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INTRODUCTION

Classification and characteristic features of 
serine-proteases



1. PROTEASES

Enzymes that catalyse the breakdown of the peptide bonds

They are found in all the kingdoms of life and in viruses

Independently evolved many times

Different catalytic mechanisms

Different structure

Figure 1. Peptide Bond
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PROTEASES: classification
MEROPS 

The Peptidase Database
Based on the residu that perform de catalysis

Extracted from MEROPS database
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PROTEASES

Serine proteases

Cysteine proteases

Threonine proteases

Aspartic proteases

Glutamic proteases

Metalloproteases 

Asparagine peptide 
lyases

using a serine alcohol

using a cysteine thiol

using a threonine secondary alcohol

using a aspartate carboxylic acid

using a glutamate carboxylic acid

using a metal, usually zinc

using an asparagine
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SERINE-PROTEASES: classification

Clans Families

PA

      
SB

23 families of endopeptidases 
that differ on its nucleophile 
(Ser or Cys) 

2 families of endopeptidases 
and exopeptidases formed by 
a serine nucleophile.

S1

     
S8

SERINE 
PROTEASES

Their catalytic mechanism depends 
upon the hydroxyl group of the serine 
residue acting as the   NUCLEOPHILE

a donor of pair of electrons 
to form a chemical bound. 

Structure, mechanism and catalytic 
residue order

Sequence similarity (homology)
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Trypsin-like 
peptidases

Subtilisin-like 
peptidases



SERINE-PROTEASES: characteristic features

CATALYTIC TRIAD
Breaks the peptide bond

OXYANION HOLE
Stabilizes the tetrahedral 
intermediate 

SUBSTRATE SPECIFICITY 
POCKET

Determines which 
kind of residues 

interact with the 
protease
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Substrate specificity pocket

Function: to confer specificity to cut. 

Residue 189

Chymotrypsin

Trypsin

Elastase

Adapted from “Unique Substrate Specificity of SplE Serine Protease 
from Staphylococcus aureus” Stach N. et al

Own source
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The catalytic triad

Trypsin-like Ser195His57 Asp102

Subtilisins-like His64 Asp32 Ser221

Own source
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The catalytic triad

Differences in amino acids 
sequence

His

Asp

Ser

Own source CONVERGENT EVOLUTION

_
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MECHANISM OF ACTION: The catalytic triad

SUBSTRAT

Ser195

His57

Asp102

Substrate

_
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Covalent bond formation

SUBSTRAT

Ser195

His57

Asp102

_

Substrate

Own source
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First tetrahedral transition state

Asp102

His57

Ser195

_

Substrate

+

_

Own source
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First tetrahedral transition state

Asp102

His57

Ser195

_

Substrate

+

_

Own source
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Acyl-enzyme intermediate

Asp102

His57

Ser195

_

Substrate

Own source
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Water activation

Asp102

His57

Ser195

SubstrateWater

_

Own source
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Second tetrahedral transition state

Asp102

His57

Ser195

_

+

Substrate_

Own source
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End of reaction: triad regeneration and product 
formation

Asp102

His57 Ser195

Substrate

Own source
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_



CATALYTIC MECHANISM: summary
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Oxyanion hole

Function: stabilisation of the tetrahedral intermediate. 

-

+Trypsin-like

Subtilisins-like

Gly193 Ser195

Asn155 Ser221

Adapted from Wikipedia, Tetrahedral carbonyl 
addition compound
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How do enzymes work?

Enzyme and substrate

Stabilization of the 
transition state 

brings down the 
activation energy.

Adapted from Dressler & Potter (1991) Discovering 
Enzymes, p.179

Gly193 Ser195
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Activation of Serine Proteases

Trypsin-like proteases are synthesized as 
inactive precursors: ZYMOGEN. 

Proteolytic processing activates the zymogen. 

1. Release of the N-terminal Ile16 
(depending on the enzyme).

2. Formation of salt bridge with Asp194.
3. Conformational change and creation of 

the active protease. 

The mechanism of zymogen activation is 
conserved among mammalian trypsin-like 

serine proteases. 

Adapted from Campbell (1999) 
Biochemistry p. 170
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Activation of serine proteases
Elastase consists of a single polypeptide chain of 
240 amino acid.

Synthesized as a zymogen (proelastase). 
Activation through limited trypsin proteolysis at 
its N-terminal.

Removal of an activation peptide from the 
N-terminal enables the enzyme to adopt its 
native conformation.

Subtilisins are synthesized as zymogens, with 
an approximately 77-long residue propeptide. 

2 distinct autoproteolytic cleavages remove the 
propeptide, each with a different pH optimum.

Maturation of the zymogen into enzymatically 
active subtilisin.

Handbook of Proteolytic 
Enzymes, Volume 1. Vol. 1. 

Elsevier, 2012.
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Integration of the activation of serine proteases

Trypsinogen activation t is 
essential as it activates its 

own reaction, as well as the 
reaction of both chymotrypsin 

and elastase.

Own source
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Multiple Sequence Alignment Chymotrypsin + Chymotrypsinogen

          

Activating bond

Catalytic triad

His 57

Asp102

Ser 195
Asp 194

Ile 16

Gly 193

Oxyanion hole
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Chymotrypsin + Chymotrypsinogen 
superimposition

Sc  8.06 
RMS   0.81

Ile 16

Asp 194

Gly 193

Chymotrypsin Chain B

Chymotrypsin Chain C

Chymotrypsinogen

Chymotrypsin Chain A
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Conformational change

Gly 193

Catalytic triad

Asp 194

Ile 16

Chymotrypsinogen
Chymotrypsinogen

Chymotrypsin

Chymotrypsin
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SEQUENCE ANALYSIS
MSA based on sequence of trypsin-like serine 
proteases and subtilisin-like serine proteases

02



Multiple Sequence Alignment TRYPSIN-LIKE proteins

          

Asp102

His 57

Ser 195

Gly 193 Catalytic triad

Oxyanion hole

Substrate specificity pocket

Example of disulfide bond

Residue 189
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Multiple Sequence Alignment SUBTILISIN-LIKE proteins

          

Asp32

His64

Asn155

Ser221

Catalytic triad

Oxyanion hole

Substrate specificity pocket
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03
STRUCTURE ANALYSIS

Trypsin-like and subtilisin-like folding analysis



SCOP classification

          

Class 1000001
All beta proteins

Fold 2000083
Trypsin-type beta(6)-barrel

Superfamily 3000114
Trypsin-like serine proteases

Family 4000286
Eukaryotic proteases

Class 1000002
Alpha and Beta (a/b)

Fold 2000207
Subtilisin-like

Superfamily 3000226
Subtilisin-like

Family 4000409
Subtilases

Trypsin Chymotrypsin Elastase

Clan PA Clan SB

S1 S8
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TRYPSIN-LIKE

All beta structure

Alpha helix

Extended Beta

3 10 helix

Turn

Coil
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TRYPSIN-LIKE

Two domains

Alpha helix

Extended Beta

3 10 helix

Turn

Coil

                    INTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR REFERENCES                    INTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR REFERENCES          INTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR REFERENCESINTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONSINTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONS



TRYPSIN-LIKE

Perpendicular to each other
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TRYPSIN-LIKE

Beta-barrel 6 stranded Greek Key

123 4 5 6

Greek Key
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TRYPSIN-LIKE

Beta-barrel 6 stranded Greek Key

123 4 5 6

Greek Key

INTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONSINTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONS



TRYPSIN-LIKE

Hydrogen bonds between beta strands 
and alpha helix
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TRYPSIN-LIKE

Hydrogen bonds between beta strands

Carbon

Hidrogen

Oxigen

Nitrogen
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Residue 239

Residue 236

4 residues → alpha helix
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Type of helix

TRYPSIN-LIKE



TRYPSIN-LIKE

Salt bridges

Acid amino acids

Basic amino acids

-

+
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TRYPSIN-LIKE

Disulfide bonds

6 conserved in mammals
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TRYPSIN-LIKE

Between the two domains

Conformation stabilized by 
Hydrogen Bonds

Catalytic Triad
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TRYPSIN-LIKE

Non-polar amino acids

Polar amino acids

Acid amino acids

Basic amino acids

Unassigned
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TRYPSIN-LIKE
Oxyanion hole

HBond donors

Oxyanion Hole
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TRYPSIN-LIKE

Substrate Specificity pocket

S1 pocket

L1 and L2 loops

Substrate pocket
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TRYPSIN-LIKE
Trypsin

S1 pocket

L1 and L2 loops

Polar amino acids

Acid amino acids

Disulfide bridge
191-220

Substrate pocket
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TRYPSIN-LIKE
Chymotrypsin

S1 pocket

L1 and L2 loops

Polar amino acids

Acid amino acids

Disulfide bridge
191-220

Substrate pocket
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TRYPSIN-LIKE
Elastase

S1 pocket

L1 and L2 loops

Polar amino acids

Acid amino acids

Disulfide bridge
191-220

Substrate pocket
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TRYPSIN-LIKE

Catalytic triad

Substrate Specificity pocket

Oxyanion hole 
Calcium Binding loop
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TRYPSIN-LIKE proteins superimposition

Sc  7.96
RMS   1.26

Coagulation factor XII

Trypsin

Kallikrein

Granzime M

Elastase

Chymotrypsinogen A
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Multiple Sequence Alignment TRYPSIN-LIKE proteins by structure

His 57

Asp102

Ser 195
Gly 193

Catalytic triad

Oxyanion hole

Substrate specificity pocket

Example of disulfide bond

Residue 189

Cys 191 - 
Cys220
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TRYPSIN-LIKE proteins Clusters

Coagulation factor XII

Trypsin

Kallikrein

Granzyme M

Elastase

Chymotrypsinogen A

Sc 7.92 RMS 1.07

Sc 9.05 RMS 1.27

Sc 8.78 RMS 1.12

Sc 8.40 RMS 1.10

Sc 7.96 RMS 1.26
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SUBTILISIN-LIKE

Alpha / beta / alpha

Alpha helix

Extended Beta

3 10 helix

Turn

Coil
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SUBTILISIN-LIKE

7 parallel beta-strand + 9 alpha-helix

Alpha helix

Extended Beta

3 10 helix

Turn

Coil

Two additional strands of antiparallel β-sheet
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SUBTILISIN-LIKE

Left-handed connection between strand 
2 - 3

1 234567
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SUBTILISIN-LIKE

1 234567

Left-handed connection between strand 
2 - 3
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SUBTILISIN-LIKE

Conformation stabilized by Hydrogen Bonds

Catalytic Triad
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SUBTILISIN-LIKE

Non-polar amino acids

Polar amino acids

Acid amino acids

Basic amino acids

Unassigned
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SUBTILISIN-LIKE
Oxyanion hole

HBond donors

Oxyanion Hole

INTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONS

Carbon

Hidrogen

Oxigen

Nitrogen
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SUBTILISIN-LIKE

Substrate Specificity pocket

S1 pocket

Substrate pocket
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SUBTILISIN-LIKE

S1 pocket

Substrate pocket

Non-polar amino acids

Polar amino acids

Acid amino acids

Basic amino acids
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SUBTILISIN-LIKE

Catalytic triad

Substrate Specificity pocket

Oxyanion hole 
Calcium Binding loop
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SUBTILISIN-LIKE proteins superimposition

Sc  9.26  
RMS  0.54 

Subtilisin BPN

Bacillus lentus subtilisin

Subtilisin Savinase

Subtilisin Carlsberg

Subtilisin NAT
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Multiple Sequence Alignment SUBTILISIN-LIKE proteins by structure

Asp 32

His 64

Ser 221

Asn 155

Catalytic triad

Oxyanion hole

Substrate specificity pocket
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SUBTILISIN-LIKE proteins Clusters

Subtilisin BPN

Subtilisin NAT

Subtilisin Carlsberg

Bacillus Lentus Sub

Subtilisin Savinase

Sc 9.78 RMS 0.12

Sc 9.33 RMS 0.81

Sc 9.37 RMS 0.75

Sc 9.26 RMS 0.54
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04
INTERACTION WITH AN INHIBITOR

Interaction of a trypsin-like protease with an inhibitor



Chymotrypsin: interaction with an inhibitor
Boronic acids inhibitors  → transition state analogs

Own source

From Wikipedia, Boronic Acid
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Chymotrypsin: interaction with an inhibitor
Boronic acids inhibitors  

B
5

10.811

C
6

12.0107

Similarities in structural features

Analogues in the binding process, but 
not in reactions.

sp2 sp3

Trigonal planar Tetrahedral

Adapted from LibreTexts and Subpng 
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Chymotrypsin: interaction with an inhibitor
gamma-chymotrypsin L-para-chloro-1-acetamido 

boronic acid inhibitor complex

Own source

PDB: 1VGC

Ki = 1.20 ± 0.05 µM 
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Chymotrypsin: interaction with an inhibitor

Inhibitor
Sc = 9.77

RMS = 0.20
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Chymotrypsin: interaction with an inhibitor

Molecule of water

Inhibitor
Ser195

Asp102

His57
With inhibitor

Without inhibitor

Catalytic triad
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Chymotrypsin: interaction with an inhibitor

Inhibitor

Gly193

With inhibitor

Without inhibitor

Ser195

Oxyanion hole
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Chymotrypsin: interaction with an inhibitor

Inhibitor Ser195

As we saw before...

Transition state
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Chymotrypsin: interaction with an inhibitor

S1 Pocket

Inhibitor

Substrate specificity pocket
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Chymotrypsin: interaction with an inhibitor

Inhibitor

His57
As we saw before...

Transition state
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Chymotrypsin: interaction with an inhibitor

Ser195

Gly193

Inhibitor

Oxyanion hole
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Chymotrypsin: interaction with an inhibitor

Molecule of water

As we saw before...

Catalytic mechanism
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Chymotrypsin: interaction with an inhibitor
Overview

Catalytic triadSubstrate Specificity pocket

Oxyanion hole 

Inhibitor
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CONCLUSIONS
SEQUENCE - STRUCTURE - FUNCTION 

RELATIONSHIP

05



TRYPSIN-LIKE

SUBTILISIN-LIKE

Sequence Structure Function

Both are serine 
proteases
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TRYPSIN-LIKE SUBTILISIN-LIKE

Convergent 
evolution
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Trypsin

Sequence Structure Function

Divergence from a 
common ancestor 

Chymotrypsin

Elastase

Substrate Specificity
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Divergent evolution
(Diversification)

Common ancestor 

Trypsin

Chymotrypsin

Elastase
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Approach PDBs

Chymotrypsin activation: MSA and 
superimposition

1ab9 - Chymotrypsin (bovine)
1chg - Chymotrypsinogen (bovine)

Sequence and structure analysis: MSA by 
sequence trypsin-like proteins

1c1m - Elastase (porcine)
1sgt - Trypsin (S. griseus)
1spj - Kallikrein (human)
2any - Chymotrypsinogen A (human)
2zgc - Granzyme M (human)
4xde - Coagulation factor XII (human)

Sequence and structure analysis: MSA by 
sequence subtilisin-like proteins

1af4 - Subtilisin Carlsberg (B. licheniformis)
1ndq - Bacillus lentus subtilisin (L. lentus)
1sbt - Subtilisin NAT (B. amyloliquefaciens)
1sua - Subtilisin BPN (B. amyloliquefaciens)
6y5t - Subtilisin Savinase (L. lentus)

PDBs



Approach PDBs

Structure analysis: trypsin-like folding 1sgt - Trypsin (S. griseus)
1ab9 - Chymotrypsin (bovine)
1c1m - Elastase (porcine)

Structure analysis: subtilisin-like folding 1sbt - Subtilisin NAT (B. amyloliquefaciens)

Interaction with inhibitor: superimposition 1vgc - Chymotrypsin with inhibitor (bovine)
2gch - Chymotrypsin (bovine)

PDBs



Does anyone have any 
question?

THANKS



 PEM QUESTIONS
1. Which of the following statements about serine proteases classification according to MEROPS are true:

1. The words “clan” and “superfamily” can be used as synonyms.
2. The serine proteases are characterized by using a serine alcohol for their catalytic function.  
3. S8 is a name of a family from the SB clan, which corresponds to serine proteases. 
4. The MEROPS database distinguishes different types of proteases based on the structure of the proteases. 

a) 1, 2 and 3
b) 1 and 3
c) 2 and 4
d) 4
e) 1, 2, 3 and 4

2. Which of the following statements are false?

a) Serine proteases break peptide bonds thanks to the presence of a serine residue in the active site
b) Serine proteases work by stabilizing the transition state which in turn brings down the activation energy.
c) a) and b) are false.
d) Serine proteases are only present in prokaryotes.
e) All the above are false.



3. Which of the followings statements about serine proteases is true:

1. The catalytic triads in trypsin-like and subtilisin-like proteases are conformed by the same three residues (histidine, 
aspartic acid and serine), although they present differences in the amino acid sequence.

2. The oxyanion hole is a region implicated in the stabilisation of the tetrahedral intermediate. 
3. The negatively charged oxygen atom from the scissile bond forms two hydrogen bonds with the amides of the two 

residues conforming the oxyanion hole. 
4. Differences in the amino acid conservation of the catalytic triad between trypsin-like and subtilise-like are an example 

of homology.

a) 1, 2 and 3
b) 1 and, 3
c) 2 and 4
d) 4
e) 1, 2, 3 and 4

4. Which of these statements about the activation of serine proteases is false:

a) All trypsin-like proteases are synthesized as proteases.
b) Chymotrypsin activates proelastase.
c) The mechanism is preserved among the mammalian trypsin-like proteases.
d) A formation of a salt bridge is required.
e) All the above are false.



5. Which of the following statements about the activation of serine proteases is true:

a) Glycine 193 is not part of the oxyanion hole of chymotrypsin.
b) Elastase is not secreted as a zymogen.
c) α-Chymotrypsin is inactive.
d) The processing of trypsinogen into trypsin changes the conformation of the oxyanion hole.
e) All the above are true.

6. Which of the following statements about the trypsin-like folding is true:

1. Trypsin-like serine proteases are all-alpha proteins.
2. Trypsin-like serine proteases do NOT have beta barrels.
3. Trypsin-like serine proteases only have one domain.
4. The catalytic triad in trypsin-like proteases is located between the two domains that these proteins have.

a) 1, 2 and 3
b) 1 and, 3
c) 2 and 4
d) 4
e) 1, 2, 3 and 4



7. Which option is true:

a) Disulfide bonds are important to maintain the structure of trypsin-like serine proteases, for this reason there are some 
conserved disulfide bonds.

b) Some residues into the S1 pocket are different in chymotrypsin and trypsin and it confers specificity of substrate to each 
serine protease.

c) There is a conserved disulfide bond that contributes to the structure of the S1 pocket
d) S1 pocket is located near the catalytic triad.
e) All of them are true.

8. Which of the following statements about the subtilisin-like proteins is true:

1. Subtilisins are considered alpha/beta/alpha proteins.
2. The amino acids that form the oxyanion hole in trypsin-like proteins and subtilisin-like proteins are the same (Gly193 

and Ser195).
3. Subtilisin-like proteins and trypsin-like proteins have a calcium-binding loop.
4. Subtilisins are classified as glutamic proteases.

a) 1, 2 and 3
b) 1 and, 3
c) 2 and 4
d) 4
e) 1, 2, 3 and 4



9. According to boronic acids and serine proteases complexes, choose which of the followings statements is false:

a) The complex of a chymotrypsin with a boronic acid showed big changes in the structure conformation of the 
oxyanion hole. 

b) Boronic acids can form tetrahedral boronate complexes.
c) Boronic acids are transition-state analogues of serine proteases.
d) One of the hydroxyl groups of the boron interacts with the oxyanion hole, while the other is involved in the formation of 

the transition state conformation.
e) None all the above.

10. A superimposition between different serine-proteases from the same family and different species:

a) Will have a score lower than 5.5 and a RMSD value higher than 2
b) Will have a score between 5.5 and 9.8  and a RMSD value higher than 2
c) Will have a score between 5.5 and 9.8 and a RMSD value lower than 2
d) Will have a score higher than 9.8  and a RMSD value lower than 2
e) Will have a score lower than 5.5 and a RMSD value higher than 9.8 


