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[ They are found in all the kingdoms of life and in viruses ]
Figure 1. Peptide Bond

[ Different catalytic mechanisms ]
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[ Independently evolved many times ] >
[ Different structure ]
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PROTEASES: classification

Based on the residu that perform de catalysis
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Clans of Serine Peptidases
TYPE PEPTIDASE

subtilisin Carlsberg (Bacilius licheniformis)

sedolisin (Pseudomonas sp. 101)

' prolyl oligopeptidase (Sus scrofa)
carboxypeptidase Y (Saccharomyces cerevisiag)
Xaa-Pro dipeptidyl-peptidase (Lactococcus factis)

lysosomal Pro-Xaa carboxypeplidase (Homo sapiens)
prolyl aminopeptidase (Neisseria gonorrhoeae)

PS-10 peptidase (Streptomyces lividans)

autocrine proliferation repressor protein A (Dictyostelium discoideum)

D-Ala-D-Ala carboxypeptidase A (Geobacillus stearothermophilus)

INHIBITOR INTERACTION CONCLUSIONS

EMBL-EBI

MEROPS
The Peptidase Database

STRUCTURE
' Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Extracted from MEROPS database
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PROTEASES <

SEQUENCE ANALYSIS

STRUCTURE ANALYSIS

r—=-==== \
I Serine proteases |
| S v
r—=-==== \
I Cysteine proteases |
______ v
rF—=-=-=-== \
I Threonine proteases I
| S -
r—=-==== \
I Aspartic proteases |
| S v
r—=-==== \
I Glutamic proteases |
| S v
r—=-=-=== \
I Metalloproteases |
| S -
I’Azpt;oane_pe_ptige\
lyases l

| S v

INHIBITOR INTERACTION

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

CONCLUSIONS
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SERINE-PROTEASES: classification

SERINE Their  catalytic - mechanism deper\ds a donor of pair of electrons
PROTEASES upon the hydroxyl group of the serine  ——— 4 form g chemical bound.
residue acting as the NUCLEOPHILE
[ Clans ] [ Families ]
Structure, mechanism and catalytic Sequence similarity (homology)
residue order
o -\ 23 families of endopeptidases r =\
Trypsin-like pA | that differ on its nucleophile g1 |
peptidases I I (Ser or Cys) | |
S a r—
Subtilisin-like SB I 2 families of endopeptidases | s8 I

peptidases | | and exopeptidases formed by | |
— a serine nucleophile. —
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SERINE-PROTEASES: characteristic features

CATALYTIC TRIAD
Breaks the peptide bond ¢ !.....

SUBSTRATE SPECIFICITY
POCKET

Determines which ey 22
kind of residues
interact with the o

protease

OXYANIONHOLE <, /—

Stabilizes the tetrahedral %\
intermediate NHR
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Substrate specificity pocket

Function: to confer specificity to cut.

Gly 216 val 216
Peptide substrate /%p Gly 226 o Thr 226

OH OH

Gly 216
Ser 189

Ser 189

Chymotrypsin Elastase

Asp 189

Residue 189

Trypsin Own source

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

MO 6 o NH2 0
OH Hoﬁ)LOH
s “OUW ‘
2
= O
N=/

Trypsin-like His57 Asp102 Ser195

Subtilisins-like His64 Asp32 Ser221
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The catalytic triad

His
Ser
OH
Asp o) OH Differences in amino acids
iz O sequence
HO\ ) NH
C——0--------- H——N__ N H——oO
NH;
o)
OH Own source CONVERGENT EVOLUTION
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SEQUENCE ANALYSIS

STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONS

MECHANISM OF ACTION: The catalytic triad

Aspl102

Hisb7
HO\ ﬁ §
C———0--------- H——N__N------= H——0
NH> R R

Serl195

'NH2

Substrate
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Aspl102

SEQUENCE ANALYSIS

STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONS

Covalent bond formation

Serl195

""NH2

Hisb7 OH
O OH
NH2 O
HO,
\\ j____ _— A
C——0O--------- H—NVN -------- H——-O
NH2 R R
\N—<
OH H/ c?

Substrate

Own source
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Aspl102

SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION

First tetrahedral transition state

OH

His57
O OH
NH> 0
""NH2

CONCLUSIONS

Serl195

Substrate

Own source
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Aspl102

SEQUENCE ANALYSIS

First tetrahedral transition state

His57 OH
9) OH
NH> 0
HO\ N
\\j---- — ﬁ
C——O--------- H——Ns+ N—H-------- 0
e o ol
NHo R TS C
H

OH

STRUCTURE ANALYSIS INHIBITOR INTERACTION

CONCLUSIONS

Serl195

Substrate

Own source
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Acyl-enzyme intermediate

Hisb7 OH
O OH
NH, 0 Ser195
HO\ i

Cl 0 e H—N_ _N 0
S |
Asp102 |

0O ‘ ‘ Substrate
OH R— N O

H Own source
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Water activation
His57 OH
o NH, OH Serl95
O
HO& ) _ lIINH2
cC——O0O--------- H—N\%l?l \ 5
Asp102 ! , |
NH> H\ |
o O/ TN R
Water | Substrate
o H |

Own source
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Aspl102

SEQUENCE ANALYSIS

Second tetrahedral transition state

His57 OH
O OH
NH»> ®)
HO. NH,
C0m e H——Ngst  N-“—H>——0
N
NH, 0 C
OH H o

STRUCTURE ANALYSIS INHIBITOR INTERACTION

CONCLUSIONS

Serl195

Substrate

Own source
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End of reaction: triad regeneration and product

formation
OH
Hisb7 O OH Ser195
NH> O
HO\ " 'NH
C\J:O --------- H——-N /N----H——O
Asp102 N
NH>
O H O R Substrate

Own source



INTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONS

CATALYTIC MECHANISM: summary

OH OH OH
e} OH (0] OH o OH
NH; o) NH; o} NH; o]
e NH; 6 ~1iNH; i NH;
R —\ N - — e -
\c—o --------- H—iflg, ol o H—O — aleieket H—N\\t/,NQH ________ T —_— \c—o --------- H—N__N 0
: |
; C—R
. NH, R\N&R S R s S . NH; T I
OH W o - - ,L CLB OH R—T g
H
OH
OH o OH OH
o NH OH
NH, OH ? ° © NHz ¢
(0] ~1iNHa
Ho HO, NH
\‘ _ — «iINH3 \\ _ — '\ HO\\ 2
o B H—N N Y > C———0--------- H—N\\t//N——I-:i---CO R H—N_ N0
) | : ‘
N H
Hz o NH. 0——C—R NH;
s T o ‘an o o
2 o) OH H oj> OH ||
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Function: stabilisation of the tetrahedral intermediate.

Trypsin-like

Gly193

Subtilisins-like

Asnlbb

STRUCTURE ANALYSIS

Ser195

Ser221

INHIBITOR INTERACTION CONCLUSIONS

Oxyanion hole

RHN
NHR
OH

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

Stabilization of the
transition state
brings down the

activation energy.

Enzyme and substrate *’/\C’OH
.

Ill H2N >
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INHIBITOR INTERACTION CONCLUSIONS

Activation of Serine Proteases

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

Proteolytic processing activates the zymogen.

1. Release of the N-terminal lle16
(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.

Chymotrypsinogen
(inactive)

[] | 245

n-Chymotrypsin (active)

R15-116
I | L]
|, m-Chymotrypsin
D S14-R15 [I T147-N148
[ Li13] [116 Y146| [A149

a-Chymotrypsin (active)

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. Subtilisins are synthesized as zymogens, with

Synthesized as a zymogen (proelastase). an approximately 77-long residue propeptide.

Activation through limited trypsin proteolysis at 2 distinct autoproteolytic cleavages remove the
its N-terminal. propeptide, each with a different pH optimum.
Removal of an activation peptide from the Maturation of the zymogen into enzymatically
N-terminal enables the enzyme to adopt its active subtilisin.

native conformation.

(A) pre-proELASTASE

[ C-terminal propeptide ]

gnal peplidase processing protease(s)
vy v
e i I oo Hrdbook o rteoc

Signal peptide C-terminal B—barrel C-terminal Enzymes, Volume. 1.Vol. 1.
l J propeptide Elsevier, 2012.
mature ELASTASE

2 #1 +218

29 2 +267
MTLGRR F 3 A DAFAPVAQFVNWIDSIIQ RSEDNPCPHPRDPDPASRTH
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Integration of the activation of serine proteases

-

| Trypsinogen "I

l Enteropeptidase /)

Trypsinogen activation tis

[Chymotrypsmogen - essential as it activates its

own reaction, as well as the

reaction of both chymotrypsin
and elastase.

Proelastase

Own source
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INHIBITOR INTERACTION

CONCLUSIONS

Multiple Sequence Alignment Chymotrypsin + Chymotrypsinogen

Chymotrypsin A
Chymotrypsin B
Chymotrypsin C
Chymotrypsinogen

Chymotrypsin A
Chymotrypsin B
Chymotrypsin C
Chymotrypsinogen

Chymotrypsin A
Chymotrypsin B
Chymotrypsin C
Chymotrypsinogen

Chymotrypsin A
Chymotrypsin B
Chymotrypsin C
Chymotrypsinogen

Chymotrypsin A
Chymotrypsin B
Chymotrypsin C
Chymotrypsinogen

CGVPAIQPVLSGL-
CGVPAIQPVLSGLS

NGEEAVPGSWPWQVSLQDKTGFHFCGGSLINENWVVTAAHCGV

VCLPSASDDFAAGTTCVTTGWGLTRYTNANTPDRLQQASLPLLSNTNCKKYWGTKIKDAM

ICAGASGVSSCMGPEGGPLVCKKNGAWTLVGIVSWGSSTCSTSTPGVYARVTALVNWVQQ

TLAAN 97
----- 131
----- 13

TLAAN 245

a5
13
60

105
13
120

32
131
13
180

92
131
13
240

lle 16

Asp 194

[] Oxyanion hole
[ Catalytic triad

Bl Activating bond
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Chymotrypsin + Chymotrypsinogen Chymotrypsinogen Wl Chymotrypsin Chain B

superimpOSition Chymotrypsin Chain A" gl Chymotrypsin Chain C

Sc 8.06
RMS 0.81
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Conformational change B

Chymotrypsin ' 1

Chymotrypsin
20 g >
Chymotrypsinogen .//
-



------ VVGGTRAAQGEFPFMVRLSM-G- - - - -
1sg1srIVNGEEAVPGSWPWQVSLQDKTG- - - F
------ VVGGTEAQRNSWPSQISLQYRSGSSW/

------ IVGGTESSWGEWPWQVSLQVKLTa-g
---rsv-VGGLVALRGAHPYIAALYW@H- /-

NTSITATGGVVDLQSGAAVKVRST
DV-VVAGEFDQGSSSEKIQKLKI A1
TFRVVVGEHNLNQNDGTEQYVGV&Q

QLRLVLGLHTLDSPG- - -LTFHIKARLO

NQPTLKIATTTAYN---QG-TFTVAGWGANREC
SQTVSAVCLPSASDDFAAGTTCVTTGWGLTRY1
NSYVQLGVLPRAGTILANNSPCYITGWGLTRTN
SRTIRPLALPSKRQVVAAGTRCSMAGWGLTHQC
TEFQKPISLPSKGDTSTIYTNCWVTGWGFSKEE
SPYVQPVSLPSGAARPSETTLCQVAGWGHQFEC

GNE1VANEEICAGYPdtGGVDTCQGDSGGPMFF
GTK-IKDAMICAGA- - -SGVSSCMGDSGGPLV(
GST-VKNSMVCAGGD - - GVRSGCQGDSGGPLHC
NGS-LSPSMVCLAAD - sKDQAPCKGDSGGPLV(
QDYKITQRMVCAGYK-eGGKDACKGDSGGPLV(
GSS-ILPGMLCAGFL-eGGTDACQGDSGGPLVC

YPGVYTEVSTFASAIasaartl-----------
TPGVYARVTALVNWVqqtlaan-----------
KPTVFTRVSAYISWInnviasn-----------
KPPVATAVAPYVSWIrkvtgrsalehhhhhh--
QPGVYTKVAEYMDWIlektqssdgk--------
KPGVYTDVAYYLAWIrehtvshhtgtrhhhhht

02

SEQUENCE ANALYSIS

MSA based on sequence of trypsin-like serine
proteases and subtilisin-like serine proteases
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INHIBITOR INTERACTION

CONCLUSIONS

Multiple Sequence Alignment TRYPSIN-LIKE proteins

Trypsin
Chymotrypsinogen_A
Elastase

Granzyme_M

Kallikrein
Coagulation_factorXII

Trypsin
Chymotrypsinogen_A
Elastase

Granzyme_M

Kallikrein
Coagulation_factorXII

Trypsin
Chymotrypsinogen_A
Elastase

Granzyme_M

Kallikrein
Coagulation_factorXII

Trypsin
Chymotrypsinogen_A
Elastase

Granzyme_M

Kallikrein
Coagulation_factorXII

Trypsin
Chymotrypsinogen_A
Elastase

Granzyme_M

Kallikrein
Coagulation_factorXII

............... VVGGTRAAQGEFPFMVRLSM-G- - - - - - -CGGALYAQDIVLTA
cgvpaiqpvlsglsrIVNGEEAVPGSWPWQVSLQDKTG- - - FHFCGGSLINENWVVTA
............... VVGGTEAQRNSWPSQISLQYRSGSSWAHTCGGTLIRQNWVMTA
............... IIGGREVIPHSRPYMASLQRNG- - - -SHLCGGVLVHPKWVLTA
............... IVGGTESSWGEWPWQVSLQVKLTa-qRHLCGGSLIGHQWVLTA
............ rsv-VGGLVALRGAHPYIAALYWGH- - - - - SFCAGSLIAPCWVLTA/

CVSG--SGNNTSITATGGVVDLQSGAAVKVRSTKVLQAPGYNGTG----- DNALIKLAQ
CGVT---TSDV-VVAGEFDQGSSSEKIQKLKIAKVFKNSKYNSLT-I--N TLLKLST
CVDR- - -ELTFRVVVGEHNLNQNDGTEQYVGVQKIVVHPYWNTDD-VaaG ALLRLAQ
CLAQ--rMAQLRLVLGLHTLDSPG- - -LTFHIKAAIQHPRYKPVPaAL--E ALLQLDG
CFDGlplQDVWRIYSGILELSDITKDTPFSQIKEIIIHQNYKVSE-G--N ALIKLQA
CLQDrpaPEDLTVVLGQERRNHSCEPCQTLAVRSYRLHEAFSPVS-Y--QrRDLALLRLQE

O O0O0OO0O0

Pe====e INQPTLKIATTTAYN---QG-TFTVAGWGANREGG-sSQQRYLLKANVPFVSD
Azzr== ASFSQTVSAVCLPSASDDFAAGTTCVTTGWGLTRYTNanTPDRLQQASLPLLSN
Semminin VTLNSYVQLGVLPRAGTILANNSPCYITGWGLTRTNG-qLAQTLQQAYLPTVDY
Ko ===w VKPSRTIRPLALPSKRQVVAAGTRCSMAGWGLTHQGG- rLSRVLRELDLQVLDT
P==-== LEYTEFQKPISLPSKGDTSTIYTNCWVTGWGFSKEKG-eIQNILQKVNIPLVTN
DadgscALLSPYVQPVSLPSGAARPSETTLCQVAGWGHQFEGAeeYASFLQEAQVPFLSL

chcyPdtca\p1cqQalsEGPMFRKDNad - - ewIQ
chGA- - - s CMGISEGPLVCKKNG - - - awTL
chGaD- - GVREQCQ IS 5GPLHCLVNG - - -qyAV
cl.AAD - skogpACK 5l S EGPLVCGKG- - - - - rVL
GYK-eGGKPACK 5L S EGPLVCKHNG - - -mwRL
€QsllSGGPLVCEDQaaerr1TL

--YGCARPGYPGVYTEVSTFASAIasaartl-----------
--SSTCSTSTPGVYARVTALVNWVqqtlaan-----------
SrLGCNVTRKPTVFTRVSAYISWInnviasn-----------
-SRVCTDIFKPPVATAVAPYVSWIrkvtgrsalehhhhhh--
- -EGCARREQPGVYTKVAEYMDWIlektqssdgk--------
- -SGCGDRNKPGVYTDVAYYLAWIrehtvshhtgtrhhhhhh

His 57

Asp102

Residue 189

Ser 195

i 100

Catalytic triad
Oxyanion hole

Substrate specificity pocket

Example of disulfide bond
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Multiple Sequence Alignment SUBTILISIN-LIKE proteins

Subtilisin_cCarlsberg aqtvpygiplikadkvqaqgfkganvkVAVID GIQASHPDLN---V----- VGGASFVA Asp32

Bacillus_lentus aqsvpwgisrvqapaahnrgltgsgvKVAVID| GI-STHPDLN---IR----- GGASFVP P

Subtilisin_BPN aqsvpygvsqikapalhsqgytgsnvKVAVIDSGIDSSHPDLK- - ------ VAGGASMVP

Subtilisin_NAT aqsvpygisqikapalhsqgytgsnvKVAVIDSGIDSSHPDLN-------- VRGGASFVP|

Subtilisin_Savinase aqsvpwgisrvqapaahnrgltgsgvKVAVIDIGI-STHPDLN---IR----- GGASFVP

Subtilisin_Carlsberg GE- - -AYNTDGNGHG AGTVAAL - -DNTTGVLGVAPSVSLYAVKVLNSSGSGSYSGIV His64

Bacillus_lentus GE- - -PSTQDGNGHG AGTIAAL--NNSIGVLGVAPSAELYAVKVLGASGSGSVSSIA

Subtilisin_BPN SE--TPNFQDDNSHG AGTVAAL - -NNSIGVLGVAPSSALYAVKVLGDAGSGQYSWII

Subtilisin_NAT SE--TNPYQDGSSHG AGTIAAL--NNSIGVLGVAPSASLYAVKVLDSTGSGQYSWII

Subtilisin_Savinase GE---PSTQDGNGHGTHYAGTIAAL--NNSIGVLGVAPSAELYAVKVLGASGSGSVSSIA

Subtilisin_cCarlsberg SGIEWAT-TNGMDVINM$LGGE----- ASGSTAMKQAVDNAYARGVVVYAAAGN SGNSGS

Bacillus_lentus QGLEWAG-NNGMHVANLPLGSE----- PSPSATLEQAVNSATSRGVLVYAAS(NHGAGS -

Subtilisin_BPN NGIEWATI-ANNMDVINMPLGGf - ---- PSGSAALKAAVDKAVASGVVVYAAACN (4STGS

Subtilisin_NAT NGIEWAI - SNNMDVINMPLGGf - - - - - PTGSTALKTVVDKAVSSGIVVAAAACGN :4SSGS

Subtilisin_Savinase QGLEWAG-NNGMHVANLBLGS)----- PSPSATLEQAVNSATSRGVLVYAAS(NHQAGS -

Subtilisin_Carlsberg TNtJGYPARYDSVIAVGAVDSNSNRASFSSVGAEL------- EVMAPGAGVYSTYPTNT -

Bacillus_lentus ---JSYPARYANAMAVGATDQNNNRASFSQYGAGL------- DIVAPGVNVQSTYPGST -

Subtilisin_BPN SStYGYPGHYPSVIAVGAVDSSNQRASFSSVGPEL------- DVMAPGVSIQSTLPGNK-

Subtilisin_NAT TStYGYPARYPSTIAVGAVNSSNQRASFSSVGSEL------- DVMAPGVSIQSTLPGGT -

Subtilisin_Savinase ---ISYPARYANAMAVGATDQNNNRASFSQYGAGL- -~~~ -~ DIVAPGVNVQSTYPGST-

Subtilisin_Carlsberg --YATLNG] SHASPHVAGAAALILSKHPNLSASQVRNRLSSTATYLG------ SSFYYCGK Ser221

Bacillus_lentus --YASLNG] SHATPHVAGAAALVKQKNPSWSNVQIRNHLKNTATSLG----~- STNLYGS

Subtilisin_BPN --YGAYNG] SHASPHVAGAAALILSKHPNWTNTQVRSSLQNTTTKLG------ DSFYYGK

Subtilisin_NAT --YGAYNG] SHATPHVAGAAALILSKHPTWTNAQVRDRLESTATYLG------ NSFYYGK

Subtilisin_Savinase --YASLNG ATPHVAGAAALVKQKNPSWSNVQIRNHLKNTATSLG------ STNLYGS - CCItO|ytiC triad
Subtilisin_Carlsber GLINVEAA--aq .
Bacillus_lentus 2 GLVNAEAAT-r - [] Oxyanion hole
Subtilisin_BPN GLINVQAA--aq -
Subtilisin NAT GLINVSAA__aq Bl Substrate specificity pocket

Subtilisin Savinase GLVNAEAAT-r-
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STRUCTURE ANALYSIS

Trypsin-like and subtilisin-like folding analysis
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SCOP classification
Class 1000001 Class 1000002
All beta proteins Alpha and Beta (a/b)
Fold 2000083 Fold 2000207
Trypsin-type beta(6)-barrel Subtilisin-like
Superfamily 3000226
Subtilisin-like Clan 5B

Trypsin Chymotrypsin Elastase

Superfamily 3000114
Trypsin-like serine proteases

Clan PA
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TRYPSIN-LIKE

Alpha helix
Extended Beta
3 10 helix
Turn

Caoil
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TRYPSIN-LIKE r

Alpha helix
Extended Beta
3 10 helix
Turn

Caoil
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TRYPSIN-LIKE
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TRYPSIN-LIKE

Greek Key
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TRYPSIN-LIKE

T

Greek Key
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TRYPSIN-LIKE
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TRYPSIN-LIKE

» YS42:0 >
codg™ y
s b ,Oélm ’ 1
o £ » )
-, 0 * e
..“3"/, S42:0 > Y44:0
.? PEUS3H ‘
" .‘d' ALST:H
Bl Carbon - \‘.l' "
=)

I  Hidrogen . Zf ‘o “
[ ] Oxigen 366t b
| Nitrogen
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TRYPSIN-LIKE

Residue 239

4 residues — alpha helix

Residue 236
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TRYPSIN-LIKE

[T Acid amino acids
[ | Basic amino acids
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TRYPSIN-LIKE
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\
TRYPSIN-LIKE -

- — \ Between the two domains
; Y ‘ <~ \'
N |
/f\ LN './ ® SER195:CA
=y ‘: T
N \ .
_' '.' \ = '/ \‘
L ‘ '} )\\ » > s ¥_ .I
ny. ke
i HIS57:CA J
. J
< ; g _ - ' »
- Conformation stabilized by \. :
J \ Hydrogen Bonds ' ——
A\
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TRYPSIN-LIKE

L Non-polar amino acids
M o0 amino acids

[T Acid amino acids
[ | Basic amino acids

B Unassigned
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TRYPSIN-LIKE

GLY193:CA Oxyanion hole

. ECA
W SER195:CA ® SER195C

HBond donors

P '\ N r155 7:CA '
HIS57:CA i ’ ) o y

‘\ASP1O h L";\ASDT 02:CA \\
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— .

b\ / Substrate Specificity pocket

b /\ - S1 pocket
) / L L1 and L2 loops
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TRYPSIN-LIKE

Trypsin
= GLY226:C
g —_— 1 _—
S1 pocket i .\./\ 4
B ASP102:CA
L1 and L2 loops \ — 0
- Polar amino acids 4 L \/ .
Acid amino acids \ASP 1 89:6,’\/ \ GLY216:CA
/ - »
X 1 \
5 -‘.‘ k ‘\
\ \ SER195):CA\ ‘ HIS57:CA
: » X
. \ y
NP oLvigsca )

Disulfide bridge
191-220
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TRYPSIN-LIKE

Chymotrypsin I
~ - L J
— — - —
/ \./ W‘ e
S1 pocket ‘ ASP102:CA
L1 and L2 loops SER189:CA 4 -
\ : d :.
\ . r
——
L Polar amino acids { '“. GLY216:CA " QE7.04
‘ » \ \ HIS57:CA
Acid amino acids | p V\.’) ) N
‘ ' % ¥
SER195:CA v
» Y

/ GLY193:CA

Disulfide bridge
191-220
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TRYPSIN-LIKE

Elastase )
y ASP102:CA

S1 pocket THR226:C
L1 and L2 loops

L Polar amino acids o

Acid amino acids

Disulfide bridge
191-220
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Oxyanion hole

Substrate Specificity pocket

Catalytic triad ]
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TRYPSIN-LIKE proteins superimposition

Coagulation factor Xl
Trypsin

Kallikrein

Granzime M

Elastase

Chymotrypsinogen A

Sc /.96
RMS 1.26
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STRUCTURE ANALYSIS

INHIBITOR INTERACTION CONCLUSIONS

Multiple Sequence Alignment TRYPSIN-LIKE proteins by structure

Coagulation_factorXII
Trypsin

Kallikrein
Granzyme_M

Elastase
Chymotrypsinogen_A

Coagulation_factorXII
Trypsin

Kallikrein
Granzyme_M

Elastase
Chymotrypsinogen_A

Coagulation_factorXII
Trypsin

Kallikrein
Granzyme_M

Elastase
Chymotrypsinogen_A

Coagulation_factorXII
Trypsin

Kallikrein
Granzyme_M

Elastase
Chymotrypsinogen_A

Coagulation_factorXII
Trypsin

Kallikrein
Granzyme_M

Elastase
Chymotrypsinogen_A

---- VALRGAHPYIAALYWG- - - - -HSF-CAGSLIAPCWVLTAAHCLQDRP - - -APEDL
VVGGTRAAQGEFPFMVRLS------- M-G-CGGALYAQDIVLTAAHQV-S-GSGNN-TSI
IVGGWECEQHSQPWQAALYHF - - - -ST-FQCGGILVHRQWVLTAAHCI-S--- - - D-N-Y

IIGGREVIPHSRPYMASLQRN- - - -GS -HLCGGVLVHPKWVLTAAHCLAQ-R- - -M-AQL
VVGGTEAQRNSWPSQISLQYRSGSSWA-HTCGGTLIRQNWVMTAAHQVDR-E---L-T-F
IVGGTESSWGEWPWQVSLQVKLT-AQR-HLCGGSLIGHQWVLTAAHGFDGLP - - -LQDVW

TVVLGQERRNHSC - - EPCQTLAVRSYRLHEAFSP-V-- - - - - - - - SY--QUDIALLRLQE
TATGGVVDLQSG- - -A-AVKVRSTKVLQAPGYN- - - - == = = - - - - GT--GKDWALIKLAQ
QLWLGRHNLFDDE - -NTAQFVHVSESFPHPGFNM- SLLENRQADEDY - - SHDI MLLRLTE
RLVLGLHTLDSP- - - - - GLTFHIKAAIQHPRYKPVP- - ------- AL--ENDIALLQLDG
RVVVGEHNLNQND - - GTEQYVGVQKIVVHPYWNT -D- - - - - - - - - DVAAG|/DJALLRLAQ
RIYSGILELSDI-TKD-TPFSQIKEIIIHQNYKV-S--------- EG--NHDIALIKLQA

DADGSCALL - SPYVQPVSLPSGAARPS - ETTLCQVAGWGH- - - - - QFEGAEEYASFLQEA
~~~~~ PIN--Q---PTLKIAT-TTAYN-Q-GTFTVAGWGANR-EGGSQ- - - - -QRYLLKA
----- PADTITDAVKVVELPT - - EEPE-VGSTCLASGWGSIEPENFSF - - - - -PDDLQCV
----- KVKP - SRTIRPLALPSKRQVVA-AGTRCSMAGWGLTH-QGGRL - - - - - SRVLREL
----- SVTL-NSYVQLGVLPRAGTILA-NNSPCYITGWGLTR-TNGQL- - - - -AQTLQQA
----- PLEY-TEFQKPISLPSKGDTSTIY-TNCWVTGWGFSK-EKGEI - - - - -QNILQKV

QVPFLSLERCSAPDVH-GSSIL-PGMLCAG-FL-EGGFDECQ5D |SCGPLVCEDQAAERR
NVPFVSDAACR-S-AY-GNELVANEEICAG-YPDTGGYDQC 4)G! |SCGPMFRKDN- -ADE
DLKILPNDECK-K-AH-VQKVT-DFMLCVG-HL-EGGKDQC /Gl |SCGPLMCD-------
DLQVLDTRMCNNSRFW-NGSLS-PSMVCLAAD - - SKDDARC 4<GI |SCGPLVCGK - - - - - G
YLPTVDYAICSSSSYW-GSTVK-NSMVCAG- -G-DGVRSHCH)GI |SCGPLHCLVN- - -GQ
NIPLVTNEECQ-K-RYQDYKIT-QRMVCAG-YK-EGGED (GISOGPLVCKHN - - -GM

DRNK -PGVYTDVAYYLAWIREHTVSHHT
ARPGYPGVYTEVSTFASAIASAAR-TL -
GTPNKPSVAVRVLSYVKWIEDTIA-ENS
TDIFKPPVATAVAPYVSWIRKVTGRS - -
INVTRKPTVFTRVSAYISWINNVIA-SN-
ARREQPGVYTKVAEYMDWILEKTQSS- -

Residue 189

Catalytic triad
Oxyanion hole
Cys 191 - Substrate specificity pocket
Cys220

i BB

Example of disulfide bond
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TRYPSIN-LIKE proteins Clusters

Elastase Sc 7.92 RMS 1.07

Chymotrypsinogen A — Sc 9.05 RMS 1.27

Sc 8. 78 RMS 1.12

Granzyme M

Sc 840 RMS 1.10

Kallikrein

Sc 7.96 RMS 1.26

Trypsin

Coagulation factor XII
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SUBTILISIN-LIKE

Alpha helix
Extended Beta
3 10 helix
Turn

Caoil
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SUBTILISIN-LIKE

- Sy o
% ¢ N 2
= Kl B
N (
N
Two additional strands of antiparallel B-sheet \
\
P N SRR Py
B  Alpha helix = o p— N » "")/\ ” —_
\ » b & A }
I  Extended Beta - P \ - {:* w ""'(,/ \ ‘
BE 3 10helix ) N ( N > R / ;l "
mm  um - ‘( ~ ","\ / " ’/V : —
mm Co - < . i N W Ve ‘»x g
> "' ” / N
N ™\
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SUBTILISIN-LIKE
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SUBTILISIN-LIKE Q comices

& SER221:CA

\l Hisé4:cA

»
L

Ld +®  ASP32:CA

| »
\.~
/ "
Conformation stabilized by Hydrogen Bonds ‘e

e “\,a
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SUBTILISIN-LIKE

L Non-polar amino acids
M o0 amino acids

[T Acid amino acids
[ | Basic amino acids

B Unassigned
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SUBTILISIN-LIKE

- ; Oxyanion hole
;'\SN 1 55CA

»*

o) SER221:CA

> . . 2 ’
¢ W ASN 155CA >

*3)

-» ‘
L T g
* b D29, A
HBond donors 4 \.L ASP32:CA
b 3
I HISB4:CA

Carbon
Hidrogen
Oxigen

Nitrogen
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SUBTILISIN-LIKE

< \ y \
. \

) | ) g o b \
- \ - % ' \.
4 \. T / =% \ Substrate Specificity pocket
N T _ S~
i e ) . D J
) p \ / % S —— S1 pocket
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SUBTILISIN-LIKE

S1 pocket ?
ASN155:CA
L]
SFE 1. A 9 »
HIS64:CA SER221:CA .t
»
-
L Non-polar amino acids —:\r. ./.~ ' /
B o0 amino acids .5
Acid amino acids o *
. . . ASP32:CA® =
Basic amino acids » :
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Oxyanion hole

Calcium Binding loop

Substrate Specificity pocket

Catalytic triad ]
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SUBTILISIN-LIKE proteins superimposition

Subtilisin BPN

Bacillus lentus subtilisin
Subtilisin Savinase
Subtilisin Carlsberg
Subtilisin NAT

Sc 9.26
RMS 0.54
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Multiple Sequence Alignment SUBTILISIN-LIKE proteins by structure

Subtilisin_BPN
Bacillus_lentus
Subtilisin_Savinase
Subtilisin_Carlsberg
Subtilisin_NAT

Subtilisin_BPN
Bacillus_lentus
Subtilisin_Savinase
Subtilisin_cCarlsberg
Subtilisin_NAT

Subtilisin_BPN
Bacillus_lentus
Subtilisin_Savinase
Subtilisin_Carlsberg
Subtilisin_NAT

Subtilisin_BPN
Bacillus_lentus
Subtilisin_Savinase
Subtilisin_Carlsberg
Subtilisin_NAT

Subtilisin_BPN
Bacillus_lentus
Subtilisin_Savinase
Subtilisin_Carlsberg
Subtilisin_NAT

SEQUENCE ANALYSIS STRUCTURE ANALYSIS

- --VPYGVSQIKAPALHSQGYTGSNVKVAVIDSGIDSSHPDLNVAGGASFVPSETNPFQD
AQSVPWGISRVQAPAAHNRGLTGSGVKVAVID|GIST-HPDLNIRGGASFVPGEPST-QD
AQSVPWGISRVQAPAAHNRGLTGSGVKVAVIED|GIST-HPDLNIRGGASFVPGEPST-QD
AQTVPYGIPLIKADKVQAQGFKGANVKVAVID]GIQASHPDLNVVGGASFVAGE-AYNTD
AQSVPYGVSQIKAPALHSQGYTGSNVKVAVIDSGIDSSHPDLKVAGGASMVPSETPNFQD

NNSHGJHVAGTVL--------- AVAPSASLYAVKVLGADGSGQYSWIINGIEWAIANNMD
GNGHGTHVAGTIAALNNSIGVLGVAPSAELYAVKVLGASGSGSVSSIAQGLEWAGNNGMH
GNGHGJHYAGTIAALNNSIGVLGVAPSAELYAVKVLGASGSGSVSSIAQGLEWAGNNGMH
GNGHGHYAGTVAALDNTTGVLGVAPSVSLYAVKVLNSSGSGSYSGIVSGIEWATTNGMD
DNSHGHYAGTVAALNNSIGVLGVAPSSALYAVKVLGDAGSGQYSWIINGIEWAIANNMD

VINMJTGGPSGSAALKAAVDKAVASGVVVIARANNI
VANLYLGSPSPSATLEQAVNSATSRGVLV]
VANLYLGSPSPSATLEQAVNSATSRGVLV
VINMYLGGASGSTAMKQAVDNAYARGVVV]
VINMYLGGPSGSAALKAAVDKAVASGVVV

YPSVIAVGAV
YANAMAVGAT
YANAMAVGAT
YDSVIAVGAV
YPSVIAVGAV

DSSNQRASFSSVGPELDVMAPGVSIVSTLPGNKYGAKSG]ANASPHVAGAAALILSKHPN
DQNNNRASFSQYGAGLDIVAPGVNVQSTYPGSTYASLNG] SHATPHVAGAAALVKQKNPS
DQNNNRASFSQYGAGLDIVAPGVNVQSTYPGSTYASLNG]SIHATPHVAGAAALVKQKNPS
DSNSNRASFSSVGAELEVMAPGAGVYSTYPTNTYATLNG] SHASPHVAGAAALILSKHPN
DSSNQRASFSSVGPELDVMAPGVSIQSTLPGNKYGAYNGY]SIHASPHVAGAAALILSKHPN

WTNTQVRSSLENTTTKLGDSFYYGKGLINVEAAAQALAL
WSNVQIRNHLKNTATSLGSTNLYGSGLVNAEAATR----
WSNVQIRNHLKNTATSLGSTNLYGSGLVNAEAATR- - - -
LSASQVRNRLSSTATYLGSSFYYGKGLINVEAAAQ----
WTNTQVRSSLQNTTTKLGDSFYYGKGLINVQAAAQ----

INHIBITOR INTERACTION

[ Catalytic triad
[_] Oxyanion hole

Il Substrate specificity pocket

CONCLUSIONS
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SUBTILISIN-LIKE proteins Clusters

Sc9.78 RMS 0.12

Bacillus Lentus Sub

Subtilisin Savinase — Sc 9.37 RMS 0.75

Subtilisin Carlsberg —

Sc 9.26 RMS 0.54

Subtilisin NAT _ | Sc933RMSO081

Subtilisin BPN
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INTERACTION WITH AN INHIBITOR

nteraction of a trypsin-like protease with an inhibitor
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Chymotrypsin: interaction with an inhibitor

Boronic acids inhibitors | — transition state analogs OH
His57 OH R B\
O P Ser195 OH
NH, o) i
HO\ INHZ From Wikipedia, Boronic Acid
—— O —N.+ . N—H-------- o)
Asp102 ° 7 " N\\V : l
NH R N‘S C—R
0 | ‘ j) Substrate

Own source



INTRODUCTION SEQUENCE ANALYSIS STRUCTURE ANALYSIS INHIBITOR INTERACTION CONCLUSIONS

Chymotrypsin: interaction with an inhibitor

Boronic acids inhibitors

5B 6 C ‘ wmo 109:5f .

10.811 12.0107
Similarities in structural features 5 5

Sp sp
Analogues in the binding process, but Trigonal planar Tetrahedral

not in reactions.

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 PDB: 1VGC
Cl
B/OH Ki=1.20+ 0.05 uM
\
OH

HNAC

Own source
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Chymotrypsin: interaction with an inhibitor

Talalle]ive]s

Sc=9.77
RMS =0.20
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Chymotrypsin: interaction with an inhibitor

’ _

» Serl195
Inhibitor ” »
» r
Y
»
Ny
‘ -?é-‘\:? Aspl02
>~
Molecule of water ¥
) ..\
A, 3}
His57 " ‘t—" iﬁ\ Bl \Vith inhibitor

I \Vithout inhibitor
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Chymotrypsin: interaction with an inhibitor

Inhibitor

Gly193

Serl195

B \Vith inhibitor
I \Vithout inhibitor
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Chymotrypsin: interaction with an inhibitor

Transition state

r

'./
':
Inhibitor (e - 38) Ser195
” r
~0 As we saw before...
g /' s {

2 ’
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Chymotrypsin: interaction with an inhibitor

)  #LY226:0
.
:';J ER189:CA
»

‘ ‘\—h\*’; \_.Yl 2 1 L:/‘ - (‘: ,'A\.
d Por
£ »

\ /

>
» Talalle]ive]s

S1 Pocket
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Chymotrypsin: interaction with an inhibitor

Inhibitor

» _ As we saw before...
- Hisb7
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Chymotrypsin: interaction with an inhibitor

’ _

»- '\
d »
Inhibitor
\.A »
»
\' 3
Ser195 "~ ' >
. \. i
»

a1 Gly193
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Chymotrypsin: interaction with an inhibitor

A _

As we saw before...

Molecule of water .
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Chymotrypsin: interaction with an inhibitor

) o
-

- e

Substrate Specificity pocket [ Catalytic triad ]

A\.
= " - [ Oxyanion hole ]

Inhibitor \ ' \ *
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SEQUENCE ANALYSIS

TRYPSIN-LIKE

SUBTILISIN-LIKE

STRUCTURE ANALYSIS INHIBITOR INTERACTION
Sequence Structure Function
I
|
&3 &3 Y

Both are serine
proteases

CONCLUSIONS
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Convergent
evolution
TRYPSIN-LIKE ¥ S N i SUBTILISIN-LIKE
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Trypsin

SEQUENCE ANALYSIS

Substrate Specificity

STRUCTURE ANALYSIS

INHIBITOR INTERACTION

Sequence

Structure

Function ]

Chymotrypsin

Elastase

Divergence from a
common ancestor

&S

x

CONCLUSIONS
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Common ancestor

= i » ASP10
‘,:ZLC o
S AN ! y »
o' oW ASP102:CA -
1 F‘ ‘ SN i . s ¥ ."- !
il I ',zww . g g *a »
.: D;‘u’// \W ) - ] » ! “e‘.h;\ 2 A 4 A
» l“«) \ » R19 » y » HIS57:CA 3 N \.
v % "” ‘ % — );, ® GLY193:CA
Trypsin I— Flastase
— ,\.}/ L
l' ’J‘.'\,~ q\—.\‘ 6:CA
./ ) o .‘ . “r— A
Chymotrypsin Oy | e
AN ' 1 1
NN e Divergent evolution

(Diversification)
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Chymotrypsin activation: MSA and
superimposition

PDBs

Approach PDBs

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

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

1clm - Elastase (porcine)

1sgt - Trypsin (S. griseus)

1spj - Kallikrein (human)

2any - Chymotrypsinogen A (human)
2zgc - Granzyme M (human)

4xde - Coagulation factor Xll (human)

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

laf4 - 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)
1clm - Elastase (porcine)

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

Interaction with inhibitor: superimposition 1vgc - Chymotrypsin with inhibitor (bovine)
2gch - Chymotrypsin (bovine)
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Does anyone have any

question?




PEM QUESTIONS

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

e

The words “clan” and “superfamily” can be used as synonyms.

The serine proteases are characterized by using a serine alcohol for their catalytic function.

S8 is a name of a family from the SB clan, which corresponds to serine proteases.

The MEROPS database distinguishes different types of proteases based on the structure of the proteases.

1,2and 3
1and3
2and 4

4
1,2,3and 4

2. Which of the following statements are false?

a)
b)
c)
d)
e)

Serine proteases break peptide bonds thanks to the presence of a serine residue in the active site

Serine proteases work by stabilizing the transition state which in turn brings down the activation energy.
a) and b) are false.

Serine proteases are only present in prokaryotes.

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.

qa) 1,2and 3

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

e) 1,2,3and 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) a-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) 1,2and 3

b) 1and, 3

c) 2and 4

d 4

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

e) 1,2,3and 4



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

d)  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



