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Partie 3 : Structure, fonction et évolution

I/ Repliement et évolution




La recherche post génomique

Distribution of the molecular functions of 26,383 human genes

cell adhesion (577, 1.9%)

miscellancous (1318, 4.3%)

viral protein (100, 0.3%)
transfer/carrier protein (203, 0.7%)

chaperone (159, 0.5%)

cytoskeletal structural protein (876, 2.8%)

extracellular matrix (437, 1.4%)

immunoglobulin (264, 0.9%)

ion channel (406, 1.3%)

motor (376, 1.2%)

structural protein of muscle (296, 1.0%)
protooncogene (902, 2.9%)

sclect calcium binding protein (34, 0.1%)
intracellular transporter (350, 1.1%)
transporter (533, 1.7%)

THE -
HUMAN
GENOME

transcription factor (1850, 6.0%)

nucleic acid enzyme (2308, 7.5%)

signaling molecule (376, 1.2%)

receptor (1543, 5.0%)

kinase (868, 2.8%)

uononpsuen [eusis

select regulatory molecule (988, 3.2%)

transferase (610, 2.0%)

synthase and synthetase (313, 1.0%)
oxidoreductase (656, 2.1%)

lyase (117, 0.4%)

ligase (56, 0.2%)

GO categories

isomerase (163, 0.5%)

hydrolase (1227, 4.0%) molecular function unknown (12809, 41.7%)

AV AAA

¥4

Panther categories

J C Venter et al. Science 2001;291:1304-1351



La recherche post génomique

2. Genome Sequencing Projects on GOLD

October 2011, 10031 projects
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Statistiques

Table 1. This shows the current population of different levels in the CATH hierarchy

Class Architectures Topology Homologous superfamily 835 family
1 5 186 875 2917
2 20 229 520 2618
3 14 504 1113 6183
- 1 104 118 208
Total 40 1313 2626 11926

Table 2. This shows the increase in new folds and tolal number of domains in recent releases of CATH

CATH wversion vil vi3 vid vis
Mumber of new folds (%4) 26 (2.3 123 (10) 40 (4.2 324
Mumber of new domains (%) 20330 (18 14473 (11) 24232 (18] 20616 (12)

Silitoe 1. et AL Nucleic Acids Research 2013

Table 1. The estimated orders of magnitude of the total
numbers in various categories for all proteins in all
organisms on Earth

Category Estimated orders of magnitude
Genome size (base pairs) 10% to 101

No. of genes in an organism 107 to 10°

No. of living organisms on Earth =107

Size of the protein universe on Earth =10 to 107<

No. of protein sequence families == 105

Neo. of protein structural families ==10*

Protein fold of known structure =103

Choi IG and Kim SH PNAS 103 2006
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http://www.cathdb.info/



REVISED “TREE” OF LIFE retains a treelike structure at the top of the eukaryotic do-
main and acknowledges that eukaryotes obtained mitochondria and chloroplasts from Animals
bacteria. But it also includes an extensive network of untreelike links between branch-
es. Those links have been inserted somewhat randomly to symbolize the rampant later-

of life probably arose from a population of primitive cells that differed in their genes.
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Evolution

Geéne évolution
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La notion d’homologie

Homologue : évolution divergente a partir d’un ancétre commun
Analogue : évolution convergente de deux genes vers une fonction identique

Orthologue
Conservation du gene et de sa fonction a travers les especes
Structure et fonction homologues

Ccow

Bovine ribonuclease
(digestive enzyme)

Orthologs
HUMAN BEING

Paralogs

Human ribonuclease Angiogenin
(digestive enzyme) (stimulates blood-vessel growth)

Paralogue
Duplication du gene a I'intérieur du génome
Mais phénomene de néofonctionnalisation
Structure homologue, fonction différente



Partie 3 : Structure, fonction et évolution

11/ Relation structure fonction

Exemple du TIM barrel



TIM Barrel

Super familles :
similarité en structure,
séquence et/ou
fonction

“ @ 3.20 Alpha-Beta Barrel

[+

- - -
a00an

[

3.20.10 D-amino Acid Aminotransferase; Chain A, domain 2
3.20.14 L-fucose Isomerase; Chain A, domain 3
3.20.16 Serine Protease, Human Cytomegalovirus Protease; Chain A
3.20.19 Aconitase; domain 4
3.20.20 TIM Barrel
[} 3.20.20.10 Alanine racemase
[} 3.20.20.20 Dihydropteroate (DHP) synthetase
m 3.20.20.30 FMN dependent flucrescent proteins
u 3.20.20.40 7-stranded glycosidases (cellulases)
m 3.20.20.60 Phosphoenolpyruvate-binding domains
[ 3.20.20.70 Aldolase class [
[} 3.20.20.80 Glycosidases
m 3.20.20.100 NADP-dependent oxidoreductase
m 3.20.20.105 tRNA-guanine (tRNA-G) transglycosylase
[} 3.20.20.110 Rubisco
[} 3.20.20.120 Enolase superfamily
m 3.20.20.140 Metal-dependent hydrolases
[} 3.20.20.150 Divalent-metal-dependent TIM barrel enzymes
m 3.20.20.190 Phosphatidylinositol (PI) phosphodiesterase
[ 3.20.20.210 ot yet named
[] 3.20.20.220 ot yet named
[ 3.20.20.240 ot yet named
[} 3.20.20.300 ot yet named
[ 3.20.20.330 ot yet named
[} 3.20.20.350 ot yet named
m 3.20.20.360 Malate synthase, domain 3
m 3.20.20.370 Glycoside hydrolase/deacetylase
[ 3.20.20.380 CutC-like (Pfam 03932)
u 3.20.20.390 FMN-linked oxidoreductases
m 3.20.20.400 GlpP-like
[} 3.20.20.410 Hypothetical protein tm1631.
m 3.20.20.440 D-lysine 5,6-aminomutase alpha subunit. Chain A
u 3.20.20.450 EAL domain-like
[} 3.20.20.460 Monomethylamine methyltransferase MtmB

3 Folds, 3 Superfamilies, 5 Domains
17 Folds, 45 Superfamilies, 7245 Domains

1 Superfamilies, 96 Domains

1 Superfamilies, 15 Domains

1 Superf; les, 45 Domains

1 Superfamifies, 20 Domains

29 Superfamilies, 6893 Domair

5
144 Davnains
82 Domains
43 Dewnains
38 Domains

251 Dovnains

2559 Domains

311 Domains
75 Domains
284 Domains
483 Domains
434 Domains
210 Domains
81 Domairis
68 Domains

34 Downains

41 Domains

31 Downains
& Domains
& Downains
4 Domains

4 Downains




Classification et structure
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(b)
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IRED: R e R R e R e o e o e e e v e R e P e

e E
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1nfp M ==—mmee—- KQIHVLATSPETVVKAAKYGMPLLFKWDDSQQKRIELLNHYQAAAAKFNVDIANVRERLMLEV

1lluc A231 SVDH(68) TPEECIAIIQQDIDATG--DNICCGFEANGSEBEIIASMKLFQSDVMPYLK---- 352
Infp 132 NVND(35)NFDTCLHHVAEMAQGLNNKVDFLFCFESMKDOENKKSLMINFDKRVINYRKEHNL 227

1luc - Bacterial Luciferase 1nfp - Nonfluorescent Flavoprotein

Grishin JSB 134 2001



TIM Barrel fonctions

doi:10.1016/50022-2836(02)00649-6 available online at hitp://www.idealibrary.com on IIEI:P J. Mol. Biol. (2002) 321, 741-765

JMB »

Review
One Fold with Many Functions: The Evolutionary
Relationships between TIM Barrel Families Based on
their Sequences, Structures and Functions
Nozomi Nagano'?*, Christine A. Orengo’ and Janet M. Thornton'*
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En conclusion

Peut on relier une structure a une fonction ?
A quoi sert la classification ?
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Partie 3 : Structure, fonction et évolution

ITI/ Evolution des fonctions et spécificité

- Les protéases a sérines



Les enzymes

Protéines qui accélerent une réaction chimique, sans

changer son équilibre

Classification EC (Enzyme Commision number) basée sur
la réaction chimique qu’elles catalysent : EC X.Y.a.b

Ex: Neuraminidase (sialidase)

hydrolyse la liaison glycosidique de 1’acide sialique

EC 3.2.1.- : enzymes qui hydrolysent liaisons O- et S- glycosidiques

EC 3.2.1.18 : exo-a-sialidase

http://www.chem.qmul.ac.uk/1ubmb/enzyme/

1. Oxidoreductases (oxidation-reduction reactions)

1.1 Acting on CH-OH
1.2 Acting on C=0

1.3 Acting on C=CH-
1.4 Acting on CH-NH2
1.5 Acting on CH-NH-

2. Transferases (transfer of functional groups)

2.1 One-carbon groups

2.2 Aldehyde or ketone groups
2.3 Acyl groups

2.4 Glycosyl groups

2.5 Phosphate groups

2.6 S-containing groups

3. Hydrolases (hydrolysis reactions)

3.1 Esters

3.2 Glycosidic bonds
3.4 Peptide bonds
3.5 Other C-C bonds
3.6 Acid anhydrides

4. Lyases (addition to double bonds)

4.1C-C
4.2 C-O
4.3 C-N

5. Isomerases (isomerisation reactions)

5.1 Racemases

6. Ligases (formation of bonds with ATP cleavage)

6.1 C-O
6.2 C-S
6.3 C-N
6.4 C-C



Les enzymes

Example

Class {reaction type)

1, Oxidoreductases  Alcohol dehydrogenase
(EC 1.1.1.1}

{oxidation with NAD™)

Hexokinase
(EC 2.7.1.2)
{ phosphorylation}

2. Transferases

3. Hydrolases Carboxypeptidase A
{EC 3.4.17.1)

{ peptide bond cleavage)

4. Lyases Pyruvate decarboxylase
{EC 4.1.1.1}

{decarboxylation )

Maleate isomerase
{EC 5.2.1.1}

5. lsomerases

{crs—prans isomerization)

&. Ligases Pyruvate carborylase
{EC 6.4.1.1}

{carboxylation )

Reaction Catalyzed

HaCrt mabH + H* O
o P
CH,CHOH —— * CH,—C.
H
Ethanol Acetaldehyde
CHCH CH, DR,
ATP ACF O
Ny o ; o, OH
HZ HZ:
H
o-Glucose-6-phosphate
Fag & Fa He R Fa
| | | . | .
—MN—C C—M—C— 000 ——=—— —pN—C—C00 + HN—C— OO0
(. (. '
H H H H H H H
C-terminus of Shortened C-terminal
polypeptide polypeptide residue

- -

|
s —C—0CH, + HY —= CDE + H—IZ'—CHQ.=

Pyruvate Acetaldehyde
g g el /H
.|: =|:. —— C=C
& ' ™,
H H H
Maleate Fumarate
ol AR ADP + P C
I (. . ~ A I P
T —IC . H‘3 + CCy = = o —is— |_,H2 — oo
Pyruvate Oxaloacetate



Les enzymes

ExplorEnz - The Enzyme Database

Table of Contents

The enzymes in this section of the database are organized as you would find them in the Enzyme-
Nomenclature book. If you click on any of the numbers on the left-hand side, you retrieve all of the
enzyme enfries within a class, e.g. all EC 1 entries. If you click on the name on the right-hand side of
the + icon, you get a description of that class, subclass etc. By clicking on the [+] icon, you get to the
next level of detail. For example, clicking on the [+] icon for EC 1 gives a list of all subclasses in that
class. You can continue to click on the [+] icon down to the level of individual entries. You can also
reduce the level of detail provided by clicking on the [-] icon next to an item that has been expanded.

[+subclass]. [+sub-subclass]. [+serial]

EC1
EC2
EC3
EC 31
EC 3.2
EC3.3
EC 3.4
EC3.4.1
EC34.2
EC3.4.3
EC3.4.4
EC 3.4.11
EC3.4.12
EC3.4.13
EC3.4.14
EC3.4.15
EC3.4.18
EC 3.4.17
EC3.4.18
EC3.4.19
EC 3.4.21
EC 3.4.22
EC 3.4.23
EC 3.4.24
EC 3.4.25
EC 3.4.99
EC 3.5
EC 36
EC3.7
EC 3.8
EC 3.9
EC 3.10
EC 3.1
EC 3.12
EC 3.13
EC 4
ECS
EC6

www.enzyme-database.org

[+] Oxidor

eductases

[+] Transferases
[-] Hydrolases
[+] Acting on ester bonds
[+] Glycosylases
[+] Acting on ether bonds
[ Acting on peptide bonds (peptidases)

[]
[]
[]
]
o]
[+
o]
o]
o]
o]
o]
[
o]
[+
[+
o]
o]
o]
o]

a-Amino-acyl-peptide hydrolases (deleted sub-subclass)

Peptidyl-amino-acid hydrolases (deleted sub-subclass)

Dipeptide hydrolases (deleted sub-subclass)

Peptidyl peptide hydrolases (deleted sub-subclass)

Aminopeptidases

Peptidylamino-acid hydrolases or acylamino-acid hydrolases (deleted sub-subclass)
Dipeptidases

Dipeptidyl-peptidases and tripeptidyl-peptidases

Peptidyl-dipeptidases

Serine-type carboxypeptidases

Metallocarboxypeptidases

Cysteine-type carboxypeptidases

Omega peptidases

Serine endopeptidases

Cysteine endopeptidases

Aspartic endopeptidases

Metalloendopeptidases

Threonine endopeptidases

Endopeptidases of unknown catalytic mechanism (sub-subclass is currently empty)

[+] Acting on carbon-nitrogen bonds, other than peptide bonds
[+] Acting on acid anhydrides

[+] Acting on carbon-carbon bonds

[+] Acting on halide bonds

[+] Acting on phosphorus-nitrogen bonds

[+] Acting on sulfur-nitrogen bonds

[+] Acting on carbon-phosphorus bonds

[+] Acting on sulfur-sulfur bonds

[+ Acting on carbon-sulfur bonds

[+] Lyases

[+] Isomerases
[+] Ligases

@ 2001-2012 lUBMB

Exopeptidases

Aminopeptidases
Dipeptidyl peptidase
Tripeptidyl peptidase

Carboxypeptidase
Serine type protease
Metalloprotease
Cysteine type protease
Peptidyl dipeptidase
Dipeptidases

Omega peptidases

Endopeptidases
Serine protease
Cysteine protease
Aspartic protease
Metalloprotease
Endopeptidases of unknown
catalytic mechanism

0!0-0-0-0---
00'!0.0.0--
00000
--0-0-0-00'®

~-0-000'e-@
o'e®

+-@10-0O---
—0-00'®-*

= OO

34.11
34.14
3.4.14
3.4.16-3.4.18
3.4.16
3.4.17
3.4.18
34.15
34.13
3.4.19
3.4.19

3.421-3.4.34
3.4.21
3422
3423
3424
3.4.99

Rao et al . Microbiol Mol Biol Rev. 1998; 62(3)



Les protéases (EC 3.4.-)

H,O
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Trypsine
_ Digestion Reégulation SSES
Pepsine \ Coagulation
Thrombine
Protéases
/ cancer
2 Industriel Pathogénese
détergents T \ \ [ Virus Protéase HIV
1 : Exotoxine bactériennes
agroalimentaire pharmaceutique
hypertension Lypettension
diabetes

Homo sapiens : 698 protéases et 415 homologues
(Base de donnée MEROPS)



Covalent catalysis

Les proteases (EC 3.4.-)

b N-terminal threonine proteases
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Les sérines proteases (EC 3.4.-)

C Serine proteases
>

~ ~ -~ ~ ~ ~
o B (? Py g]
I\&L“’LI | 3 N 40 _H | 4 H
i L8 0| ;
NN P AT N 2= 4, Ao PR Ty
o.M | ™20 @) "o ] 0P @
[ Y YR r — Y Sl =
H._\ S H Dl..f L - L -
\ ‘V' +
Triade catalytique
A-SP His
102 o7
| 0 CHy
29
HECH - ‘H.__‘__ '\“\ SE'!'
"\0 N Q‘E*_f/
\_:1
—N_ CH,
"H—0

New C-terminus
of cleaved polypeptide 0
chain H

Active enzyme

Adapted from Fig. 14-23 of Voet & Voet 2nd ed.




La trypsine (EC 3.4.21.4)

Pancréatique sérine protéase




La trypsine (EC 3.4.21.4)

Binding pocket

Trypsine hydrolyse aprés un acide aminé basique (P, = Arg, Lys)



Les protéase a serine (EC 3.4.21.-)

Trypsine (2PTN)
Chymotrypsine (2CHA)
Elastase (3EST)

Super famille
« trypsin-like »
proteases




La chymotrypsine (EC 3.4.21.1)
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Chymotrypsine hydrolyse apres un acide aminé aromatique (P;= Phe, Trp, Tyr)



L’¢lastase (EC 3.4.21.36)

Trypsine (2PTN)
Elastase (3EST)
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Elastase hydrolyse apres un petit acide aminé aliphatique (P, = Ala, Val)
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La thrombine (EC 3.4.21.5)

P, = =Ser/Ala/Gly/Thr

P, = Hydrophobe P, = Pro S/ P, = Arg

o Oﬂ%\ o/P, o /P
'\w” AT E\Fy

= Hydrophobe P, = Arg P, = Non acidic



Les protéase a serine (EC 3.4.21.62)

Trypsine Subtilisine

1SBC

Peu spécifique
P, : AA large non chargé




Evolution et structure

Trypsine ChymoTryp Elastase
ChymoTryp 42%
Elastase 41% 37%
Thrombine 34% 34% 27%

Super famille

Trypsin-like serine protease

Conservation structure
Fonction identiques
Spécificités différentes

Evolution divergente

Subtilisine
Trypsine 13%
Chymotryp 13%
Elastase 15%
Thrombine 8%

Serine protéase

catalytique

Repliement différent
Fonction identique
Spécificité différente

Evolution convergente




Evolution et structure

Trypsin (2PTN)
Protease 3C (1IHAV)

Serine protéase (EC 3.4.21.-)

1 Py
I‘\/JI\N-’L»[
.!-{H .
rﬂ‘H-"NJ;NF ~o2 0
13% Id
(10 ‘”k@p, ) | i S i
Cystéine protéase l\b)LuJ\l I ﬁkl I © oM '.s M
EC 3.4.22.28 ‘(S NN g _h/,(a\NH :2:)_ ' A‘\M\NH ' '\H-r{,@\NH
Er‘“"/ wlll = C [ %J




Papaine (1PE6)

Caspase 7 (2QLY5) Q
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ITI/ Evolution des fonctions et spécificité

- Les protéases acides



Aspartate protease (EC 3.4.23.-)

f Aspartate proteases

s
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La pepsine (EC 3.4.23.1)

Uniprot (P00791)

Signal peptide 1-15
Propeptide 16-59
Chain 60 — 385

Pepsinogene

15 I: Ref.d :I |: Hef.2 :| |: Ref.4 :I I:RE.'f.5:| L

44 Activation peptide B B —
326 Pepsin A ——
10 20 30 40 50 60
MEWLLLLELV VLSECLVEVF LVRKKSLRQN LIKNGKLKDF LKTHEHNPAS KYFFEAAALI
70 B0 90 100 110 120
GDEPLENYLD TEYFGTIGIG TPAQDFTVIF DTGSSNLWVP SVYCSSLACS DHNQFNPDDS
I
130 140 150 160 170 180
STFEATSQEL SITYGTGSMT GILGYDTV(V GGISDTNQIF GLSETEPGSF LYYAPFDGIL
190 200 210 220 230 240
GLAYPSISAS GATPVFDNLW DQGLVSQDLF SVYLSSNDDS GSVVLLGGID SSYYTGSLNW
250 260 270 280 290 300
VPVSVEGYWQ ITLDSITMDG ETIACSGGCQ AIVDIGTSLL TGPTSAIANI QSDIGASENS
310 320 330 340 350 360
DGEHVISFSS IDSLEDIVFT INGVQYPLSF SAYILQDDDS ?TSGFEGHDV PTSSGELWIL
iTo 380
GDVFIRQYYT VFDRANNEVG LAPVA

pepsine




Protéase du VIH (EC 3.4.23.16)

Role : découper les « polyprotéines » virale en protéines, essentiel pour la maturation virale

pepsine




Protéase du VIH (EC 3.4.23.16)

Mouvement de fermeture et d’ouverture du site actif

Conformation ouverte

HR g 0 HR g 0
W I I A | il
\N/ \\ e e \N/ \ T N\ ~ L

II C\ II

H O HR ]{ 0 H h
Conformation semi-ouverte

. Ligand

Produit
H R H 0
\C N ||
g \rﬁ/ \C\,f” “x OH
H ] HER
H R H
\ i

H 15 H R Conformation fermé



Protéase du VIH (EC 3.4.23.16)

Table 1. Sequences of the Ten Sites within the HIW-1 Gag and Pol Polyproteins that are Cleaved by HIV-1 Protease

Substrate Cleavage P5 P4 P3 P2 P1 P1 P2’ P3 P4 P5

Sz 81' Ss' Site
5 6 @ Hrf P, i © /'53\ MA-CA Val Ser Gin Asn Tyr (Pm lle Val Gin  Asn
I/N \)L N N \)J%N l N \)LN I CA-p2 Lys Ala Arg  Val Leu Ala Glu  Ala Met  Ser
W H ‘E H F @ H p2-NC Pro Ala Thr |lie Met [Met GIn Arg Gly Asn
S3 S‘ 32' NC-p1 Glu Arg Gln Ala Asn Phe Leu Gly Lys lie
pl-pé Arg Pro Gly Asn Phe Leu Gin Ser Arg Pro
TF-PR Val Ser Phe Asn Phe Pro Gin Il Thr Leu
AutoP Pro Gin lie Thr Leu Trp Lys Arg Pro Leu
PR-RT Cys Thr Leu Asn Phe Pro lle Ser Pro lie
RT-RH Gly Ala Glu Thr Phe Tyr Val Asp Gly Ala
RH-IN lle Arg Lys lle Leu Phe Leu Asp Gly lie

The crystal structures of the six sequences in bold were determined in complex with an inactive HIV-1 protease variant.
The cleavage sites are identified by the proteins released once the site is cleaved: matrix (MA), capsid (CAa),
nucleocapsid (MC), trans frame peptide (TF), protease (PR), auto proteolysis site (AutoP), reverse transcriptase (RT),
RMAse H (RH), and integrase (IN}.

Aromatiques
Hydrophobes
Hydrophiles
Acides

Basiques

Paradoxe : comment un site actif
symétrique peut couper un substrat
asymeétrique ?




Protéase du VIH (EC 3.4.23.16)




Protéase du VIH (EC 3.4.23.16)

Table 1. Sequences of the Ten Sites within the HIV-1 Gag and Pol Polyproteins that are Cleaved by HIV-1 Protease

Substrate Cleavage PS5 P4 P3 P2 P 1’ P2 P3’ P4 PE

S (- i =5
2 1 3 MA-CA Val Ser ©in Asn  Tyr Pro  lle Val Gin  Asn
H (0] /PZ\ H () / P' H (o) Pa' CA-p2 Lys Ala Arg Val Leu Ala Glu  Ala Met  Ser
N\)L N \)]7(' N\/U\ I p2-NC Pro Ala Thr lle Met (Met ©hn Arg Gy Asn
|/ - N Y P N S N NC-p1 Glu HArg Gin Ala Asn Phe Leu Gly Lys lle
@ H §1/ H g@ H pi-pé Arg Pro Gly Asn Phe ilem CGln Ser Arg  Pro
S S S ’ TF-PR Wal Ser Phe Asn Phe Pro Gln lle Thr Leu
3 1 2 AutoP Pro Gin e The  [Leu | [T Lys  Arg Pro  Leu
PR-RT Cys Thr Leu Asn Phe Pro lle Ser Pro lle
RT-RH Gy Ala Gu Thr Phe |Tyr VWal Asp Gly Ala
RH-IN e Ag Lys |lle Leu (Phe Leu Asp Gly e

The crystal structures of the six sequences: in bold were determined in complex with an inactive HIV-1 protease variant.
The cleavage sites are identified by the proteins released once the site is cleaved: matrix (MA), capsid (CA),
nucleocapsid (NC), trans frame peptide (TF), protease (PR), auto proteolysis site (AutoP), reverse transcriptase (RT),
RNAse H (RH), and integrase (IN).

P’1 subsite




Protéase du VIH (EC 3.4.23.16)

Tipranivir

Structure based drug design
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