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Class Fold Superfamilies Families

All beta 
proteins 

Closed barrel 
with greek-key 

motifs

Trypsin-like serine 
proteases 

- prokaryotic proteases
- eukaryotic proteases

(Trypsin, chymotrypsin and 
elastase)

- viral proteases
- viral cysteine protease of 

trypsin fold

Alpha and 
beta proteins 

(a/b)

Beta Sheet 
α/β/α

Left-Handed
Crossover

Subtilisin-like - Subtilases (subtilisin)
- Serine-carboxyl proteinase 

(sedolisin)

Introduction - SCOP Clasification

http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.c.ia.A.html
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.c.ia.A.html
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.c.ia.A.html


Introduction - Function

Serine proteinases cleave peptide bonds within a polypeptide to produce two new 
smaller peptides by forming tetrahedral transition states 

Imatge obtained from: http://schoolbag.info/chemistry/mcat_biochemistry/mcat_biochemistry.files/image019.jpg
 

http://schoolbag.info/chemistry/mcat_biochemistry/mcat_biochemistry.files/image019.jpg


Catalytic mechanism

1. Substrate binding

Ser 221
His 64

Asp 32

Modified from:  https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf 2000-2016 Brandt M., Ph.D.

https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf


Catalytic mechanism

2. Nucleophilic attack: Ser hydroxyl group attacks the carbonyl group of 
the substrate.

Ser 221 His 64

Asp 32

Modified from:  https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf 2000-2016 Mark Brandt M., Ph.D.

https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf


Introduction - Catalytic mechanism

3. Covalent bonding (acylation)ion):

Ser 221
His 64

Asp 32

Ser 221
His 64

Asp 32

Modified from:  https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf 2000-2016 Mark Brandt M., Ph.D.

https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf


Introduction - Catalytic mechanism

4. Ester hydrolisis (deacylation):

Ser 221
His 64

Asp 32

Ser 221
His 64

Asp 32

Modified from:  https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf 2000-2016 Mark Brandt M., Ph.D.

https://www.rose-hulman.edu/~brandt/Chem330/Enzyme_mech_examples.pdf
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Families Protein Species PDB code

Subtilases

Subtilisin
- Bacillus subtilis, carlsberg 
- Bacillus subtilis, E
- Bacillus licheniformis
- Bacillus lentus, savinase (TM)
- Bacillus lentus 
- Bacillus amyloliquefaciens, 

Novo/BPN

- 1sbc, 2ec
- 1scj
- 1gciI
- 1st3
- 1sbt

Messentericopeptidase Bacillus mesentericus 1mee

M-proteinase Bacillus sp., 1wsd

Thermitase Thermoactinomyces vulgaris 1Thm

Furin Mouse (Mus musculus) 1p8j 

Kexin Saccharomyces cerevisiae 2id4

Subtilisins - SCOP Clasification

http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.b.html
http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1423&lvl=0
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.b.html
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.f.html
http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=1467&lvl=0
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.f.html
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.g.html
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.g.html
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.g.html
http://scop.mrc-lmb.cam.ac.uk/scop/data/scop.b.d.fi.b.b.bf.html
http://scop.mrc-lmb.cam.ac.uk/scop/pdb.cgi?pdb=1p8j&sid=d1p8ja2&disp=linkpdb
http://scop.mrc-lmb.cam.ac.uk/scop/pdb.cgi?pdb=1p8j&sid=d1p8ja2&disp=linkpdb
http://scop.mrc-lmb.cam.ac.uk/scop/pdb.cgi?pdb=2id4&sid=d2id4a2&disp=linkpdb
http://scop.mrc-lmb.cam.ac.uk/scop/pdb.cgi?pdb=2id4&sid=d2id4a2&disp=linkpdb


Subtilisins - Activation mechanism

Subtilisins are activated from pro-subtilisins by 3 steps: 

1  Folding of the subtilisin domain
2  Autoprocessing between the propeptide and subtilisin  
domains
3  Degradation of the propeptide by activated subtilisin.

Propeptide (77 residues)→ intramolecular chaperone,  
temporal potent inhibitor of subtilisin.

Main cleavage site

Minor cleavage site

Pulido M, Saito K, Tanaka S, Koga Y, Morikawa M, Takano K, Kanaya S. Ca2+-dependent maturation of subtilisin from a hyperthermophilic archaeon, 
Thermococcus kodakaraensis: the propeptide is a potent inhibitor of the mature domain but is not required for its folding. Appl Environ Microbiol. 2006 
Jun;72(6):4154-62.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Pulido%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16751527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saito%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16751527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tanaka%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16751527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Koga%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=16751527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Morikawa%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16751527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takano%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16751527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kanaya%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16751527
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ca2-Dependent+Maturation+of+Subtilisin+from+a+Hyperthermophilic++Archaeon%2C+Thermococcus+kodakaraensis%3A+the+Propeptide+Is+a+Potent++Inhibitor+of+the+Mature+Domain+but+Is+Not+Required+for+Its+Folding#
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ca2-Dependent+Maturation+of+Subtilisin+from+a+Hyperthermophilic++Archaeon%2C+Thermococcus+kodakaraensis%3A+the+Propeptide+Is+a+Potent++Inhibitor+of+the+Mature+Domain+but+Is+Not+Required+for+Its+Folding#


PROPETIDE DOMAIN

SUBTLISIN

Subtilisins - Interactions between propeptid-subtilisin

Tyr 77

Cys 221*
Asn 155

Gly 100

Ser 125

Ser 105

Tyr 43

Glu 112

Val 44

Subtilisin E (1SCJ)



Subtilisins - Interactions between propeptid-subtilisin

Glu 76

Asp 71

Cys 221*

Gly 100

Ser 125

Ser 105

Tyr 43

Glu 112

Val 44

1,64 Å

Tyr  77

Gly 102

Gly 127

Ala  74

2,04 Å

2,60 Å
2,43 Å

2,11 Å

2,18 Å

2,42 Å
2,01 Å

1,83 Å
2,78 Å

2,52 Å

1,85 Å

2,83 Å
2,18 Å
2,35 Å

1,92 Å
Subtilisin E (1SCJ)

Jain SC, Shinde U, Li Y, Inouye M, Berman HM. The crystal structure of an 
autoprocessed Ser221Cys-subtilisin E-propeptide complex at 2.0 A resolution. 
J. Mol. Biol. 1998;285:137-44.



Subtilisins - Structure 

● Organism: Bacillus amyloliquefaciens 
● A single polypeptide chain of 275 

amino acids, arranged in an α/β 
structure

● 3 layers: α/β/α
● Parallel beta-sheet of 7 strands
● Left-handed crossover connection 

between strands 2 & 3

Subtilisin BPN (1SBT)

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1390


Subtilisins - Structure 
7 parallel β strands surrounded by four helices, 
two on each side of the parallel β sheet. 

e1
e2

e3
e4 e5

e6

e7

Subtilisin BPN (1SBT)

hD

hC

hE

hF

hG

hA

hB

hH

Siezen R, Leunissen J. Subtilases: The superfamily of subtilisin-like 
serine proteases. Protein Science. 2008;6(3):501-523. 



Subtilisins - Structure 

β2-αB-β3

Active site: 
catalytic triad

e2
e2e3

e3hC

Subtilisin BPN (1SBT)

http://kinemage.biochem.duke.edu/teaching/anatax/html/anatax.2b
.html

ing/anatax/html/anatax.2b.html

http://kinemage.biochem.duke.edu/teaching/anatax/html/anatax.2b.html
http://kinemage.biochem.duke.edu/teaching/anatax/html/anatax.2b.html
http://kinemage.biochem.duke.edu/teaching/anatax/html/anatax.2b.html


His 64

hA Asp 32hB e1 e2

hC e3

hD e4 hE e5

Bacterial subtilisins sequence alignment, HMM



Ser 221

e6 e7

hF

hG hH

Bacterial subtilisins sequence alignment, HMM



Subtilisins - Structure 

Methodology:

● PFAM: domain Peptidase_S8 
● PFAM: extract HMM + select protein 

target (SUBTILISIN BPN)
● jackhmmer: SUBT_BPN + UNIPROT 
● Select templates with best E-value
● hmmalign: SUBT.hmm + SUBT.mfa
● ConSurf: grafic representation

HMM

jackhmmer

hmmalign



Subtilisins - Structure 

Methodology:

● PDB: download availables files (7/9)
● Create domains file
● STAMP: SUBTILISINS
● ALIGNFIT + STAMP (if Sc low)
● TRANSFORM: graphic representation

transform
(rasmol/chimera)

stamp



STAMP
Score: 9.36 
RMS: 0.69

SUPERIMPOSITION OF BACTERIAL SUBTILISINS  WITH STAMP



Subtilisins - Essential structural features

calcium binding loop

oxyanion hole

s1 binding site

s4 binding site

Subtilisin BPN (1SBT)



Subtilisins - Active site

SER 221 →  forms a covalent bond with the substrate

HIS 64 → has a dual role: 
-  facilitate formation of the covalent bond
- stabilizes the negatively charged transition state

ASP 32 → stabilizes the positive charge of His.

Located far in the sequence
converge in the native structure

ASP 32 
SER 221 

HIS 64

Subtilisin BPN (1SBT)



Subtilisins - Catalytic triad

ASPARTATE 32

HISTIDINE 64

SERINE 221

Catalytic triad bonds Subtilisin BPN Distances (A)

His (N2) - Ser (OH) 2,683

His (N1) - Asp (O1) 2,677

Hydrogen bondSalt bridge



Subtilisin Novo (2SEC) bound to the inhibitor eglin

Oxyanion hole is formed by the side 
chains of Asn155 and Thr220 and the 
backbone NH of Ser221 → stabilize the 
oxyanion of the tetrahedral intermediate

ASN 155

LEU 59

THR 220

SER 221

Subtilisins - Oxyanion hole



ILE 79 ASP 41

LEU 75

ASN 77GLN 2

CALCIUM IICALCIUM I
Ca²⁺ II

Ca²⁺ I

VAL 81
TYR 171

THR 174

ALA 169

Subtilisins - Calcium binding domain

Uehara R, Angkawidjaja C, Koga Y, Kanaya S. Formation of the high-affinity calcium binding site in pro-subtilisin 
E with the insertion sequence IS1 of pro-Tk-subtilisin. Biochemistry. 2013 Dec 17;52(50):9080-8.

Subtilisin BPN (1SBT)

https://www.ncbi.nlm.nih.gov/pubmed/?term=Uehara%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24279884
https://www.ncbi.nlm.nih.gov/pubmed/?term=Angkawidjaja%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24279884
https://www.ncbi.nlm.nih.gov/pubmed/?term=Koga%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=24279884
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kanaya%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24279884
https://www.ncbi.nlm.nih.gov/pubmed/24279884#
https://www.ncbi.nlm.nih.gov/pubmed/24279884#


Subtilisins - S1-S4 Specificity pockets

s1

s4

s3

s2

s2’

SER 221

Siezen R, Leunissen J. Subtilases: The superfamily of subtilisin-like serine proteases. 
Protein Science. 2008;6(3):501-523. 

Subtilisin BPN (1SBT)



Subtilisins - S1-S4 Specificity pockets

3,4 A 

2,9 A 

3,4 A 

2,9 A

Ser125

Gly127

Pro 56

Leu 59

Thr 58

Val 57

Gly100

Gly102

P4

P1

P1’

P2

P3

Eglin

Siezen R, Leunissen J. Subtilases: The superfamily of subtilisin-like serine proteases. 
Protein Science. 2008;6(3):501-523. 

Subtilisin Carlsberg 
(2SEC)



Subtilisins - S1-S4 Specificity pockets
Asp-32 and His-64 form part of S2 binding site

s2

residues 

126-13
0

     
  10

1-1
03

s1

s4

Subtilisin BPN (1SBT)



Subtilisins - S1-S4 Specificity pockets

Ser 101
Gly 102

Tyr 104

Ile 107

Leu 126

Gly 128
Gly 127

s4

Leu 126

Ser 125
Gly 127

Gly 166

Asn 155
Gly 154Ala 153

Ala 152

s1

Subtilisin BPN (1SBT)



His 64

Asp 32 Gly 34

S1/s4S4

Calcium binding site

Ca²⁺ Gly 65

Val 68

Gly 70

Leu 90

Bacterial subtilisins sequence alignment, HMM



Asn 155 
(oxyanion hole)

Ser 221

Thr 220
(oxyanion hole)

S1

Gly 229

Gly 219

Gly 193Phe 189

Pro 201 Pro 225

Bacterial subtilisins sequence alignment, HMM

Gly 154 Gly 166



Bacterial subtilisins sequence alignment, HMM



Bacterial subtilisins sequence alignment, HMM



Subtilisins sequence alignment

Ser 221

His 64
Asp 32

Asn 155

Thr 220

Asn77

Gly2
Asp41

Val81

Leu75

oxyanion hole

calcium binding loop

Active site: catalytic triad



Subtilisins sequence alignment: PHYLOGENY

POOR CORRELATION BETWEEN PROTEIN 
SEQUENCES AND SPECIES PHYLOGENIA

ORTHOLOGS



Glu 53 - Lys 54
Thr 17 - Met 18

Met 21 - Ser 22

MAIN CLEAVAGE SITE

MINOR CLEAVAGE SITES

Requirement of left-handed glycine residue for high 
stability of the Tk-subtilisin propeptide as revealed by 
mutational and crystallographic analyse
Pulido MA et al. J Mol Biol. 2007.

Altered flexibility in the substrate-binding 
site of related native and engineered 
high-alkaline Bacillus subtilisins.
Mulder FA et al. J Mol Biol. 1999.

Subtilisins sequence alignment: PROPEPTIDE CHAIN



Subtilisin homologues



Subtilisin homologues

Minimum number residues aligned: 
231 (NEC1)

Minimum % identity: 
23,4% (NEC1)

Modified from: http://www.cmbi.ru.nl/edu/bioinf4/hommod/



NEGATIVE CONTROL 
(same clan: SB)

Alpha and beta proteins (a/b) Beta Sheet α/β/α, Left-Handed 
Crossover

Subtilisin-like
(SB)

Subtilases (subtilisin)
Serine-carboxyl proteinase (sedolisin)

Subtilisin homologues vs non-homologues



NEGATIVE CONTROL 
(same clan: SB)

Alpha and beta proteins (a/b) Beta Sheet α/β/α, Left-Handed 
Crossover

Subtilisin-like
(SB)

Subtilases (subtilisin)
Serine-carboxyl proteinase (sedolisin)

Subtilisin homologues vs non-homologues



SUBTILISIN 
BPN

ORTHOLOG 
PROTEINS

ORTHOLOG 
PROTEINS

ORTHOLOG PROTEINS: homologous proteins that retain the same function along the evolution 
course and are present in different species.

Subtilisin homologues: ORTHOLOGUES



CHYMOTRYPSIN (1AB9)        SUBTILISIN (1SBT)

His 57
Asp 102
Ser 195

Asp 32
His 64
Ser 221

Active site groups

- Identical (different order)
- Almost identical in the 

three-dimensional 
structure 

Subtilisins vs Chymotrypsins

An example of CONVERGENT EVOLUTION



His 
Ser
Asp

Superimposition chymotrypsin and subtilisin with STAMP (USING ALIGNFIT)

STAMP 
(alignfit)
Score: 0.54 
RMS:   2.26

STAMP 
(Rough)
Score: 0.42 
RMS:   2.52

Subtilisins vs Chymotrypsins



Superimposition catalytic triad with XAM

SER 221

SER 195
ASP 102

HIS 57

ASP 32

HIS 64

Subtilisins vs Chymotrypsins



➔ Subtilisins contain specific regions highly conserved, which allows these proteins to 
carry out the peptidase function

➔ The propeptide chain regulates the catalytic activity of subtilisins to assure a proper 
function in the organism. Its sequence is conserved among the different subtilisins 
analysed. Not all subtilisins have a propeptide chain

➔ In this project, we described 9 subtilisins with a high homology both in sequence and 
structure. All them are found in bacillus species

➔ We have found many other subtilisin homologues in archaea, fungi and animal 
kingdoms

➔ The homology decreases as we go further away in the evolution course
➔ Most of the residues of these homologues involved in subtilisins function remain 

conserved, although some other differ
➔ TPP2 and Furin protein families have been described as ortholog proteins in some 

specific species
➔ Despite the different structure, the active site of subtilisins and chymotrypsin can be 

superimposed. This suggests a convergent evolution process

CONCLUSIONS



1. What are the main residues involved in the catalytic activity of subtilisins?
a) Asp, His, Ser
b) Asn, Phe, Val
c) Ala, Thr, Gly
d) All the residues in the active site are equally important
e) None of the answers is correct

2. What is the correct answer related to subtilisin’s autoprocessing?
a) It requires the folding of the subtilisin domain
b) Another activated subtilisin is necessary to complete the process
c) Both answers above are correct
d) The propeptide chain regulates the catalytic activity
e) All the answers are correct

3. Related with subtilisin homologues:
a) No homologues are found in any animal species
b) Structure of homologues in plants are the most conserved
c) The only kingdom with homologues, a part from bacteria, is archea
d) Some human proteins can be considered subtilisin homologues
e) None of the answers is correct 

QUESTIONS



4. When comparing subtilisins and chymotrypsins:
a) They have a high structural homology, but low sequence homology
b) They have a low structural homology, but a high sequence homology
c) Both sequence and structural homology are high
d) They both use the same catalytic mechanism
e) Chymotrypsins cannot be crystallized, so we can’t obtain any structural parameter

5. Related to subtilisin’s structure:
a) Subtilisin BPN has two Calcium binding domains
b) The active site is formed by three essential residues: Ala, Leu, Gly
c) The are three oxyanion holes
d) All subtilisins have a propetide chain
e) None of the answers is correct

6. In subtilisin BPN, the propeptide:
a) Acts as a chaperone
b) Is a temporal inhibitor
c) Both answers above are correct
d) Contains 2 cleavage sites
e) All the answers are correct

QUESTIONS



7. Which of the following is not an essential feature in subtilisin BPN:
a) The catalytic triad
b) The oxyanion hole
c) The specificity pockets
d) The potassium binding loop
e) The calcium binding domain

8. Related to subtilisin’s clasification (SCOP):
a) Subtilisins belong to trypsin-like superfamily
b) Trypsin and chymotrypsin belong to subtilisin-like superfamily
c) Both answers above are correct
d) Subtilisins belong to subtilisin-like superfamily whilst trypsin and chymotrypsin belong to 

trypsin-like superfamily
e) None of the answers is correct

QUESTIONS



9. Chymotrypsin and subtilisin:  
a) Have identical structures but different functions
b) Have a similar structure and diferent functions
c) Are an example of convergent evolution
d) Are an example of divergent evolution
e) None of the options is correct

10. In the catalytic mechanism:
a) His acts as a nucleophile
b) Ser acts as a nucleophile and is involved in the tetrahedral transition state
c) Both answers above are correct
d) Water is not necessary to allow the start of another catalytic cycle
e) All the answers are correct

QUESTIONS
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