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pH dependence of Enzyme catalysis



pH Effects on Enzyme Activity

Structural Considerations:Structural Considerations:

•Extreme pH changes will denature folded structure due to repulsive 
forces

•Milder pH changes can dissociate oligomeric state of enzyme into 
inactive monomers

•Therefore, important to be aware of protein stability issues due to 
pH conditions when characterizing enzyme activity



pH Effects on Enzyme Activity

Catalytic Considerations:Catalytic Considerations:

•Substrate Ionization – may affect enzyme-substrate productive 
binding

•Enzyme catalytic groups contain acid and basic groups; therefore, 
ionization state critical for proper catalysis

Km – productive substrate binding :    ion pair, hydrogen bonding, 
hydrophobic interactions

kcat – Chemical transformation :     Acid/Base, Nucleophilic catalysis

Electrostatic catalysis



pH Effects on Enzyme Activity



How pKa’s are Perturbed 

A)Ionizable groups are buried in hydrophobic environment:

Causes groups to take on neutral form

The pka of acidic groups increases

The pka of basic groups decreases

B) Ionizable groups are exposed to electrostatic environment

For opposite charge environment Like charge environ.

pKa of acidic groups decrease increase

pKa of basic groups increase decrease



Analysis of Single Ionizing Group

Assumptions:
•Only one ionization state of the enzyme is active (ES)
•The enzyme is stable over the pH range studied 
•The rate determining step doesn't change with pH 



Analysis of Single Ionizing Group

Suppose one group on the enzyme has to be unprotonated for activity:
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Analysis of Single Ionizing Group

Similarily, suppose one group on the enzyme has to be protonated for 
activity:
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Analysis of Two Ionizing Groups

•Frequently there are two groups that need to be in a correct 
ionizable form for proper catalytic activity 

•For example: a protonated Asp (catalytic acid), and a 
unprotonated Cys (catalytic nucleophile)

•Velocity versus pH plot results in a bell shaped curve 



Analysis of Two Ionizing Groups
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The dependency of pH

How the enzyme activity is altered by pH dependency may allow 
identification of the type of groups present at the active site that are 
important for catalysis (aware of stability issues)

Structure could change due to ionic interactions 

Catalytic groups not in proper protonated form to carry out chemical 
transformation steps



Mechanism of Chymotrypsin



Why is chymotrypsin most active at pH 8?

The dependency of pH on Enzyme Catalysis

Catalytic Triad mechanism

pKa ~4          pKa ~6.8



Why is chymotrypsin most active at pH 8?

The dependency of pH on Enzyme Catalysis

Expect activity to 
be maximum above 
pH 7



Why is chymotrypsin most active at pH 8?

Secondary effect

The dependency of pH on Enzyme Catalysis



Why is chymotrypsin most active at pH 8?

Secondary effect

The dependency of pH on Enzyme Catalysis

A properly protonated NH3
+ terminal Ile 16 is necessary to 

position Asp 192 for a proper substrate binding backbone 
(ion pair contribution)

The pKa of the α NH3
+ group is ~9-10

Therefore expect the activity to decrease at pH conditions 
above pH 9 due to an increase in KmKm



The dependency of pH on 
Enzyme Catalysis



Why is chymotrypsin most active at pH 8?

Secondary effect

The dependency of pH on Enzyme Catalysis



Detection of Intermediates

Rules of Thumb for Proof of an Bonne Fide Intermediate:Rules of Thumb for Proof of an Bonne Fide Intermediate:

•The intermediate is isolated and characterized

•The intermediate is formed sufficiently rapidly to be on the reaction 
pathway

•The intermediate reacts sufficiently rapidly to be on the reaction 
pathway

Requires pre-steady state measurements for intermediate 
formation and decomposition rates

Requires steady state measurements to compare intermediate 
rate constants with the overall catalytic activity of the enzyme
reaction



Specificity determined by fit into binding pocket.
Chymotrypsin has a large binding pocket for side chain.



The triad is H-bonded: Asp is H-bonded to His to keep it oriented. His is 
H-bonded to Ser. This increases the nucleophilicity of the Ser oxygen.

His acts as a general base, abstracting a proton from Ser
Ser attacks the carbonyl carbon of the peptide bond of the substrate.
Forms first tetrahedral intermediate 

His now acts as a general acid by transferring a proton to nitrogen of first 
tetrahedral intermediate
This causes the peptide bond to break, and the first product leaves. 

Mechanism of Chymotrypsin



The acyl enzyme remains. This is a covalent intermediate in which the 
Ser is esterified 
His now acts as a general base- activates attack of the Ser ester by 
water OH. 
Second tetrahedral intermediate forms
His transfers its proton back to Ser to break down intermediate 
The second product is released- The original enzyme is regenerated.

Mechanism of Chymotrypsin



Detection of Chymotrypsin Intermediates

para-nitrophenylacetate as a synthetic substrate for chymotrypsin.

para-nitrophenol (PNP) - chromophoric



Evidence of Intermediates-Product 
“Burst”



Evidence of Intermediates-Product 
“Burst”

Burst experimentsBurst experiments:

the stoichiometric release of one of the products that is much faster 
than the steady state Vmax 

The p-nitrophenol released in the initial pre-steady state 'burst' is 
stoichiometric to the concentration of active sites present (mole:mole)

Rate then slows down to Vmax

Suggests an initial phase of rapid acylation of chymotrypsin then a 
slow hydrolysis of acylenzyme intermediate (rate determining step)



Measurement of the acylation rate 
constant

Chromophoric leaving group: PNPA amino acids (acetyl-Phe ethyl ester)

Use excess substrate to ensure the enzyme is constitutively acylated

d[E-Ac]/dt=0

Rate of acylation (k2) is determined from the rate of appearance of the 
nitrophenol (PNP) (exponential phase)

Often acylation rate is too fast for stopped-flow measurement



Measurement of the acylation rate 
constant

Chromophoric inhibitor displacement: Proflavin (pg 220-221)

Proflavin is competitive inhibitor of chymotrypsin

Absorbs at 465nm when bound to active site

Stopped-flow experiment – acetyl-Phe ethyl ester mixed with 
chymotrypsin-proflavin solution

Initial rapid displacement of some proflavin (↓ in Abs465) (dead time)

As acylenzyme is formed equilibrium breaks down – proflavin is 
completely displaced (no affinity for acylenzyme) (↓ Abs465 #2)

Absorbance stays constant until acylenzyme breaks down (↑ Abs465)

Acylation rate constant obtained from the exponential second phase of 
absorbance decrease



Measurement of the deacylation rate 
constant (k3)

Chromophoric inhibitor displacement: Proflavin

Excess of enzyme is used in stopped-flow experiment

Substrate is consumed and the acylenzyme is formed rapidly (dead 
time)

Slow hydrolysis of acylenzyme is monitored by the rebinding of 
proflavin to the free enzyme being produced (k3)


