e is ent n t
Relates reaction velocity and substrate concentration

Vmax[S]
vo = -----------

KM + [S]



ic e is ent n E ti n

Define Michaelis constant:

KM = (k-1 + k2) / k1

It quantifies the instability of the
ES complex.

The overall velocity of an
enzyme-catalyzed reaction is
given by rate of conversion of
ES to E + P.

vo = k2 [ES] = kcat [ES]



n ysis  nits

� Write the rate of change of S:
d[S]/dt=-k1 [E] [S] + k-1 [ES]

� What are units of k1 and k-1?
� k1has units of concentration-1time-1

� k-1has units of time-1

� Similarly, k2has units of time-1

� KM =(k-1+k2)/k1 will have unitsof concentration

E + S ES E + P
k1 k2

k-1



e e nin  c t

In an enzyme catalyzed reaction, the overall rate
of product formation is v =k2[ES].

If all of the enzyme molecules are complexed
with substrate (excess [S]) then the maximum
velocity occurs and Vmax =kcatET where kcat is
the overall reaction rate constant.

This can also be written as kcat =Vmax /ET.
kcat is called the turnover number (TON).

E + S ES E + P
k1 k2

k-1





K  e

• KM has two meanings:

1. KM = [S] when vo = 1/2 Vmax
KMprovides a measure of the substrate concentration
required for significant catalysis to take place

2. KM is related to the rate constants of the individual steps:

KM = (k-1 + k2) / k1

KM k-1 / k1 = Ks (the enzyme-substrate dissociation constant) when
k2 is small (<< either k1 or k-1 ).

•KM then measures strength of ES complex: Generally, the lower the
numerical value of KM, the tighter the substrate binding.

•KM is used as a measure of the affinity of E for S when k-1 >> k2

Vmax[S]
vo = -----------

KM + [S]





c t K
kcat/KM is taken to be a measure of the catalytic
efficiency of an enzyme because it takes into
account rate of catalysis (kcat) and strength of E-S
interaction (KM)

Rewriting kcat/KM in terms of the kinetic constants
gives:

kcat k1k2
---- = -----------
KM k-1 + k2

So, when k2 is small, the denominator becomes k-1
and kcat/KM is small.



c t K
kcat k1k2
---- = -----------
KM k-1 + k2

And where k2 is large, the denominator becomes k2
and kcat/KM is limited by the value of k1 or
formation of the ES complex. This formation is in
turn limited by the rate of diffusion of S into the
active site of E. So, the maximum value for this
second-order rate constant (kcat/KM) is the rate of
diffusion (~109 sec-1 M-1).

If kcat/KM is at the upper limit (108 or 109), the enzyme
has attained kinetic perfection – every interaction
between substrate and enzyme is productive



c t K



ine e e  t



(Michaelis-Menten plot)
Vmax

-rs

S1/2

Solving:

KM=S1/2

therefore KM is the
concentration at which the
rate is half the maximum rate

CS

Michaelis-Menten Equation



Inverting�yields�

Lineweaver-Burk Plot

slope = KM/Vmax

1/Vmax

1/S

1/-rS



y es Enzyme n i iti n

Competitive

Uncompetitive

Non-competitive




