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Kinetics and Regulation of Enzyme Catalysis 
 
What is enzyme catalysis?  Acceleration of the rate of a chemical reaction by the 

stabilization of the transition-state complex.  Stability is measured in terms of the free energy, 

which is derived from the chemical bonding energy (heat of formation) and the entropy.  

Enzymes cannot alter the heat of formation, therefore, they must alter the entropy.  There are 

two practical effects of enzymes:  1)  raising the effective concentration of reactants, and 2) 

decreasing the entropy of the reactants.  Decrease in entropy is provided by structural 

constraints and solvent shielding.  The net effect of stabilizing the transition state is that 

chemical reactions that would take a very long time to occur without assistance are very fast.  

How fast? 

 
How do you measure the rate of an enzyme-catalyzed reaction?  Enzyme catalysis is 

detected by measuring either the appearance of product or disappearance of reactants.  To 

measure something, you must be able to see it.  Enzyme assays are tests developed to 

measure enzyme activity by measuring the change in concentration of a detectable 

substance.  The direct assay would measure the appearance of a product that absorbs or 

emits detectable energy (UV/vis absorbance, fluorescence, phosphorescence, radiation); or 

would measure the disappearance of a substrate that emits or absorbs detectable energy.  In 

an indirect assay, the conversion of S to P by the enzyme of interest could be coupled to a 

second reaction (chemical or enzyme-catalyzed) that uses the product of the first reaction as 

a substrate for the formation of a detectable product. 

 
Definition:  Assay (from the French, to try) a test that measures the concentration of a 
specific molecule of interest. 
 
Enzyme assays may be used to determine the concentration of a limited amount of reaction 

substrate by converting all of it into a detectable product, in which case one substrate is 

limiting, and enzyme is in excess.  Enzyme assays that are used to determine the 

concentration of the enzyme have all substrates in excess and a small, unknown, amount of 

enzyme.  Enzyme assays may also be used to study the mechanism of catalysis by limiting 

the concentration of both enzyme and substrate.  Enzymes are frequently hard to isolate, so 

in mixtures of proteins, a single enzyme is detected by measuring its activity.  An 

international unit of activity is one umole product formed per minute U = µmol P/min 
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   k1    k3 

E + S                               ES                             E + P 
   k2    k4 
 
Michaelis-Menten kinetics are defined by a hyperbolic saturation curve when initial velocity, 

V0 , is plotted against substrate concentration, [S].  When the rate at which substrate is 

consumed is directly proportional to the remaining concentration of substrate, the reaction 

follows first-order kinetics.  In first-order kinetics, a constant proportion of present substrate is 

consumed per unit time, NOT a constant amount of substrate.  This is described 

mathematically as shown: 

 
 –d S 
 ------ =   V0  =  KM   [S] 
   d t 

Amount of   in other words,  is some  of the substrate 
S consumed  initial velocity of  constant  present at that 
per unit time  the reaction   fraction  instant in time 

 
OR 

  d P 
 ------ =   V0  =  KM   [S] 
  d t 

Amount of   in other words,  is some  of the substrate 
P formed  initial velocity of  constant  present at that 
per unit time  the reaction   fraction  instant in time 

 
The first-order process is logarithmic because the reaction velocity is constantly changing 

with changing [S].  The plot of initial reaction velocity vs. [S] is hyperbolic because the velocity 

increases proportionately with substrate concentration (first-order); however, with further 

increases in substrate concentration, the rate of increase in the velocity slows down until it 

reaches a maximum value limited by the concentration of enzyme.  At this point it displays 

zero-order kinetics; the rate is constant.   Michaelis -Menten kinetics are confined to the 

initial, first-order part of the curve.  Michaelis-Menten kinetics are displayed when [ES] is 

constant and at equilibrium, and there are not multiple forms of the ES transition state.  In 

complex systems, [ES] may be constant (steady-state) but not at its equilibrium concentration 

as defined by rate constants of the reaction equation.  
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initial conditions valid     Zero-order;  rate independent of [S] 
 
 
     P 
conc. 
  slope = V0     V0 
          First-order; rate 
          dependent on [S] 
     S 
 
  time       [S] 
 
We study the kinetics of the reaction to learn something about the mechanism of the reaction, 

that is, what happens when ES dissociates to E + P.  First, recognize several special cases 

(assumptions): 

Product formation is rate-limiting:  k3 <<<k1 or k2   (the catalytic constant kcat = k3) 

Initial conditions:  [S] >> [E]  so that [S] – [ES] = [S]  and  [P] = 0 

Product formation may not be quickly reversible:  k4 ≈ 0 

Steady state conditions:  ∂[ES] = 0 (ES formation rate = ES dissociation rate) 

Saturation conditions: [E]free = 0, so  [E]T = [ES] 

From the reaction, 

   k1    k3 

E + S                               ES                             E + P 
   k2    k4 
the rate equation assuming initial conditions is expressed as: 

 k1 [E] [S] = k2 [ES] + k3 [ES] 
combine like terms: 

 k2 + k3  =  [E] [S] 
   k1            [ES] 
define Michaelis-Menten constant 

 KM   =  [E] [S] 
             [ES] 
 

Great, but we can’t measure [E] or [ES] easily.  We can measure V0 as ∂P/∂t.  We defined the 

first-order reaction velocity, V0 = KM [S], but we are trying to put a value on KM.
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Express initial rate of product formation V0 using the rate equation: 

V0  = k3 [ES] 

 Vmax  = k3 [E]T  when the enzyme is fully occupied, saturated 

when not saturated, [E]T = [E] + [ES] 
Substitute into the definition of KM terms we can measure for those we cannot. 

rearrange expressions of [E]T , V0 and Vmax: [E] = [E]T – [ES]   Eqn1 

       [E]T = Vmax / k3  Eqn 2 

       [ES] = V0 / k3  Eqn 3 
Start with the definition of KM 

 KM     =    [E] [S] 
         [ES] 
use Eqn 1 above to get: 

 KM = ([E]T – [ES]) ([S]) 
      [ES] 
multiply to get: 
 KM =  [E]T [S]  –  [ES] [S] 
        [ES]      [ES] 
cancel [ES] and use Eqn 2 to get: 
 KM =  Vmax [S]  –   [S] 
      k3 [ES] 
use Eqn 3 to get: 
 KM =  Vmax k3 [S]  –   [S] 
        k3 V0 

cancel k3 

 KM =  Vmax [S]  –   [S] 
        V0 
We can measure Vmax, V0, and [S]!  Now rearrange: 

KM  + [S] = Vmax [S] 
        V0 

 
 V0=  Vmax [S] So, the initial velocity is max velocity times factor based on [S] 
  KM  + [S] 
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if [S] = KM   V0=  Vmax KM   V0= 1  Vmax 
     KM + KM          2 

if [S] = 0.1 KM  V0=   0.1  Vmax    V0=  9.1% Vmax 
            1.1 

if [S] = 10 KM  V0= 10  Vmax    V0=  91% Vmax 
           11 

if [S] = 1000 KM  V0= 1000  Vmax    V0=  99.9% Vmax 
           1001 
 
                                                                                  Approaches the limit, Vmax, at infinite [S] 
 
Vmax 
  2 
 

V0 
 

[S] 
Assay the enzyme at one standard concentration using increasing concentrations of 

Substrate.  To determine the values from a graph, intersecting lines are less ambiguous than 

finding the limit of a hyperbola, so we graph the inverse of the velocity against the inverse of 

[S] which takes the form y = mx + b 

1/V0 = (KM/Vmax) (1/[S]) + 1/Vmax 

which makes sense since the y-intercept would be where [S] is infinite, and the x-intercept is 

the opposite of the inverse of KM.  Lineweaver-Burke Plot: 

 
 
    1/ V0       • 

        • 
• 

  • 
clustered points at low [S] 

     • 
   1/Vmax 
 
 
 extrapolate line 
 
 
 
  –1/KM     1/[S]
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Enzyme Inhibition 
Irreversible inhibition 

Covalent, irreversible inhibitors have the effect of reducing [E].  The inhibition cannot be 

overcome by the addition of more substrate, or by dialysis.  There is no equilibrium between 

[E] and [EI] because k–i = 0. 

     ki 
    E  EI 
     k–i 

Reversible inhibition 

Three types of inhibition may be envisioned, depending on where in the reaction sequence 

the inhibitor binds to the enzyme or enzyme-substrate complex:  Non competitive inhibition, 

competitive inhibition, and uncompetitive inhibition.  First look at the possible reactions: 

No inhibition:   E + S                        ES                           E + P 

Noncompetitive inhibition: E + I + S    ESI dead-end complex 

Competitive inhibition: E + I                         EI                             E + Q alternate product 

Uncompetitive inhibition: E + S                        ES + I          ESI dead-end complex 

 

Competitive Inhibition 

S and I compete for the enzyme active site, so they must be structurally similar.  The effect of 

a competitive inhibitor is like decreasing [S].  Since EI binding is reversible, it can be 

overcome by increasing [S].  It doesn’t matter if a product is formed from the EI complex if it 

is not the product you are measuring.  The active [ES] is not affected, so Vmax is unchanged, 

but the apparent KM is increased (it takes more S to reach Vmax).  Lineweaver-Burke slope 

changes, Y-intercept does not. 

 apparent KM = KM  1 +  [I]  result of substituting [ES] = [E]T – [E] – [EI] 
        Kie 

Noncompetitive Inhibition 

Because the inhibitor binds to a site distinct from the active site, it may bind either the E, or 

the ES complex.  There is no direct competition between the substrate and the inhibitor for 

the active site, but there is a decrease in active [ES] ([ES] = [E]T – [E] – [ESI] – [EI]).  Vmax 

decreases. 

 apparent Vmax = Vmax    Kis   apparent Vmax = Vmax 
     Kis + [I]     1 + [I]  
                Kis 

EI + S 
ES + I 
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Mixed inhibition reduces effective [ES] more than [S].  Vmax decreases and Km increases. 

 apparent KM = Km  1 + [I]  apparent Vmax = Vmax 
        Kie     1 + [I] 
               Kis 

  usually, Kie > Kis 
 

Uncompetitive Inhibition 

The inhibitor binds only to the ES complex, preventing either the reaction or the release of P.  

The effect is that of lowering the equilibrium [ES], so Vmax is reduced, but the apparent KM is 

decreased, which means that when ES binds I, the rate constant k2 is decreased, or that ESI 

does not release S as easily as ES releases S.  Uncompetitive inhibitors may prevent the 

release of P after allowing the consumption of S.  Allosteric substrate inhibition is 

uncompetitive.  Vmax and Km are reduced by the same amount, so the slope stays constant: 

 

 apparent KM = Km   apparent Vmax = Vmax 
    1 + [I]      1 + [I] 
          Kis           Kis 

 

 

Regulation of β-galactosidase activity 

Day 1 we observed that as long as the enzyme is saturated, (substrate is not limiting) then 

the activity of the enzyme is directly proportional to the amount of enzyme.  Thus, doubling 

[E] leads to doubling the rate of [P] formation. 

Day 2 we observed that when the enzyme is NOT saturated, then the activity of the enzyme 

varies with substrate concentration as long as the enzyme concentration DOES NOT change.  

Michaelis-Menten kinetics describe a simplified, single-substrate system for which the activity 

of the enzyme increases proportionally with increasing [S] until the enzyme is saturated, at 

which point the enzyme is operating at Vmax. 

So how does the organism UP-regulate the activity of an enzyme? 

Control of [S] does not provide finely attenuated control because, as given above, only a 

2-fold increase in activity (50% → 99%) results from a 100-fold increase in [S].  More 

importantly, physiological [E] is very small, so the E is likely to be saturated anyway.  When E 
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is saturated, Vo = Vmax, and changing [S] has no effect.  Additionally, osmotic balance must 

be maintained, and if S is a food, regulation of [S] may be beyond the control of the organism, 

so regulation of [S] may not be the best method.  In contrast, because [E] << [S] in vivo, the 

enzyme is saturated, so increasing [E] has a direct effect on Vo because Vo = Vmax 

Pharmacological DOWN regulation of enzyme activity: 
Competitive Inhibitors 

S and I compete for the enzyme active site, so the effect of a competitive inhibitor is like 

reducing the concentration of substrate available for binding and can be overcome by 

increasing [S].  Since competitive inhibitors are substrate analogs, their design has a 

structural starting point.  The effective dosage of a competitive inhibitor is related to the 

natural [S] of the targeted reaction. 

Noncompetitive Inhibitors 

Because the inhibitor binds to a site distinct from the active site, it may bind either the E, 

or the ES complex.  There is no direct competition between the substrate and the inhibitor for 

the active site, so natural [S] has no impact on the efficacy of the inhibitor.  Since 

noncompetitive inhibitors are NOT substrate analogs, their design does not have an obvious 

structural starting point.  The effective dosage of a noncompetitive inhibitor is related to the 

natural [E] of the targeted reaction. 

Which is a more effective drug mechanism? 

 


