
Mechanisms of catalysis 

Proximity and orientation effects 

 

• Proximity: Reaction between bound molecules doesn't require an 

improbable collision of 2 molecules -- they're already in "contact" 

(increases the local concentration of reactants)  

 

• Orientation: Reactants are not only near each other on enzyme, 

they're oriented in optimal position to react, so the improbability of 

colliding in correct orientation is taken care of 

 



Mechanisms of catalysis 

Electrostatic catalysis 

• When substrate binds to enzyme, water is usually excluded from 

active site (desolvation)  

– causes local dielectric constant to be lower, which enhances 
electrostatic interactions in the active site, and also  

– results in protection of reactive groups from water, so water doesn't 

react to form unwanted biproducts.  

• Of course, if water is a substrate, it has to be "allowed in", but 
maybe only in a certain sub-part of active site  

• Involvement of charged enzyme functional groups in stabilizing 

otherwise unstable intermediates in the chemical mechanism can 

also correctly be called "electrostatic catalysis"  



Mechanisms of catalysis 

Acid-base catalysis 

• Very often-used mechanism in enzyme reactions, e.g., hydrolysis of 

ester/ peptide bonds, phosphate group reactions, addition to 

carbonyl groups, etc.  

• Enzyme avoids unstable charged intermediates in reaction (which 

would have high free energies) by: 

– donating a proton (act as a general acid), or  

– accepting a proton (abstract a proton, act as a general base)  

• If a group donates a proton (acts as a general acid) in chemical 

mechanism, it has to get a proton (a different one!) back (act as a 

general base) by end of catalytic cycle, and vice versa  

• Protein functional groups that can function as general acid/base 

catalysts: 

– e.g. His imidazole, α-amino group, α-carboxyl group, thiol of Cys, R 
group carboxyls of Glu, Asp, aromatic OH of Tyr, etc 



Mechanisms of catalysis 



Mechanisms of catalysis 

Acid-base catalysis 

 

– E.g. Acids facilitate the removal of leaving groups: 
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Mechanisms of catalysis 

Covalent catalysis  

• Rate enhancement by the transient formation of a catalyst-

substrate covalent bond  

– Serine proteases: acyl-serine intermediate 

– Cysteine proteases: acyl-cystein intermediate 

– Protein kinases and phosphatases: phospho-amino acid intermediates 

– Pyridoxal-cont’g enzymes: (lysine-NH2) Schiff bases 

• Nucleophilic catalysis: donation of electrons from enzyme 

nucleophile to a substrate  

– side chains of His, Cys, Asp, Lys and Ser can participate in covalent 

catalysis by acting as nucleophiles  

• Electrophilic catalysis: covalent intermediate btw the cationic 

electrophile of the enzyme and an electron rich portion of the 

substrate molecule 

– The a.acid side chains do not provide this so enzyme electrophilc 

catalysis require electron deficient organic cofactors or metal ions 

 





Mechanisms of catalysis 

Metal ion catalysis:  

• Metal ions often used for one or more of the following:  

– binding substrates in the proper orientation (e.g. Cytochromes) 

– mediating oxidation-reduction reactions  

– electrostatically stabilizing or shielding negative charges that would 
otherwise repel the attack from an electrophile (electrostatic catalysis)  

– Simply stabilize the catalytically active form of the enzyme 

• Metalloenzymes contain tightly bound metal ions: (usually Fe+2, 

Fe+3, Cu+2, Zn+2)  

• Metal-activated enzymes contain loosely bound metal ions: 

(usually Na+, K+, Mg+2, or Ca+2)  

• Some prosthetic groups are metalloorganic compounds, e.g. heme  



Mechanisms of catalysis 

K+ 

• The most abundant intracellular cation known to activate many enzyme 

• Its role is largely to bind the (-)ly charged groups in NZ � more active form 

Mg+2 and Ca+2 

• Mg+2 (in) and Ca+2 (out) 

• Ca+2 � extracellular NZs, e.g. Salivary and pancreatic α-amylase: maintain 

the structure required for activity 

• Mg+2� intracellular NZs, most kinases form E-S-M complexes 

Fe, Cu, Zn and Mo 

• They are found in trace amounts  

• Cu+2 & Zn+2 � superoxide dismutase: Zn+2 ions appear to 
have a structural role but Cu+2 ions are involved in reaction 

• The iron-molybdenum cofactor (FeMoco) of nitrogenase is a 

highly complex metallocluster that provides the catalytically 
essential site for biological nitrogen fixation 



Mechanisms of catalysis 

Conformational distortion (Transition state stabilization) 

 

• "Strain" is a classic concept in which it was supposed that binding of 

the substrate to the enzyme somehow caused the substrate to 

become distorted toward the transition state  

– It's unlikely that there is enough energy available in substrate binding to 

actually distort the substrate toward the transition state  

– It's possible that the substrate and enzyme interact unfavorably and this 
unfavorable interaction is relieved in the transition state  

– It's more likely that the enzyme is strained, as for example in induced fit  

• Transition state stabilization is a more modern concept: it is not the 

substrate that is distorted but rather that the transition state makes 

better contacts with the enzyme than the substrate does, so the full 

binding energy is not achieved until the transition state is reached  
 



Mechanisms of catalysis 

Conformational distortion (Transition state stabilization) 
 

• The evidence of the conformational distortion: 

1. Quantitative studies showed that observed 

• rate enhancement cannot only be explained with above mechanisms and 

• we know that enzymes are conformationally dynamic 

2. The measure of good/bad substrate by comparing Km and kcat 

• Km (based on binding of substrates in their ground state) 

• kcat (based on the chemical steps subsequent to initial substrate 

binding) 

• Jencks (1969) � for a reversible reaction, distortion is necassary: 

having an active site best matched to a structure intermediate 

between the product and substrate states: the transition state 

 



Determination of Enzyme Mechanisms - 

A General Approach 

1. Determine its amino acid sequence and 3-D structure. Compare 

these basic structural properties of the enzyme to other know amino 

acid sequences using the computer databases � It is very helpful in 

identifying invariant amino acid residues important in the enzyme's 

structure and functionality  

2. Study the kinetics and substrate specificity of the enzyme and 

identify inhibitors  

3. Identify key functional amino acid side chains and do 'site-directed 

mutagenesis‘: Are they essential for catalytic activity? Are they 

important for substrate binding? Are they important for stability of 

the folded native state of the enzyme?  

4. Make hypothesis of the chemical events and bond rearrangements 

occurring during catalysis. Test this hypothesis by 'site-directed 

mutagenesis' and methods to identify 'intermediates' in catalysis 



Example of Acid-Base Catalysis: 

Bovine Pancreatic RNase A 



Example of Acid-Base Catalysis 

• Acetylcholine esterase 

deesterifies the 

neurotransmitter 

acetylcholine (ACh), 

thus inactivating it 

• AChE has an anionic 

binding site which 

attracts the positively 

charged quaternary 

ammonium group of ACh 

• A serine then attacks 

and cleaves the ester 

• This is an example of 

general base catalysis, 

since serine must first be 

deprotonated by a 

neighboring HIS 



Examples of metal ion catalysis 

• Cu2+ or Zn2+ can stabilize the transition state (TS). The metal binds 

to the charged intermediate  

• This charge stabilization of the TS is often called electrostatic 

catalysis 

• This method is likely to be found in many enzymes since nearly 1/3 

of all enzymes require metal ions 

 



Examples of metal ion catalysis 

A classic example of 

an enzyme using 

metal ion catalysis is 

carboxypeptidase A 

(an exopeptidase) 

using Zn2+ in catalysis 

(preference for a. 

acids containing 

aromatic or branched 

hydrocarbon)   



Examples of metal ion catalysis 

Carbonic anhydrase  

• CO2 + H2O ⇔ HCO3
- + H+ 

• balance the pH in the kidney during filtration of urine from the 
serum 

• Zn2+ � help activate the bound water           
molecule to generate a hydroxide ion                
which can attack carbon dioxide  



The serine proteases 

• Proteases catalyze hydrolysis of peptide bonds 

• Mechanism of uncatalyzed reaction is simple nucleophilic attack by 

the :O of the H2O on the carbonyl C of the peptide bond, forming a 

tetrahedral intermediate which then breaks down as the amine 

"half" of the original peptide leaves  

• Reaction is exteremly slow � partial double bond character of 

peptide bond makes its carbonyl carbon much less reactive than 

carbonyl carbons in, for example, carboxylate esters  

• Catalytic task of proteases is to make that normally unreactive 

carbonyl group more susceptible to nucleophilic attack 

 

 

 



The serine proteases 

• Serine proteases are endoproteases 

• The serine protease mechanism illustrates not only proximity and 

orientation, but also:  

– Transition state stabilization 

– Covalent catalysis, involving a catalytic triad of Asp, His and Ser in the 
active site  

– General acid-base catalysis  

– Electrostatic catalysis  

• The enzyme-catalyzed mechanism doesn't involve direct attack on 

the carbonyl O by H2O -- the pathway is different.  

• Chymotrypsin, a serine protease, enhances rate of peptide bond 

hydrolysis by a factor of at least 109  



The serine protease chymotrypsin 

• Chymotrypsin cleaves 

peptides on the carboxyl side 

of aromatic amino acids 

(PHE, TRP, TYR) 

• There are 3 residues on the 

chain which have been 

identified as participating in 

the reaction: HIS 57, ASP 

102 and SER 195 

 



The serine protease chymotrypsin 



The serine protease chymotrypsin 

Role of oxyanion hole in serine protease mechanism: 

• Electrostatic catalysis 

• Preferential binding of transition state 



The serine protease chymotrypsin 

1. Formation of ES complex 

 

• Enzyme binds substrate with 

substrate's aromatic or bulky 

hydrophobic side chain 

"specificity group", R1, in a 

particular hydrophobic pocket 

"specificity pocket" of the 

enzyme  

• This ensure the sterically 

appropriate position for cleavage 

of the peptide bond on carbonyl 

side of that residue  



The serine protease chymotrypsin 

2a. Formation of first tetrahedral intermediate 

• Asp in catalytic triad a) helps maintain perfect steric arrangement of His and 
Ser residues in hydrogen bonded network, and b) facilitates H+ transfer by 
electrostatic stabilization of HisH+ after it has accepted the proton 

• His accepts the proton from Ser-OH: general base catalysis: the O atom 
becomes a potent nucleophile, to attack carbonyl C of peptide bond to be 
cleaved (nucleophilic catalysis, i.e. covalent catalysis) 

• First tetrahedral intermediate is formed, with a negatively charged 
"carbonyl" OXYGEN, an Oxyanion 

• Transition state stabilization: Active site binds oxyanion more tightly than it 
bound original carbonyl group of substrate by "oxyanion hole" 

 



The serine protease chymotrypsin 

2b. Formation of acyl-enzyme intermediate 

• The original amide bond cleaves:  

– HisH+ donates a proton to the amino "half" of the original substrate (general acid) 

– that amine product (RNH2) dissociates from the active site, i.e. P1 leaves 

• The breaking of the amide bond results in conversion of the oxyanion back 
into a C=O, still covalently attached to the Ser residue of the enzyme, 

forming the acyl-enzyme intermediate 

• The acyl-enzyme has a covalent ESTER linkage made up of the "carboxyl 

half" of the original peptide substrate with the O from the Ser alcohol R 
group  

 



The serine protease chymotrypsin 

3a. Formation of second tetrahedral intermediate  
• HOH forms a hydrogen bond with HisN: (just like Ser-OH did in the first 

phase)  

• His (general base) become HisH+, activating the O from the H2O to make 
it a potent nucleophile, about to attack carbonyl C of acyl-enzyme 

intermediate (nucleophilic catalysis, i.e. covalent catalysis) 
• Asp in catalytic triad � same job as before 

• Second tetrahedral intermediate is formed  

• Transition state stabilization ���� same as before 



The serine protease chymotrypsin 

3b. Breakdown of second tetrahedral intermediate  

• The original ester bond (from acyl-enzyme) cleaves -- the HisH+ (general 
acid) donates its proton back to the Ser-O (generating the alcohol product of 

the hydrolysis of acyl-enzyme) 

• as the ester bond breaks to generate the carboxylic acid component 

(R'COOH) from the acyl-enzyme (originally the N-terminal portion of the 
peptide substrate) 

• The enzyme molecule is now in its original state, with the His imidazole 

in its neutral form, the catalytic triad appropriately hydrogen-bonded, and the 
active site ready to bind another molecule of substrate 



Abzymes-1 

• Catalytic antibody, abzyme (mid-80s) 

• Abzymes which are able to hydrolyze proteins, DNA, RNA, or 

polysaccharides have been found in the sera of patients with 

autoimmune and also viral pathologies 

• Possible applications 

– As sequence-specific cleaving agents to destroy peptides or 

carbohydrates associated with viral particles or tumor cells 

– The genetic deficiency of an extracellular enzyme could be cured 

by immunization with an appropriate hapten to elicit catalytic 
antibodies that would substitute the missing enzyme 

– Catalytic antibodies with the capacity to degrade cocaine into the 

resulting nontoxic products � for cocain addiction 

– Detoxification after accidental exposure to insecticides or the 
intentional poisoning by nerve gas  



Abzymes-2 

• One of the most fascinating potential applications is in the area 

of prodrug activation in cancer treatment using a strategy called 

Antibody Directed Abzyme Prodrug Therapy (ADAPT) 



RNA Enzymes: Ribozymes-1 

• Best characterized ones are:  

– The self-splicing group I introns 

– RNaseP: removes 5’end of tRNA 

– Hammerhead ribozyme: in some   
 virusoids: segments of RNA    

 promoting site-specific cleavage    
 associated with replication 

 

 

• The substrate is usually a RNA molecule or even part of the 

ribozyme itself 

• Their 3-D structure is important for the function  

• They can align RNA substrates for reaction by using base-pairing 

interactions 



RNA Enzymes: Ribozymes-2 

Ribozymes for Human Therapy 

 

• The ability of ribozymes to recognize and cut specific 

RNA molecules makes them exciting candidates for 

human therapy 

• Already, a synthetic ribozyme that destroys the mRNA 
encoding a receptor of Vascular Endothelial Growth 

Factor (VEGF) is being readied for clinical trials 

• VEGF is a major stimulant of angiogenesis, and blocking 

its action may help starve cancers of their blood supply  


