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RÉSUMÉ

La croissance exponentielle des séquences disponibles, tant pour l’ADN, l’ARN

et les protéines, initié par le projet public de séquençage du génome humain,

laisse le champ de la détermination tri-dimensionelle des macro-molécules parraître

bien pauvre avec ses avancées presque linéaires, mais combien importante puisque

la structure du composé lui confère sa fonction. Il devient alors important de

considérer toute approche in siltico dans le chemin entre la séquence et la struc

ture tertiaire dans le but de comprendre le repliement et accélerer le calcul des

modèles 3-D. Le présent mémoire porte essentiellement sur les feuillets beta des

protéines à savoir l’annotation, la comparaison et la construction. Il se compose de

quatre manuscrits dont certains sont déjà publiés et d’autres sont en preparation

de publication.

Un espace de recherche conformationelle est tout d’abord exposé. Les éléments

de structures secondaires des protéines, soit les hélices alpha et les brins beta, sont

approximés par des composantes à géométrie fixe. Ces composantes sont alors coor

données dans l’espace à l’aide de relations spatiales encodées dans des matrices de

transformations homogènes extraites des structures déjà connues. Nous démontrons

alors, par la technique d’échantillonage nommé Jack Knife, que cet espace de re

cherche contient les structures 3-D des protéines connues, et qu’il est alors possible

d’élaborer des modèles plausibles pour des protéines de structures inconnues.

Ensuite, nous introduisons le concept de graphe topologique pour les feuillets

beta des protéines, dans lequel les noeuds sont les résidues participant au feuillet,

et les arrêtes encodent soient les liens peptidiques, les partenaires beta ou bien

les ponts hydrogènes entre les résidues connectés. Une fois le graphe defini on peut

alors construire une base de données de structure 3-D de feuillets avec leurs graphes

topologiques associés. Un algorithme d’isomorphisme de sous-graphe, adapté à la

nature particulière des graphes de topologie rendant possible la comparaison de

graphes de tailles appréciables, permet la recherche de motifs topologiques et d’en

récupérer les structures 3-D correspondantes.
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Ces graphes sont ensuites utilisés pour identifier des fragments de feuillets beta,

assemblés dans l’espace afin de générer des modèles 3-D, à partir de la description

topologique, ou 2-D, des feuillets. La technique d’échantillonage Jack Knife nous

indique qu’il est alors possible de reconstruire les feuillets beta existants, et ce avec

une grande précision, à l’aide de fragments tirés d’autres feuillets.

Finalement, l’identification de familles de protéines à partir des feuillets révèle

la faiblesse des outils actuels pour l’annotation des feuillets. Nous avons donc

développé une approche basée sur de récents travaux démontrant l’existance de

forces stabilisatrices autres que les ponts hydrogènes. Les annotations de feuillets,

suite à l’application de notre méthode, diffèrent substantiellement de celles déjà

publiées et en change la conception par l’étendue des angles -‘b et les patrons de

ponts hydrogènes observés.

mots-clés protéine, feuillet beta, graphe, modélisation, énergie.



ABSTRACT

The exponential increase of available sequences, as much for DNA, RNA and

proteins, initiated by the public human genome sequencing project, bas left the field

of macro-molecular three-dimensionai structure determination far behind with it’s

linear advances, but how important since the structure of the compound gives it’s

function. Then, it becomes important to consider any in sitiico approaches in

the path from sequence to structure in hope to understand the folding processes

auJ accelerate the computations of 3-D models. The present work is essentially

about beta-sheets in proteins, that is, the annotation, the comparison auJ the

construction of such beta-sheets. The work is composed of four manuscripts; some

of which are already published and others in preparation of.

A conformational search space is first exposed. The secondary structure de

ments of proteins, let be the aipha-helices and the beta-sheets, are approximateci by

flxed geometry components. These components are then coordinated in space with

the help of spatial relationships, encoded in homogeneous transformation matrices,

and extracted from already known structures. We show that, via th Jack-Knife

sampling technique. the search space addresses ail 3-D structures of known pro-

teins. and is thus possible to elaborate convincing models for proteins of unknown

structures.

Next, we introduce the concept of topological graphs for protein heta-sheets, in

which the vertexes are the residues part of the beta-sheet, and the edges encode

either the peptide bond, the beta-sheet partnership or the hydrogen bonds between

the connected residues. Once the graph is defined, we can then build a database of

3-D structures of beta-sheets with their associated topological graphs .A sub-graph

isomorphism algorithm, adapted to the particular nature of these topological graphs

and now making possible the comparison of graphs of appreciable sizes, paves the

way for topological motif searches which returns the corresponding bcta-sheet 3-D

structures.
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These graphs are then used for the identification of beta-sheet fragments, assem

bled in space in order to generated 3-D models, from the topological description,

or 2-D, of the beta-sheet. The Jack-Knife sampling technique shows us that it is

possible to rebuild existing beta-sheets, with high precision, using fragments from

other beta-sheets.

Finally, the identification of protein families from their beta-sheets reveals the

weaknesses of actual tools for the annotation of protein beta-sheets. We have thus

developed an approach based on recent findings showing the existence of other sta

bilizing forces than the hydrogen bonds. The annotations of beta-sheets, following

our method, differs largely from those already published, and consequently changes

the conception of beta-sheets by the broad span of -/ angles and hydrogen bond

ing motifs observed.

keywords: protein, beta-sheet, graph, modeling, energy.
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CHAPITRE 1

INTRODUCTION

1.1 Les protéines

Les protéines forment l’une des trois classes majeures de polymères au sein des

cellules, avec l’acide ribonucléique (ARN) et l’acide désoxyribonucléique (ADN).

Une protéine est une chaîne d’acides aminés. Les cellules du corps humain font

appels à plus de vingt types d’acides aminés différents dont certains, dits essentiels,

sont non-synthétisables par les cellules et doivent, par conséquent, provenir de notre

alimentation1.

Chaque acide aminé se compose d’atomes reliés entre eux par des liens covalents

selon des patrons établis. La figure 1.1 montre les atomes d’un acide aminé. Ces

atomes se partitionnent en deux groupes; ceux de la chaîne principale et ceux de

la chaîne latérale. Les atomes de la chaîne principale sont les mêmes pour tous les

acides aminés. Les atomes de la chaîne latérale sont propres à chaque type d’acide

aminé. Les figures 1.2 à 1.6 montrent les vingt acides aminés les plus courants.

La chaîne latérale peut s’ammarer à la chaîne principale à deux endroits dis

tincts mais toujours sur le même atome, le carbone c. On parle alors d’énantiomères,

les uns, de forme L. sont images miroir des autres, de forme D. Le Règne Vivant

métabolise la forme stéréochimique L des acides aminés. La forme D peut même

être nocive chez l’humain [1]. La Figure 1.7 montre comment identifier les acides

aminés de forme L par le truc mnémonique “CORN”.

Les protéines sont construites par l’ajout d’acides aminés les uns à la suite des

autres. La nature de l’acide aminé à rajouter est déterminée par le code génétique.

Comme il existe plus de 20 acides aminés différents, le code génétique, avec son

alphabet de quatre symboles ou bases {A,C,G,T}, nécessite un encodage des acides

‘Le Coke diète, bien qu’il contienne de la phénylalanine, un acide aminé essentiel, ne doit pas

servir de source unique d’alimentation.
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aminés stir une suite de trois bases consécutives (puisque 42 16 seulement). À
cette suite de trois bases, ou codon, correspond un anti-codon (par complémentarité

des bases A/T et G/C). Une molécule clé, l’ARN de transport, fait correspondre

un anti-codon spécifique avec un type d’acide aminé. Le ribosome coordonne alors

le décodage de l’ADN en sa protéine correspondante par l’appel successif d’ARN de

transport. Les acides aminés ainsi transportés sont mis bout à bout pour former la

protéine. La liaison de deux acides aminés par les atomes de la chaîne principale crée

le lieu peptidique. La Figure 1.8 met en évidence l’emplacement du lien peptidique

reliant les acides aminés.

Il est intéressant de mentionner ici que les détracteurs de la théorie de Darwin

concernant l’évolution ont pour argument que le problème de l’origine des protéines,

avec l’usage exclusif de la forme L des acides aminés et l’enchaînement entre eux

par le lien peptidique seulement, ne peut être le fruit du hasard2.

Lorsqu’on suit la chaîne principale d’une protéine en sautant d’un atome à

l’autre par les liens covalents on rencontre, tour à tour, les atomes suivants; l’azote

N, le carbone C puis le carbone C. Ce dernier est lié au prochain azote via le

lien peptidique. On a donc ainsi trois liens covalents principaux par acide aminé.

autour desciuels on peut mesurer les angles de torsions; , ‘ et w. La Figure 1.9

montre ces angles de torsion dans la chaîne principale.

Le repliement de la chaîne peptidique sur elle-même entraîne la formation de

ponts hydrogènes entre les groupements amides N-H et carboxyliques C=O de la

chaîne principale. Les helices c, prédites par Pauling, Corey et Branson [2], sont

une suite de ponts hydrogènes entre les groupements CO du résidue i et N-H

du résidue i+4 (intéractions locales dans l’espace et en séquence). Les feuillets 3,

prédits eux aussi par Pauling et Corey [3], sont composés de trois motifs répétés de

ponts hydrogènes entre deux chaînes peptidiques adjacentes (intéractions spatiales

locales par des parties distantes de la séquence). Les hélices c et les feuillets

definissent les éléments de structures secondaires des protéines [4]. Le détail des

2par exemple, voir http //www.darwinismrefuted.com/mo1ecu1arbio1ogy.O3.htrn1



3

ponts hydrogènes dans une hélice a est montré dans la Figure 1.10. Le détail des

ponts hydrogènes dans un feuillet /3 est montré dans la Figure 1.13.

La structure tertiaire, ou tri-dimensionelle, de la protéine peut être vue comme

l’assemblage dans l’espace des éléments de structures secondaires, i.e. des hélices

a et des brins /3 en feuillets /3. La représentation des brins 3, de même que les

hélices c, en ruban ifèché est due à Richardson [5]. Cette représentation en ruban

met bien en valeur les feuillets /3 dans les méandres de la chaîne peptidique. La

structure tertiaire de la protéine ubiquitine est montrée dans la Figure 1.11, en

représentation de Richardson (les hélices sont en rubans hélicoïdaux, les brins en

flèches épaises et les boucles en tubes cylindriques).

Il arrive parfois que les protéines s’assemblent pour former un complexe actif.

Par exemple, l’insuline chez l’humain forme un complexe hexamérique (voir Fi

gure 1.12). Les complexes peuvent aussi être formés de protéines différentes. On

parle alors de structure quaternaire.

Anfinsen démontra que la suite d’acides aminés composant la protéine, i.e. la

séquence primaire (Ï-D), est suffisante à elle seule pour en encoder la structure tri

dimensionnelle (3-D) [6]. Et que la structure finale est celle dont l’energie potentielle

est minimale (hypothèse thermodynamique) [7]. En 1972, il recoit le prix Nobel

pour ses travaux sur les principes gouvernants le repliement des protéines.

Le problème du repliement des protéines (“Protein Folding Problem” [8]), c’est-

à-dire la prédiction de la structure tri-dirnensionelle des protéines à partir de la

séquence, est, à ce jour, encore ouvert et est le sujet de maintes recherches. L’intérêt

de ce problème est principalement dû aux applications médicales, à savoir la fabri

cation simplifiée et précise (non-toxique) de médicaments, et la compréhension du

fonctionnement de la cellule.

Ce problème est équivalent à assigner les angles de torsion et ‘/, pour chaque

acide aminé formant la protéine, puisque les chaînes latérales vont s’accomoder

de la position de la chaîne principale. Même en discrétisant ces angles à 7 valeurs

possibles [9] l’espace de recherche reste quand même très grand. En assumant Ï

millions d’opérations par seconde, un an de calcul serait necessaire pour explorer
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tout l’espace de recherche d’une chaîne peptidique de longueur 16 seulement! Il est

à noter que la longueur moyenne des protéines chez $accharomyces Cerevisiae, un

eukaryote uni-cellulaire mieux connu sous le nom de “levure du boulanger”, est de

plus de 450 acides aminés [10].

1.2 Les feuillets /3

Les feuillets /3 se forment lorsque deux bouts de chaînes peptidiques passe l’une

à côté de l’autre et tissent alors un réseau de ponts hydrogènes pour stabiliser la

conformation. Rien n’empêche par la suite à d’autres bouts de venir s’y coller pour

étendre la portée du feuillet. Ainsi, le feuillet se compose de brins /3.
Pauling et ses collègues ont déterminés les trois patrons de base de ponts hy

drogènes entre paires de brins dans les feuillets /3 [3.11]. On parlera alors de patrons

ou motifs canoniques. Ces motifs sont dépeints en détails dans la Figure 1.13, où

l’on y voit les atomes des chaînes principales en intéractions. La Figure 1.14 nous

montre comment ces motifs sont utilisés entre paires de brins /3, soient parallèles ou

anti-parallèles. La Figure 1.15 montre comment les chaînes latérales sont disposées

dans un feuillet /3; les partenaires /3 pointent dans le même sens.

On retrouve des feuillets /3 dans 8097o des protéines; il existe alors des protéines

sans feuillet puis d’autres presqu’exclusivement sous forme de feuillets. On retrouve

les feuillets sous plusieurs formes, dont la /3-hélice (Figure 1.16), la /3-sandwich

(Figure 1.17), le /3-propulseur (Figure 1.18) et le /3-baril (Figure 1.19), où tous se

retrouvent dessinés dans la représentation de Richardson.
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R
H

P

Figure 1.1 — Les atomes d’un acide aminé. La région P comprends les atomes de la
chaîne principale alors que la région R comprends les atomes de la chaîne latérale.
Chaque atome est représenté par une sphère de couleur; l’azone en bleu, l’oxygène
en rouge, le carbone en noir et l’hydrogène en gris. Les sphères sont proportionelles
aux rayons de van der Waals propres à chaque type d’atome. Les atomes sont liés
entre eux par des liens covalents représentés par des cylindres. Les acides aminés
se distinguent entre eux par les atomes qui figurent dans la région R. Ca est le
carbone alpha, ou C, tandis que Cb est le carbone beta, ou C. L’atome Ca
est celui auquel vient s’attacher la chaîne latérale. L’azote est chargé positivement
par la présence d’un atome d’hydrogène en surplus. Les deux atomes d’oxygènes
se partagent, en résonance, un double-lien avec l’atome de carbone et une charge
négative (par l’absence de lien avec un atome d’hydrogène).
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co

Figure 1.7 — La règle de CORN. Lorsqu’on aligne le carbone alpha derrière son
atome d’hydrogène on obtient, en parcourant dans le sens des aiguilles d’une
montre, le groupement carboxylique CO, la chaîne latérale R et le groupement
aminé N, d’où la règle de CORN. Cette règle s’applique aux acides aminés de la
forme stéréo-chimique L.
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(b)

Figure 1.8 Le lien peptidique. Deux acides aminés sont reliés entre eux par le
lien peptidique. a) Le lien peptidique résulte de l’attaque d’un atome d’oxygène du
premier acide aminé sur deux atomes d’hydrogènes du second acide aminé, b) Il y a
alors formation d’un di-peptide et d’une molécule d’eau (H20). Le lien peptidique
résultant est indiqué par la flèche. Les chaînes latérales Ri et R2 sont identifiées
pour suivre la construction.

R2

R2

Ri



C
o

c
Ø

C
a2

/
:

N
2
,
)
(
P

(a
)

(b
)

fi
g
u
re

1.
9

-
L

es
an

gl
es

de
to

rs
io

n
de

la
ch

aî
ne

pr
in

ci
pa

le
.

a)
U

n
an

gl
e

de
to

rs
io

n,
ou

di
hé

dr
al

,
se

m
es

ur
e

à
p

ar
ti

r
de

qu
at

re
at

om
es

;
on

al
ig

ne
l’

un
su

r
l’

au
tr

e
le

s
de

ux
at

om
es

ce
nt

ra
ux

pu
is

on
m

es
ur

e
l’

an
gl

e
fo

rm
é

en
tr

e
le

s
de

ux
at

om
es

te
rm

in
au

x.
P

ar
ex

em
pl

e,
l’

an
gl

e
es

t
m

es
ur

é
à

p
ar

ti
r

de
s

at
om

es
C

l,
N

2,
C

a2
et

C
2.

b)
L

es
tr

oi
s

an
gl

es
de

to
rs

io
n

de
la

ch
aî

ne
pr

in
ci

pa
le

d’
un

e
pr

ot
éi

ne
;
,

‘J’
et

w
.

L
a

fi
gu

re
m

on
tr

e
le

s
an

gl
es

‘i
/,

w1
et

2
•

C
om

m
e

l’
an

gl
e

w
a

po
ur

va
le

ur
fi

xe
-1

79
°,

on
pe

ut
en

ti
èr

em
en

t
dé

fi
ni

r
la

ch
aî

ne
pr

in
ci

pa
le

d’
un

e
pr

ot
éi

ne
en

sp
éc

if
ia

nt
le

s
an

gl
es

et
po

ur
ch

aq
ue

R
2

R
1
L

ac
id

e
am

in
é.



o
o

o

F
ig

ur
e

1.
10

-
L

’h
él

ic
e

al
ph

a.
L

or
sq

ue
la

ch
aî

ne
pr

in
ci

pa
le

se
re

cr
oq

ue
vi

ll
e

su
r

el
le

-m
êm

e
on

as
si

st
e

al
or

s
à

la
fo

rm
at

io
n

de
po

nt
s

hy
dr

og
èn

es
en

tr
e

le
s

at
om

es
du

gr
ou

pe
m

en
t

ca
rb

ox
yl

iq
ue

C
=

O
de

l’
ac

id
e

am
in

é
i

et
le

s
at

om
es

du
gr

ou
pe

m
en

t
am

in
é

H
-N

de
l’

ac
id

e
am

in
é

i+
4
.

L
a

fi
gu

re
m

on
tr

e
le

s
at

om
es

de
la

ch
aî

ne
pr

in
ci

pa
le

,
sa

ns
le

s
at

om
es

d’
hy

dr
og

èn
es

.
U

n
ru

ba
n

se
m

i-
tr

an
sp

ar
en

t
so

ul
ig

ne
l’

hé
lic

ité
.

L
es

po
nt

s
hy

dr
og

èn
es

so
nt

dé
pe

in
ts

av
ec

le
s

tr
ai

ts
po

in
ti

ll
és

.
L

’h
él

ic
e

es
t

ce
lle

tr
ou

vé
e

da
ns

le
fi

ch
ie

r
P

D
B

1C
R

N
,

en
tr

e
le

s
ré

si
du

es
6

et
20

.

20



15

Figure 1.11 — L’ubiquitine comme structure tertiaire. Les hélices o sont en rouge
tandis que les brins sont en jaune. La représentation de la protéine est celle de
Richardson. Le premier résidue (1), nommé N-terminal, et le dernier (76), le C
terminal, de la protéine sont annotés. La structure est celle du fichier PDB 1UBI.
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Figure 1.12 — L’insuline comme structure quaternaire. La forme active de l’insuline
humaine forme un complexe hexamérique. Chaque monomère est identifié par un
nombre romain. La structure est celle du fichier PDB 1AIY.
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Figure 1.14 — L’agencement des motifs canoniques entre paires de brins parallèles
(para) et anti-parallèles (anti). Cinq brins, numérotés de 1 à 5, sont orientés de
sorte à offrir toutes les combinaisons d’empilements de paires de brins; on aura
alors para-para, para-anti et anti-anti. Les flèches indiquent le sens de progression
des chaînes. Les paires de brins parallèles font appels au motif III seulement.
Les paires de brins anti-parallèles alternent les motifs I et II. Seuls les atomes
des chaînes principales sont présentés, à l’exclusion des atomes d’hydrogènes. Les
atomes d’oxygènes sont en rouges tandis que les atomes d’azotes sont en bleus.
Les ponts hydrogènes sont représentés par de minces lignes discontinues reliant
l’azote à l’oxygène. Les patrons de ponts hydrogùes permettent n’importe quelle
combinaison de brins, qu’ils soient parallèles ou anti-parallèles.

o

para

I’ , ‘ III I para

anti
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Q

(a)

Figure 1.15 — Disposition des chaînes latérales dans les feuillets /3. Le dessin montre
le feuillet /3 tiré du fichier PDB 1CRN. On y voit les deux brins /3; l’un est composé
des résidues 1 à 4, où une flèche rouge indique la progression du brin, l’autre de
32 à 35 représenté par la flèche bleu. Les flèches noires partent des carbones c et
passent par les carbones /3 correspondants, et indiquent du coup la position des
chaînes latérales. Le dessin met en évidence deux traits; le premier étant que les
résidues de deux brins différents mais côte à côte dans un feuillet ont leurs chaînes
latérales qui pointent dans la même direction. Le second trait illustre l’alternance
haut/bas des chaînes latérales suivant un brin /3.
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1.3 La présentation du mémoire

Ce mémoire est une suite d’articles. Les articles sont tous écrits en anglais soit
parce qu’ils ont déjà étés publiés, soit dans un but futur de publication dans des
journaux scientifiques. Les articles sont mis dans l’ordre chronologique de rédaction
et réfiète alors l’ordre et le fil des travaux ici présentés. Nous invitons le lecteur
à faire la lecture des annexes jointes dans lesquelles sont développés les termes
nécessaires à la bonne compréhension de ce mémoire.

Voici la liste des articles

1. M Parisien and MC Peitsch and F Major. A protein conformational search
space defined by secondary structure contacts. Pac Symp Biocomput, 24:3 :425-
436,1998. (c) 1998 World Scientific.

2. M Parisien and F IViajor. A graph representation for protein /-sheets and it’s
applications. Non-publié.

3. M Parisien and F Major. A /3-sheet conformational search space defined by
,6-sheet topology graphs. Non-publié.

4. M Parisien and F Major. A new cataïog of protein ,8-sheets. Proteins, 61 :545-
558, 2005. (c) 2005 Wiley-Liss, Inc.

1.4 Le premier article

L’idée d’utiliser les matrices de transformations homogènes (MTH) pour la
construction de modèles tri-dimensionnels de protéines vient du succès de l’ap
proche pour la construction d’acides ribonucléiques, tel que démontré par l’appli
cation MC-SYM [14].

Comme MC-SYM utilise des matrices de transformations homogènes (MTH)
entre points équivalents dans les bases de nucléotides d’ARN, il fallait alors définir
ces mêmes points équivalents pour les protéines. Curieusement, ces points se re
trouvent dans la chaîne principale dans le cas des protéines et dans les chaînes
latérales pour les ARNs. Comme les points équivalents se retrouvent dans la chaîne
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principale des protéines, les MTH résultantes pourront alors encoder l’empilement

des chaînes peptidiques les unes sur les autres, incluant en partie I’intéraction entre

les chaînes latérales. De plus, pour simplifier l’espace de recherche conformation

nelle, les éléments de structures secondaires, à savoir les helices et les brins ,

sont construits à partir d’angles dihèdres fixes et se retrouvent à être les objets

transformés par les MTHs.

Nous avons alors démontré qu’il est possible de reconstruire toute protéine à par

tir de MTHs allochtones, ce qui montre alors que ces MTHs sont interchangeables,

et qu’il est alors possible de générer des modèles plausibles pour des protéines à

structure inconnue. Pour cette preuve, nous avons utilisés la RMSD comme mesure

du succès de la reconstruction de la protéine. Certes, cette mesure introduit un

biais par rapport aux modèles généres, mais elle est la seule mesure reconnue par

les experts du domaine comme mesure de différence (ou de similarité) entre deux

structures tertiaires.

Cet article est paru dans la conférence “Pacific Symposium on Biocompu

ting” [15]. Les papiers de cette conférence sont revisés par des pairs (“peer-reviewed”).

La suite logique de ces travaux était de 1)rédire où sont les contacts entre les

éléments de structures secondaires, là où les IVITHs sont utilisées pour passer dun

élément à l’autre. Nous nous sommes alors concentré sur les protéines à compo

santes helicales seulement. Plusieurs approches ont étés utilisées mais en vain, les

contacts dissimulent un ordre plus complexe que les modèles tentés.

La reconstruction de protéines avec des éléments de structures secondaires à

géométrie fixe montre que les feuillets sont plus difficile à rebâtir que les hélices

a et est la cause, en grande partie, de la fabrication de modèles tri-dimensionnels

grossiers par notre méthode. L’amélioration de la construction de feuillets est

alors devenu le sujet d’étude.
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1.5 Le deuxième article

Pour pouvoir reconstruire les feuillets fi par fragments, il nous fallait inévitablement
encoder la topologie des feuillets sous forme de descripteurs mathématiques, les
quels par la suite devraient nous permettre de les comparer entre eux et d’iden
tifier des topologies similaires. La topologie des feuillets fi est alors codées dans
un graphe, et un algorithme d’isomorphisme de sous-graphes à été développé pour
comparer des feuillets de tailles appréciables.

L’idée d’encoder les feuillets fi sous forme de graphe n’est pas nouvelle [16—18].
Par contre, ici, les graphes des feuillets ont pour noeuds les résidus tandis que les
arêtes ont plusieurs saveurs capturants les relations entre ces résidus. Les relations
étant les liens covalents (le lien peptidique entre les résidus), partenaires fi (les
résidus côte à côte dans les feuillets) et ponts hydrogènes (lorsqu’il y a présence de).
L’expressivité de cet encodage nous permet de capturer toutes les caractéristiques
des feuillets, notamment les patrons de ponts hydrogènes, l’orientation relative des
brins, les “fi-bulges” (résidu inséré dans un brin en bordure) et les “fi-barrels”
(réseau circulaire de brins fi).

Pour comparer ces graphes nous avons débutés par un algorithme d’isornor
phisme de sous-graphe proposé par Ullmann [19]. La comparaison de graphes de
feuillets fi de tailles moyennes s’avère insurmontable, du moins dans la forme
générale de l’algorithme sur des graphes d’arêtes monochromatiques. Une analyse
détaillée de la construction de la matrice initiale disomorphisme nous a permis

d’exploiter dans celle-ci la topologie particulière des graphes de feuillets fi et d’en
reduire substantiellement les hypothèses d’isomorphisme à tester.

Une base de données des graphes de feuillets fi avec leurs structures 3-D as
sociées à été construite. De là, plusieurs applications sont possibles, notamment
la suggestion de structures tri-dimensionnelles (3-D) de feuillets à partir de sa to
pologie (2-D), l’analyse statistique des acides-aminés autour des “fi-bulges”, des
“fi-barrels” ansi que la caractérisation de familles de protéines à partir de leurs
feuillets fi.
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1.6 Le troisième article

Pour voir combien universel sont les graphes de topologies des feuillets /3 nous
avons réalisé une expérience dans laquelle l’isomorphisme de sous-graphe est ap
pliqué sur chaque paire de graphe dans notre base de données. Le résultat étonnant
est que les graphes de topologies des feuillets sont, en général, uniques et donc l’iso
morphisme avec d’autres graphes est impossible. Cette approche pour la suggestion
de structures 3-D de feuillets est sujette à la taille du feuillet à construire, des pa
trons de ponts hydrogènes entre les brins et aussi à ses défauts, notamment le
nombre et l’emplacement des “/3-bulges”.

Le découpage des graphes de topologie en fragments plus petits augmente le
nombre d’isomorphes pour chaque partie, mais encore faut-il rassembler les frag
ments dans l’espace pour que le produit final ait l’allure d’un vra.i feuillet, avec ses
courbatures et son réseau de ponts hydrogènes.

Nous avons alors opté pour découper le graphe à construire par paires de brins

/3. Par exemple, considérons un feuillet Vec trois brins; 1, 2 et 3. On aura alors
deux paires; soit 1-2 et 2-3. Avec l’algorithme d’isomorphisme de sous-graphe,
présenté dans l’article précédant, on peut alors trouver des candidats de structures
3-D pour chaque paires. L’assemblage des deux paires dans l’espace passe par le
brin commun, ici le brin 2, par lequel on aligne l’un sur l’autre le brin 2 de la
première paire avec le même brin 2 de la seconde paire (l’algorithme d’alignement
est exactement le même que celui utilisé dans le calcul de la “Root IVIean Square
Deviation”, plus connue sous l’appellation RMSD). Une fois assemblée dans l’es
pace, la structure finale à deux exemplaires du brin 2; il faut donc éliminer des
résidus dans ce brin pour retrouver la prescription originale du feuillet. Les résidus
écartés sont ceux qui ne sont pas impliqués dans des ponts hydrogènes. Ainsi, on
conserve la conformation des ponts hydrogènes en sautant d’une paire de brins à
l’autre. Les feuillets /3 produits par cet algorithme d’assemblage sont d’une qualité
exceptionnelle (à l’oeil ils ont l’air ccvrais) De plus, l’expérience en Jackknife nous
montre qu’il est possible de reconstruire presque tous les feuillets avec une preci
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sion atomique. L’algorithme explore aussi les limites de flexibilité des feuillets et

s’avèrera utile dans la construction De Novo de protéines.

1.7 Le quatrième article

Le succès de l’identification de familles de protéines à l’aide des feuillets /3
isomorphes est fortement lié à la qualité des annotations des feuillets. Or, dans

une étude de la famille des ubiquitines, nous avons remarqué que certains membres

étaient absents parce que leurs feuillets étaient mal notés. Nous nous sommes alors

lancés dans l’identification des feuillets dans le but d’en améliorer les annotations.

Notre première approche fut. de considérer tous les patrons possibles de ponts

hydrogènes entre paires de tri-peptides, c’est-à-dire entre paires de chaînes pepti

diques ayants trois acides aminés. Cette longueur de trois est spécialement choisie

pour permettre tous les motifs de ponts hydrogènes canoniques. Comme les anno

tations resultantes étaient bien meilleures que celles de DSSP [20], la référence en

annotations, nous avons même débuté la rédaction d’un article pour en proférer la

bonne nouvelle.

Une réflexion sur les causes de Féchec de DSSP de mener à bien sa mission

d’annotation des feuillets /3 et sur notre solution nous a fait croire que l’approche

d’énumération exhaustive des patrons de ponts hydrogènes n’explique peut-être

pa.s tout sur la cohésion de chaînes peptidiques adjacentes. En effet, un article

clé [21] montre bien qu’il existe d’autres forces, au delà des ponts hydrogènes, qui

stabilisent les feuillets /3.

Comme les ponts hydrogènes sont en majorité de nature electrostatique, nous

avons donc décidé d’utiliser une approche energétique où l’énergie entre deux

chaînes seraient évaluée à l’aide d’un champ de force classique (i.e. sans faire appel

à la mécanique quantique). Cette approche a maintenant l’avantage de capturer

les ponts hydrogènes mais aussi les autres forces en jeu, notamment les dipoles

C=O. . .CO. La comparaison détaillée entre les résultats de DSSP et notre pro

gramme, baptisé /3-Spider, montre qu’il est alors possible de croire à une meilleure
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classification automatique des protéines par les feuillets /EL

Cet article est paru dans la revue scientifique “Proteins. Structure, Function,

and Bioinformatics” [13].
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dimensions xvas defined. These spatial relations were encoded by homo
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in two different secondary structure elernents. A database of ail oc
currences of spatial relations for five hydrophobie residues was built.
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ments, which were approimated by standard (ql, ) assignments, was
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known three-dimensional structures.
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2.1 Introduction

Knowledge about protein three-dimensional structure is key to protein function

comprehension and manipulation. Due to difficulties associated with experimen

tal protein structure elucidation, it is not surprising that predictive methods are

increasingly gaining popularity. Protein modeling is mainly restricted to compara

tive methods which only apply to 15 to 20 percent of ail known sequences sharing

more than 30% identity [22—26]. Consequently to the many genome sequencing

projects, an explosion of novel gene discoveries of unknown structure and function

is observed [27]. De novo protein structure prediction methods are thus needed.

The secondary structure ($$) of a protein can be inferred from its seïuence by

using statistical methods, sucli as Markov models [28,29], and neural networks [30.

31]. The $S of a protein can also be determined experimentally, for instance from

NMR spectroscopy data. The /3-sheet topology of a protein can also be inferred

from statistical methods f32], and determined from NMR spectroscopy data [33,34].

Once t.he sheet topology Iras been assigned, atomic coordinates of homologous 4h

sheets in previously determiued 3-D structures can be proposed. Thus, -c and o-t3
residue contacts can be infered theoretically or determined experimentallv [35.36].

These contacts can be translated into geometrical contraints to define a constraint

satisfaction probÏem (C$P) to resolve tire 3-D structure.

In the search for an acceptable de novo modeling scheme, existing methods

have been considered and analyzed, and our deire to make use of accumulated

structural data led us to consider a protein adaptation of the MC-SYM RNA

CSP solver [14,37, 38]. We thus proove tire following scheme for de novo protein

structure prediction : (j) the definition of tire protein SS by existing experirnental

and theoretical methods; (ii) the use of 8$ information to assign /3-sheet topologies

and a-cv and o-/3 residue contacts to define a CSP; (iii) tire use of MC-$YM to

generate consistent core structures; (iv) the use of existing methods to complete the

core structures with loops and side-chains; and, (y) the refinement and evaluation of

tire structures using existing energy minimization protocols and potentials [39—41].
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III this article, the focus lias been put on the implementation of the protein

conformational search space, the creation of operators to manipulate protein 3-D

core structures, auJ a best-first search algorithm to demonstrate that the develo

ped conformational search space contains the native x-ray crystal structures. Other

conformational search spaces were introduced in the past. The most common me

thods are based on the sampling of the q5- torsion space [9], on theoretical spatial

relations of SS elements [35,42], on the properties of the loops connecting the SS

elements [41], and on geometrical sampling of the SS element space [43]. Altough

almost the sarne precision can be reached by the use of these methods, they describe

conformational search spaces tliat are larger than the one introduced in this article,

and, in general, require more structural information to converge to the native fold.

2.2 Coriformational search space

2.2.1 Definitioris

Residue contacts bear side-chain and backbone packing information, that is, the

relative position and orientation of the two S$ elements which contain the residues

in contact. A protein core structure is the assernbly of its constituent SS elements

in 3-D space. Two SS elements are in $S contact if the share at least one residue

contact.

A residue contact between residues A auJ B forms if their distance is srnaller

that a certain threshold, lA, BI < d, where d is the threshold value and • denotes

the Euclidean distance. The ensemble of ail residue contacts in a given protein

constitutes a residue contact graph, where cadi node represents a residue and each

edge represents a residue contact (Sec Figure 2.1).

Simiiarly, the ensemble of ail SS contacts defines the $S contact graph, where

the nodes represent the SS elements auJ the edges indicate that at least one residue

contact exists between a given pair of resiclues in the connected SS elernents (sec

Figure 2.2).

Every $S element in a protein is involved in a S$ contact. To satisfy this condi
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tion consider the degenerated distance threshold, d = no. This makes the SS contact

graph connected, that is, there is a path that connects any pairs of SS elements. A

connected SS contact graph that contains no cycle is a $3 contact spanning tree

(see Figure 2.3). There are N2 spanning trees for a graph that contains N fully

connected vertices. The SS spanning tree addresses ah SS elements and suggests a

construction order in which the SS elernents can be introduced. A possible order

for the SS spanning tree in Figure 2.3 would be H2 as the reference SS element;

Hi placed from H2; H3 placed from H2; H4 placed from H3; and, HO placed from

H3. It is possible to define a protein conformat’ional search space from a SS contact

graph. Each resiclue contact can either be used as a spatial relation operation which

positions and orients a $$ element from another one (just as in the construction

order above), or as a distance constraint. For instance, the contacts dropped in the

selection of the SS spanning tree should be replaced by distance constraints that

must be satisfied in the final constructions.

2.2.2 Implementation

Homogerieous transformatzon matrices [44] (HTI\’i) were usecl t.o encode the

spatial information of residue contacts. HTMs constain translation anci rotation

information. For instance, the local rejerentiat of a residue can 5e represented by

an HTM from three right-handed unary orthogonal vectors that eau be calcula

ted from three non-colinear atomic coordinates. A local referential indicates the

translation and rotation to be applied to the residue coordinates expressed in the

canonical referential to obtain its absolute coordinates. Consider for instance the

local referential of a residue A, RA, which can 5e calculated by using three back

boue atoms in A. Que of the three is elected as the origin of A while the two

others respectively align with the X and Y axes (see Figure 2.4). Backhone atoms,

instead of side-chain, were chosen because the backbone characterizes rnuch better

the relative orientation and position of the $$ elements.

The spatial relation between two residues A and B can also be expressed with an

HTPeI TAB x R. A residue contact between A and B can be reproduceci
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hetween any pair of residues, for instance A’ and B’, by applying R x TA_3 X

R to the atomic coordinates of B’ to position and orient B’ with respect to A’.

Symetrically, R x TJ3 x R3 applied to atomic coordinates of A’ positions ami

orients A’ relative to B’.

Any residue contact found in the Protein Data Bank (PDB) [45] can be extrac

ted and used afterwards as a building block of protein 3-D structure to orient and

position $S elernents. Once a pair of residues have been positioned ami oriented

from the aplication of HTMs, the extension of each $S element is made by using

standard (ç5,b) assignments for the other residues; for instance, (600,400) for c

helices and (1200, 1400) for t3-strands [46]. In this way, any pair of SS elements

involved in SS contact hi the database of 3-D structures can accurately be reprodu

ced from a single residue contact. A protein 3-D structure can be built by applying

this construction scheme to each of its constituent $$ elements. Our hypothesis is

that ail protein 3-D folds are contained in a conformational search space defined

from such SS elernent colltacts.

2.2.3 Transformational sets

A trarisforrnationat set is a set of HTIVIs associated with a residue contact type,

that is, the types of residues and the nature of their host SS elements (o-c, c-/3,

intra.-strand [3-3 and inter-strand j3-/3). Ail possible residue combinations could be

part of a residue contact, and thus 1600 4 x 20 x 20 transformational sets couÏd

be defined. A question that was addressed is whether it would be possible to find a

smaller subset of residue contacts that would allow one to define a conformational

space containing al protein foids within a desired precision.

Subsets of residues can he identified from weighted SS contact graphs where the

weight of an adge is determined by the minimum residue contact distance between

the connected SS elements (see Figure 2.5). The residue contact distance is defined

by the Euclidean distance between the two closest threading points of two residues,

as defined in reference [40]. If only a subset of residues is considered then a subset

specific weighted $S contact graph is defined. The minimum SS spanning tree can
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be computed from this graph, as shown in Figure 2.6. The number of contacts
in the spanning tree depends on the relative frequencies of the residues and their

propensity to make contact. The magnitude in the distances is function of SS

element packing and the nature of the contacts.

Consider, for instance, ail subsets of five amino acids’. There are 5(205) =

15504 such subsets. For each subset, consider ail contacts and contact distances

found in the minimum $$ spanning trees obtained from ail protein 3-D structures

in the PDB $elect 25 database (the main characteristic of the PDB $elect 25

is that no two structllres share more than 25% sequence identity2) [47, 48]. The

subset that maximizes the number of contacts and returns the smallest mean and

median distances is {ALA, ILE, LEU, PHE, VAL}. This resuit is somewhat not

surprising since hydrophobic residues are known to be huried inside proteins and

form contacts. This result also confirms our intuition that hydrophobic residues

could be best suited for the proposed construction scheme.

A database of transformational sets was built using the subset {ALA, ILE.

LEU, PHE, VAL} for a-ù, and inter-strand contacts defined by distances

srnaller than 70K For the intra-strand -3 contact, hydrogen bonds were used.

2.3 Demonstration

Here we demonstrate that the conformational search space defined by the trans

formational sets defined above contains any of the known x-ray crystal structures.

The demonstration is based on the reproduction of the x-ray crystal structures of

46 proteins randomly chosen from PDB Select 25. Note that the reproductions of

those proteins were made by using HTI\’Is extracted from other proteins (Jackk

nife experiment [49]). To avoid exhaustive exploration, the building proceclure was

driven by the knowledge of the x-ray crystal structure and, in the consideration

of several possible search directions, by exploring first the ones minimizing the

1the number five came from an initial intuition that the subset composed of thc five most
hydrophobic residues could generate good resuits.

2note that a database containing no similar folds would be more appropriatc.
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root mean square deviation (RIv1$D) from the x-ray crystal structure; for this rea

son, the procedure is referred to as the best-first search procedure. This algorithm,

however, does not guarantee convergence to optimal construction.

1. Build a pseudo-crystal. Make the reference element the one of the two $S

elements that are linked by the largest number of residue contacts and add

it to the best-first queue.

2. If the queue is empty then STOP and report the best conformation found

50 far. Otherwise, select from the best-first queue the partial structure that

minimizes the RMSD from the crystal structure divided by the number of 5$

elements in the partial structure, and superimpose it to the crystal structure.

3. Append to the partial structure selected in step 2 a new $5 element accor

ding to the spanning tree. Ah residue contacts from the crystal structure can

be used to append the new element. For each contact, compute the spatial

relation between the partial structure residue and its partner in the pseudo

crystal structure, Tôest. Among the transformational set for this contact, de-

termine the best HTM by taking the matrix, from those that differ from Tbet

by less than À in the translation, that minirnizes the Euclidean distance

of the rotations. Apply the best HTM and the canonical -‘ assignments

to position and orient the $5 element in the partial structure. Add the new

partial structure to the best-first queue.

4. If the new partial structure from step 3 is complete, that is, ail $5 elements

are present, then compare it to the best completed structure built so far and

seiect the one that bas the minimum RMSD with respect to the pseudo

crystal. Remove from the best-first queue ail partial structures that would

lead to higher RMSDs. A lower bound for the RM$D of partial structures

is approximated by adding O.15À for each missing 5$ element. Thus, partial

structures with a Iower bound RJvI$D higher than the current best RPvISD

are eliminated from the queue. Goto step 2.
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In the first step of this algorithm, a pseudo-crystal structure is built. The

pseudo-crystal represents the x-ray crystal structure from which $8 elements were

substitrited by standard q-i assignment 8$ elements. The building order that was

considered is a maximum spanning tree derived from a weighted graph where the

nodes represent 8$ elements and the vertices represent residue contacts (see fi

gures 2.7 and 2.8). The weights were defined as the number of residue contacts

observed in the x-ray crystal structure.

The resilits of applying the best-flrst search procedure to 46 proteins are shown

in Table 2.1. The resuits suggest that spatial relations among the bye selected

hydrophobic residues “in contact” can 5e used as building blocks of protein 3-

D structures. from the RIVISD values, the x-ray crystal structures of ail tested

proteins are clearly accessible from a conformational search space defined by residue

contacts.

2.4 Conclusion

A new and efficient representation of protein conformational search space, based

on residue contacts. was developed. We have shown that hydrophobie contacts

contain information about the relative position and orientation of a-a and a-B

8$ elernents. This is of course a necessary step, not a highly significant result,

since evaluating and decicling which fold is the correct one represents the actual

difficulty of automa.tecl protein structure determination. Nevertheless, the technique

presented here shows promises for the developement of a productive protein 3-

D modeling scheme. for instance, the technique should allow one to explore a

representative small fraction of a protein’s conformational space with the use of

low resolution data, such as covariation data from multiple sequence analysis and

mutagenesis data. Furthermore, a Setter characterization of residue contacts and

their spatial relations should allow us to predict protein 3-D structure from sequence

and SS information, a requisite to de novo protein deign. The fact that higher

RMSD values were measured for proteins that are mainly composed of -strands
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indicates that more efforts should be put on the re-construction of /3-sheets than

on the re-construction of -hellces. Producing actual predictions is the next step

of this research project.
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Protein #SS #residues #PU fi RMSD’ RMSD2 RMSD3
( /3 /3 (Â) (Â) (Â)

laak 5 4 44 26 7 0.83 2.47 3.09
lab2 2 8 20 37 8 1.27 2.8$ 3.29
labm 7 5 110 24 11 1.45 3.33 3.26
latx 0 4 0 22 3 1.52 3.9$ 4.40
lbab 7 0 108 0 6 0.73 2.54 2.60
lbvh 5 4 52 20 8 0.79 2.44 2.36
lc5a 4 0 49 0 3 0.79 1.56 1.95
lcbn 2 2 21 8 3 0.66 2.17 1.62
lcde 6 7 88 52 12 1.28 2.88 2.85
lchr 12 11 135 57 21 1.04 2.92 3.08
icrI 11 11 116 65 20 1.32 3.26 3.20
ldsb 8 5 112 30 12 1.07 2.97 3.07
lede 11 8 121 46 18 1.19 3.54 4.26
lerg 1 3 8 14 3 1.15 2.10 2.03
ifas 0 3 0 18 2 1.29 2.07 2.88
lgox 11 8 117 32 18 0.71 2.53 2.77
lhlb 8 0 115 0 7 0.86 2.24 2.39
1118 9 4 102 15 12 0.69 2.93 2.78
Ilga 13 0 125 0 11 0.91 2.49 2.95
inar 7 9 $7 55 14 0.96 2.81 2.92
lofv 5 6 53 27 10 0.75 2.31 2.60
lpflc 13 11 168 66 21 0.95 2.73 3.06
lphh 12 18 125 81 26 0.86 3.42 3.18
lpii 18 16 157 79 26 0.62 3.35 3.20
ipox 19 20 229 113 32 0.87 3.52 3.59
lrhd 10 10 109 43 19 0.93 3.57 3.38
lsbp 12 11 131 57 20 1.00 3.15 3.62
lsto 7 5 91 34 11 1.75 3.11 3.15
ltca 10 7 89 35 16 1.67 3.04 3.54
Itml 7 7 86 35 12 0.73 2.39 2.38
lula 7 12 87 68 18 1.08 3.12 3.06
ïwsy 11 8 117 50 18 0.78 2.77 3.40
lxya 13 9 170 51 18 0.81 2.83 2.66
2acq 10 8 112 41 16 0.71 3.34 3.22
2atc 9 11 119 81 10 1.41 3.18 3.37
2ctc 9 8 110 45 16 0.71 2.76 291
2cyp 12 0 149 0 9 0.99 2.59 2.46
2fal $ 0 112 0 7 0.88 2.16 2.22

2gbp 10 12 139 67 17 1.07 2.64 3.17
2Iiv 4 7 54 44 9 1.20 2.51 2.53
2pia 5 11 41 70 13 2.55 3.60 3.52
2rn2 4 5 47 43 $ 0.91 2.61 2.63
2tmd 16 13 162 69 26 1.00 3.89 3.91
3dfr 3 8 33 59 10 1.58 2.61 3.06
4fxn 4 5 52 37 8 1.33 2.99 3.00
5p21 4 6 51 44 9 1.31 2.86 3.24

Table 2.1 — Results of the best-first search for 46 proteins of the PDB. Proteins are
referred to by their PDB rnnemonics. The RMSD’ values indicate the RMSD of
the pseudo-crystal structure from the crystal structure. The pseudo-cryst.a.1 is obtai
ned by substituing the $$ elements by canonical elements obtained from standard
assignments for the ct-helices abd the /3-strands. The RMSD2 values indicate the
RMSD of the best found structure, as identifled by the best-first search procedure,
from the corresponding pseudo-crystal structures. The RI\’1SD3 values indicate the
RIVISD of the best found structure, as identifled by the best-first search procedure,
from the corresponding x-ray crystal structures. The #PU values indicate from
110w many different proteins the HTMs used in the best structure were extracted.
Note that for ail proteins cornposed of N $S eleinents, N — 1 HTMs were used for
its construction. Ail RI\’I$D values were calculated for the backbone atorns in t.he
SS elements only.
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Figure 2.1 — Residue contact graph for the cyclin box (PDB file ifin). The frarned
residues are those involved in SS elernents. The unes represent residue contacts.
The distance threshold was set to 7.OÀ between threading points as defined in
reference [40].
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Figure 2.2 $$ contact graph for the cyclin box (PDB file ifin). The $S elements
are circled. An edge was drawn when at least one residue contact was observed
between two SS elements (see the residue contact graph in Figure 2.1).
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o

Figure 2.3 — Que of the spauning trees for the cyclin box (PDB file ifin). The SS
elements are circled. An edge was drawn when at least one residue contact was
ohserved hetween two $$ elernents. The tree as cornpared to the graph contains
no cycle (see the corresponding SS contact graph in Figure 2.2).
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C
C

Figure 2.4 — Spatial relation between two residues. The axis systems represent the
local referential of the residues. The dotted arrow indicates the transformation of
one’s referential into the other. The atoms selected to compute the local referential
are indicated with black dots. The dotted unes indicate the peptide bonds.

N N
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C

Figure 2.5 — Weigthed SS contact graph for cyclin box (PDB ifin). The weigths
correspond to the minimum distances between two connected SS elements.
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o

Figure 2.6 — Weighted $$ spanning tree for cyclin box (PDB Ïfin). Ibis is the
minimum spanning tree corresponding to the graph in figure 2.5.
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Figure 2.7 — Weigthed $S contact graph for cyclin box (PDB file ifin). The weights
in this case correspond to the number of resiclue contacts between two connected
SS elements.
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Figure 2.8 — Weighted SS spanning tree for cyclin box (PDB file ifin). This is the
maximum spanning tree correspondbg to the graph in Figure 2.7.
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A graph representation for protein /3-sheets is here presented. The
residue-level graph encodes ail the topological features of /-sheets;
peptidic bonds between residues of the same strand, 3-sheet partner
slip and inter-strand H-bonding. The -sheet topological grapli lias
thus the expressiveness to accurately model ail /3-sheet features such as
standard parallel/ anti-parallel FI-bond motifs, -bulges and -barrels.
A database of atomic coordinates of t3-sheets and their corresponding
/3-shcet topology graph lias been compiled. A sub-graph isomorphism
algorithm bas been adapted from Uflman’s original form to compare
3-sheet topological graphs of appreciable sizes, therefore the t3-sheet
database can lie scrupulousiy exarnined for particular motif searches.
Applications vary from De Novo protein design to -buiges and -

barrels analysis.
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3.1 Introduction

Graphs are powerful mathematical abstractions which enable us to express re

lations, either quantitative, like distance costs, or qualitative, like pedigrees in ge

nealogical trees, between connected objects. Literature shows that there are several

graph representations of proteins, which allow for various tasks such as protein sket

ching [15], Nuclear Magnetic Resonance (NMR) structure determination [50,51] as

well as motifs comparison, similarity searcli, protein fold identification and classi

fication [16,17,52—54].

/3-sheets are present in more than 80% of globular proteins. Proteins can be

classified with the help of their -sheet topology [55—57], i.e. number of strands,

relative orientations of strands within the -sheet. Also, similar -sheet structures

show to have conserved arnino-acid type at specific key positions, which qualifies

them as folding nucleus residues [58—60].

3-sheet topology graphs can be inferred from low resolution NMR spectroscopy

where inter-strand H-bonds can be deduced from slowly exchanging amide reso

nances. Other cross-strands interactions can be calculated with help of strong and

wea.k Nuclear Overhauser Effect (NOE [61—63]) data [33, 34, 64—72].

$econda.ry structure prediction or elucidation in conjunction to stranct pairs

alignment prediction [28,31,73—$1] can also lead to sheet topology graphs. In this

case, two hypothesis on the inter-strand H-bonds (and correspondingly, on the

orientation up/down of a side-chain for a given residue) must be explored.

Once a graph representation of protein -sheet can be calculated one can build

a database of such graphs, and their corresponding a.mino-acid atomic 3-D coordi

nates, in order to compare them with each other or to perform a particular 3-sheet

motif search within this database. Indeed, several applications of the -sheet topo

logy graph can be thought of, notably $

1. /3-sheet modeling. Given a /3-slieet topology graph, each graph matching in

the database cari supply atomic 3-D coordinates that can he held as models

for this /3-sheet topology, and will conform in ail points to the specified graph.
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This cari be seen as going from a 2-D representation, i.e. the 3-sheet topology

graph, to actual 3-D models of /3-sheets. It goes further than homology mo

deling since we do not restrict ourselves to /-sheet coordinates from proteins

having similar sequences to the target, thus addressing the conformational

search space spanned by /-sheets found in the PDB [82,83].

2. Sequence analysis. When a particular /3-sheet motif is searched for in the

database, ail the graph-matching solutions can be superimposed, and thus the

sequence entropy at each vertex, or residue position in the /3-sheet topology

graph, cari be calculated to reveal key arhino-acid types for this particular

motif. This can be done for /3-bulges, /3-barrels and for /3-sheet.s from the

same structural family but with distant sequences.

3.2 Method

3.2.1 /3-Sheet Topoiogy Graph

A graph G = (V, E) is composed of a finite set of vertices V {x} aiid a finite

set of edges E {(c E Vy E V)}. The graph is said to be oriented if the edges

set bas ordered pairs. The in degree of a vertex is the number of oriented edges

that is incident to that vertex, while the out degree is the number of edges leaving

the vertex. A /3-sheet topology graph is a graph G in which the set of vertices V is

ail the residues contained in the /3-sheet, while the set of edges E describes ail the

various topological relations between the residues of V. This graph is said to be at

residue level, because vertices of the graph are residues, compared to other graph

representations of proteins, like secondary structure level graphs in which vertices

are now secondary structure units. The /3-sheet topology graph is oriented; edges

start at the lowest residue number to terminate at the highest residue number of

the connected residue pair, thus outiining the /3-strand progression from N terminal

to C terminal, as well as the relative /3-strand positions within the /3-sheet, and is

weakly connecteci, that is, there is an undirecteci path between any pair of residues

(however it is not strongly connected because some residues may have in degrees
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of zero), therefore each residue is attached to the /-sheet graph with either of the

topological relations. The topological relations that are censed are

Type C This relation expresses the backbone C —* Nj1 peptidic covalent bond

between residues R and R+1.

Type H This relation expresses the presence of at least an H-bond between re

sidues R, and R. H-bonds are defined by a classical Coulomb electrostatic

interaction energy as calculated in the DS$P program [20].

Type P This relation expresses a j3-sheet partnership between residues R and

R., which are in the sarne register, thus side-by-side in the t3-sheet. This

partnership relation is also calculated by DSSP [20].

Type HP This relation is useci when types H and P are simultaneously exhibited.

From there, we can say that the edge set E is composed of the specific edge

type sets; E Ec U EH U E’ (witli EHP EH n E’j.

3.2.2 Database

The culled PDB Select 25 database [84]. a subset of PDB [85] whose sequences

share no more than 25% identity, is used to provide atomic coordinates for the

backbone of /3-sheets. As of the 7th of February 2004, this database had 1966 chains.

The cutoif values are 25% for sequence identity, 2.OÀ for resolution and 0.25 for

R-Factor. A culled PDB Select 90 database lias also been used. Residues that

are flagged by D$SP [20] in the ‘E’ state are considered as part of a -sheet. The

sharing of the same -slieet identification number by sucli residues ensures that the

corresponding graph is weakiy connected. From there, a graph representation of the

3-sheet is calculated, in which the vertices of the grapli are the residues found within

the /3-sheet, while the edges encode for the /3-sheet topological relations. Every j3-

sheet feature can be represented in a /-sheet topology graph; from standard parallel

or anti-parallel -strand pairings to non-canonical inter-strand H-boncling motifs,

-bulges and -barrels. Figure 3.1 shows a hypothetical mixed parallel/anti-parallel

3-sheet with ail it’s topological relations explicited.
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3.2.3 Subgraph Isomorphism

Once a -sheet topology graph is define we can now tackie the problem of com

paring these graphs, or more speciflcally, to answer the question of whether a graph

is included in another one. This problem is known as the subgraph isomorphism

problem; is there a subgraph of one graph which is isomorphic to another graph,

and is considered NP-complete [$6]. Although the fact that -sheet topology graphs

are planar (even for /3-barrels), and a polynornial-time algorithm exists [87] for sol

ving such problems when the consiclered graphs are planar, we adapted Ullman’s

subgraph isomorphism algorithm [19] to the particular structure of 3-sheet topo

logy graphs, thus making possible the comparison of graphs with several hundred

residues in few seconds of computation time.

Ullman’s subgraph isornorphisrn algorithrn between two graphs, G’ = (V’, E’)

auJ G2 (V2, E2) with IV’I < 1721 starts by fiffing arnatrix M° ofsize V’ x Jl/2j

in which an elemeut in M is equal to Ï if it is possible, a priori, to map the jth

vertex of G’, namely G, on the vertex of G2, G, by considering the number

and type of incoming and outgoing edges of G and G. Let In(G, T) be a function

that counts the number of incoming edges cf a given type T in a grapli G for the

i vertex. Sirnilarly, let Out(G, T) count the number of outgoing edges of type T

for the jth vertex in G. Then

In(G,C) In(G,C) and

In(G,H) + In(GHP) In(G’,H) and

In(G.P) + In(G,HP) > In(G,P) and

Jn(C,HP) Jn(G,HP) and

AIg = Out(G2,C) Out(G,C) and (3.1)

Ont(G,H) + Out(GHP) Out(G,H) and

Out(G,P) + Ou(G,HP) Out(G,P) and

Out(G.HP) > Out(G,HP)

O otherwise

As an example, consider the graphs G’ auJ G2 in Figure 3.2. The resulting M°

matrix is shown in Table 3.la.

Because of the special nature of the 3-sheet topology graph, when a residue

R of graph G’ is mappeci onto a residue R of graph G2 we want also that the
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entire strand $ which includes R be also mapped to the corresponding strand

in G2 which contains R’. That requirement makes us consider sub-matrices of

M°, $ x $, and zero-out any diagonals of these sub-matrices which admit a nuil

entry. Now, the M° matrix contains much less one’s, thus reducing the number of

possible mappings to check. To pursue our example, the new matrix M° is sbown

in Table 3.lb. Notice that the surviving diagonals have a residue mapping for each

residue of each strand of G’, which happens to be the smallest graph in terms of

number of residues.

Ullman’s algorithm now generates permutation vectors V[ij j that teil which

residue R of G’ is mapped on which residue of G2. The permutation vectors

have V’ entries. $ince edges in /3-sheet topology graphs are directed from iowest

residue number to higbest not ail generated permutations are valid; only those that

are strictly increasing are taken into account. This requirement bas a huge impact

on the pruning of the backtrack tree that is used to generate the permutation

vectors.

The isomorphism test is then applied for cadi valid permutation vectors. For

each labeled edge e V’ x V’ (we suppose that if e1 E’ tien it’s label is 0
instead of one of C, H, P, HP) consider tic mapped edge e,,[kl,7[l] linking tic two

mapped residues and Ev11] in G2. For the isomorphism test between graphs G’

and a subgraph of G2 be found true, each individuai label comparison e —*

must be held true, or else G’ is not an isomorphic subgraph of G2 relative to the

given permutation vector V. The following truti table can 5e found in Table 3.5.

Briefly, tus table says that a covalent C edge in G’ must be mapped to a covalent

C edge in the isomorphic subgraph in G2, that a partner P edge can be mapped to

either a partner P or an HP edge, that an H-bond edge H can be also mapped to

either a partner P or an HP edge, that an HP edge must rnap onto an HP edge,

and finally that an unspecified relation 0 can be mapped to any types except the

covalent C edge.

In our example, a total of four permutation vectors are generated but oniy

two will pass successfully the isomorphism test. The first solution rnaps residues
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{111, 112, 113, 121, 122, 123} of G’ onto {211, 212, 213, 222, 223, 224} of G2, while

the second maps onto {221, 222, 223, 232, 233, 234}. Notice that the unspecifled

relation between residues R12 and R22 in G’ does not prevent a more specific

mapping in G2 in which type P is found.

3.2.4 Distances

The sequence distance between two isomorphic graphs is the sum on ail resi

due positions of the amino-acid substitution similarity score given in the PA1V1250

matrix [$8], as if the /3-sheet topological graph wouÏd serve as the alignment tem

plate. Higher values indicate higher similarity between the sequences of the iso

morphic graphs. The RM$D, or root mean square deviation, is calculated in the

standard way. At a given /3-sheet residue position, one cari calculate the sequence

variation or entropy using Shannon’s [89] celebrated equation
—

Z0p tog(p). The

Kuulback-Leibler distance [90] between two probability distributions, p and q, is

ZcPi leg(p/q). The last two measures are dependent of the amino-acid parti

tioning C used; from the two class hydrophobic/polar spiit (HP moUd) to the

full-fledged 20 s mbols break up [91, 92]. A better amino-acid partition coulci be

generated using the methodology of Wang and Wang [93] not on the context

independent MJ matrix [94] but rather on the environment-dependent one [95].

Furthermore, the /3-j3 MJ matrix could be made specific for parallel and anti-parallel

strands pairing [96,97].

3.3 Resuhs and Discussion

3.3.1 Protein Design

Although the graph matching algorithm is not able to generate new /3-sheet

topologies, it can asses whether or not if a given topology is unheard of. In a recent

article published by Baker et al. [98], the group daims to have engineered a novel

protein fold expressed as TopZ. The protein’s /-sheet topology graph has been used

to scan the graph database and was found to be no isomorphic subgraph of any
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t3-sheet in the culled PDB Select 25, it is thus a unique 3-sheet topology.

On the other hand, the /3-sheet topology of human monocyte chemoattractant

protein MCP-1 (PDB code 1DOK [99, 1001) (See Figure 3.3a) has 75 isomorphic

siblings in the culled PDB $elect 25, not only in the Interleukin 8-like chernokines

$COP [56] family, but also in various other unrelated protein classes, as shown

in Table 3.3. The MCP-1 /-sheet has a bulged residue at position ALA26, thus

making the corresponding topology graph depart from the ubiquitous canonical

anti-parallel 3-stranded sheets (we obtain 411 isomorphic t3-sheet if we eliminate

residue 25 and make residue 26 a partner P to residue 45). Since this /3-sheet

topology, including the -bu1ge, seerns to be used in a wide variety of proteins of

different functions it can be speculated about the specific role of the -bulge as to

prevent amyloidosis [101], since the bulged strand is exposed to solvent. Figure 3.4

shows a superposition of the heavy backbone atoms of the 75 isomorphic graphs.

The models are superimposed on their first strand, which comprises residues 25 to

31. The two closest models have an RMSD of 0.38 À, while the two farthest have

6.99 À. These models can serve as template for either De Novo protein design or

homology modeling.

3.3.2 4-Bu1ge

Sequence analysis bas been performed on the -bulge region of JVICP-1, residues

{25, 26, 27,28,43,44, 45}. This /3-bulge pattern is the most common ocdurring in

anti-parallel strand pairs, and is of type C+ (classic), as defined in f102]. A total of

733 isomorphic siblings can be found in the culled PDB $elect 25 for this particular

residue motif shown in Figure 3.3b. The results are summarized in Table 3.4. Four

aniino-acid classes were used to partition the findings of the subgraph isomorphism

algorithm, and are those taken from [92], Table II. This /3-bulge motif bas par

ticular amino-acid preferences at key positions. It is noteworthy to mention that

our results differ slightly from those published in [102]. In particular, we find that

residues in position 1 are not necessarily large hydrophobie residues, but instead,

large aromatic residues and cysteine {CFYW} (only 6% occurence) seem to be
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forbidden. Also, not only small residues {GPATS} (40%) are favored at position

2, but also large polar residues {NHQEDRK} (40%), although large hydrophobie

residues {MLIV} (only 7%) seem to be denied. Position X does not seern to have a

particular preference, at least in our amino-acid subdivisions. It is also int.eresting

to note some deviance from the reference amino-acid composition, especially at po

sition 25 where large hydrophobie residues predominate (68%), and at position 45

for which aromatic residues are observed more than normally (27%). Even though

the $hannou entropy measures in Table 3.4 doesn’t reveal conserved amino-acid

positions, exception made at residue position 25 where the entropy is very low

due to the high presence of large hydrophobie amino-acids, the Kullback-Leibler

distance, on the other hand, is more sensible to departures to the reference arnino

acid distribution (from -sheets of PDB Select 25), and shows that positions 25

(highly large hydrophobie), 27 (predominantly polar or charged residues) and 45

(important aromatic occupancy) are of extremely specific amino-acid distribution,

and could prove to be necessary for the C+ 3-bulge type fold.

3.3.3 j3-Barrel

A /3-barrel is a ,8-sheet in which the first strand is H-bonded to the last one. and

makes a barrel-like 3-D structure. Two parameters fully describe the topological

features of regular 3-barrels; the number of strands, n, taking part in the barrel

and the shear number, S, that is the distance separating the starting residue on the

first strand and the terminal residue on the same strand after a walk around the

barrel in a direction perpendicular to the strand orientations [103]. Figure 3.5 shows

two alternatives for (n=8,S8) -barrels called e-rings. Here, the relative strands

orientation is parallel. The difference between the two graphs is the liandedness of

the partnership P connections.It is interesting to note that these two a-ring motifs

yield quite different results as for isomorphic siblings in the culled PDB Select 25

database. figure 3.5a bas 85 solutions while Figure 3.5b bas none. This is due to the

handedness of the crossover connections hetween two consecutive parallel strands

[4]. The /3-barrel encoded in the /3-sheet topologicai graph of Figure 3.5a would
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put the -helices outside of the barrel, whereas the one if Figure 3.5b would put
them inside the barrel to satisfy the connection handedness (almost ail examples
are found to be right-handed). Within this theoretical framework it is possible to
address varions values of n and S.

3.3.4 Ubiquitin-Like Fold

Michnick and Shaknovich have presented a strategy for detecting the conserva
tion of the folding nucieus residues in protein superfarnilies [58]. They have applied
their methodology to some proteins in the Ubiquitin-like superfamily, as (lefined in
SCOP [56], and resuits in the identification of seven potentiai residues involved in
the folding nucleus, from which six of those are found in t3-sheets. From there, a
3-sheet topological graph, or /3-sheet descriptor, has been defined to contain ail the
key folding nucieus residues, and shown in Figure 3.6. This ciescriptor, when sear
ched in the culled PDB Select 90 database in -sheets with less than 75 residues,
produces 34 solutions that can be found in Table 3.5. When more than one match
of the descriptor can be applied on a specific 3-sheet only the best sequence match
is retained. This procedure thus allows for a systematic fold alignment based on the
topology of the underlying -sheets. Even though the descriptor doesn’t capture ail
Ubiquitin-like folds (SCOP version 1.65) in the PDB SeÏect 90, it is able to pick up
only /-sheets of the 3-grasp fold type, with only one exception in PDB file ÏDFU
which is a small 4-barrel (n6,S=Ï0). A sequence entropy analysis can 5e found in
Figure 3.7. It is interesting to note the entropy change upon the amino-acid type
partitioning choice. With the 6-letter code of [58], residue 16 has a high entropy,
whereas with the 6-letter code of [92] Table II, it has a low entropy. This is due
to the fact that the later amino-acid partition groups together the charged and
Sulky polar residues (NHQEDRK), while in the former amino-acici partition these
residues are in three different groups, thus enhancing the entropy at this position.
Residues at position 3, 5 and 67 have low entropies, in accord with Michnick and
Shakhnovich. On the other hand, residues 15, 17 and 69 do not show iow entropies
even though they have a highiy hydrophobie content. An algorithm to compute
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the common /3-sheet topological gra.ph from a set of given /-sheets of the sarne

farnily or superfamily should reveal the key positions for the fold, but will prove

very sensitive to the quality of the /3-sheet annotations.

3.4 Conclusion

A graph representation for protein 43-sheets is here presenteci. The residue-level

graph encodes ail the topological features of 5-sheets; peptidic bonds between re

sidues of the same strand, /3-sheet partnership and inter-strand H-bonding. The

/3-sheet topological graph has thus the expressiveness to accurately model ail /-
sheet features such as standard parallel/anti-parallel H-bond motifs, -bu1ges and

3-barre1s. A database of atomic coordinates of 3-sheets and their corresponding

/-sheet topology graph has been compiled. A sub-graph isomorphism algorithm

bas been adapted from Ullman’s original form to compare -sheet topological

graphs of appreciable sizes, therefore the 3-sheet database can be scrupulousiy

examined for particular motif searches. Applications vary from De Novo protein

design to -bulges and -barre1s analysis. The LINUX version of the program

and associated database can be found at the following adclress http ://www

ibit . iro. umontreal. ca/bSheet/index.html.
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Table 3.1 Optimization of the M° matrix of the subgraph isornorphism problem
between the two graphs depicted in Figure 3.2. Sj refers to the l’ strand of grapb
k. a) The M° matrix withont optimization as computed by the original Uliman
subgraph isomorphism algorithm. b) The M° matrix after the zero-out diagonal
walk optirnization.
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Table 3.2 — Truth table used in the subgraph isomorphisrn algorithrn. e is an
edge in G hetween residues m and RI, while is an edge in G2 between
residues Rv1k] and Rv[t1. The vector V is one of the mapping vectors generated by
the algorithm such that the i entry in V, V[i], is t.he residue in G2 on which i of
G’ is mapped onto. The various topological relations C, P, H and HP as well a.s
O are as defined in tire text. Only truc entries in the truth table are signaled; ah
other entries are to he taken as false.
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T SE KL CFYW MLIV GPATS NHQEDRK
N ¾ N ¾ N ¾ N ¾

E 1.34e+00 13728 14 34433 36 24198 25 23762 25
25 9.61e-0Ï 2.46e-01 58 8 497 68 120 16 58 8
26 1 1.21e+00 5.41e-02 46 6 341 47 157 21 189 26
27 2 1.19e+00 3.53e-01 94 13 53 7 291 40 295 40
28 1.28e+00 1.38e-02 $6 12 321 44 170 23 156 21
43 1.26e+00 5.96e-02 119 16 342 47 179 24 93 13
44 X 1.29e+00 9.17e-03 82 11 305 42 169 22 177 24
45 1.29e+00 1.20e-01 200 27 280 38 182 25 71 10

Table 3.4 C+ class [1021 -bulge sequence analysis. This -bulge is follnd in t.he
monocyte chemoattractant protein 1 (MCP-1) [99,100]. There are 733 isornorphic
siblings to this -bulge. The ‘‘ column refers to the residue sequence number as
found in PDB code 1DOK. The T column is the residue tags of the C+ 41-bulge mo
tif found in [102], Figure 2. The SE column is the calculated Shannon [89] entropy
for a given residue position. The EL colunm is the Kullback-Leibler distance [90]
of the observed amino-acid distribution at a particular residue position compare to
the reference observed amino-acid distribution found in -sheets in general. The
following colurnns are the 4-class amino-acid partitioning used for the sequence
analysis, and cornes from the works of [92], Table II. Amino-acids are mentioned
hy their 1-letter code. Classes are cysteine and aromatics {CFYW}, large hydro
phobic {MLIV}, small {GPATS} and large polar or charged {NHQEDRK}. Each
arnino-acid class bas an absolute occurrence count, N, as well as a relative occur
rence count, ¾. The E row is the reference amino-acid distribution as found in
t3-sheets of the culled PDB Select 25 [84]. Entries which differ significantly from
t.he reference distribution are underlined and boldfaced.
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ÏPGB 10GW 1OEY 1NDD 1MG4 1EMZ
1BTO 2IGD 1HZ6 1EUV 1OQQ 1EF1
1KHO 1H4R lAYE 1A70 1FRR 1CZP
hUE 1AWD 1M4V 10FF 1BXT 1LM$
1DOI 1KRH 1ET9 1DFU ÏFRD 1Q16
1KLU ÏFNU 1ENf 3SEB

Table 3.5 The 34 solutions identified by the /3-slieet descriptor of the Ubiquitin
like superfamily of fold on the culled PDB $elect 90 database [84]. Ail of them are
under the Ubiquitin-hke superfarnily (SCOP version 1.65 [56]) except PDB code
1DFU [104] which is a 8-barrel (n6. S=10).
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s2
C C C C

HP HP HP

S 127 4 126 4 125 4 124 4 1233

s1
C C

Figure 3.1 — Hypothetical /-sheet topological graph. Strands are $ [95, 99], $2

[108, 1121 and $3 [123, 1271. Strand $ is parallel to strand $3, while $2 is anti
parallel to $3. Notice the difference in the H-bonding patterns between the parallel
strand pair and the anti-parallel one. The various topological relations C, P, H
and HP are displayed in the picture.
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1F’ î
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Figure 3.2 — The two ,6-sheet topology graphs, G’ and G2, used in Ullman’s sub
graph isornorphism algorithm. In S, the superscript i refers to the graph number
while the subscript j refers to the strand number within the graph. a) The graph
G’ which serves as the 3-sheet topology to search for in G2. It is a two-stranded
anti-parallel 3-sheet with strands of length three. The partnership relation, P, bet
ween residues R,,2 and R22 has been omitted from the graph to show that it does
not prevent a mapping in G2. b) The graph G2, a canonical three-stranded anti
parallel /3-sheet with strands of length four. The two isomorphic solutions of G’ in
G2, I’ and 12 are highlighted in Grey boxes.
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Figure 3.3 — Observed -sheet top ology graph of monocyte chernoattractant protein
1 (MCP-1) (PDB code 1DOK) [99, 100]. Topological features, namely covalerit
link C, ,8-sheet partnership P arid H-bonding H, are calculated by the D$SP
algorithm [20]. a) The complete 3-sheet topology graph of MCP-1.b) The f3-sheet
topology graph of the C+ type -bu1ge [102] used for sequence analysis of the C+
motif, and found in MCP-1. Subscripts i to residue sequence number R refer to
Thornton’s blllged residue nomenclature found in [102], Figure 2.

(b)
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Figure 3.4 — The 75 superimposed models of the /3-sheet topological graph of mo
nocyte chemoattractant protein 1 (MCP-1) (PDB code 1DOK) [99.100]. The input
-sheet topology graph is as Figure 3.3a. These models are those of Table 3.3. The
models have beeu superirnposed on their ftrst strand. which spawns residues 25 to
31. The two closest models have an RMSD of 0.38 À, while the two farthest have
6.99 À. Colors are blue for strand S, green for strand $2 and red for strand $3.

Q The bulged residues, 26 and 27, are colored in yellow. The images were produced
by RasiViol [12]. a) Top view. b) Side view 1. c) Front view. d) Side view 2.

ta) (b)

(c) (d)
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Figure 3.5 — /3-barrel rings for /3-strands with (nz8,S=8). In that configuration
only two residues per strands are needed to express the ring in a topological graph.
The dashed residues are used to show the connection between the first and last
strands. a) A /3-ring which woulcl resuit in right-handed crossover connections
for them to pass outside the /3-barrel, which are the prevalent connection types
observed in solved protein structures [4]. b) A /3-ring which would resuit in left
handed crossover connections for them to pass outside the /3-barrel. A right-handed
connection would have to go by the inside of the barrel, which is impossible given
the number of strands.

(a)

(b)
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Figure 3.6 — /3-sheet descriptor for the identification of the Ubiquitin-like super
family of fold (SCOP version 1.65 [56]). This graph contains the folding nucleus
residues as identified in [58], and are circled in bold. The residue numbering follows
that of protein 1UBI [105].
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CHAPITRE 4

A /1-SHEET CONFORMATIONAL SEARCH SPACE DEFINED BY

/3-SHEET TOPOLOGY GRAPHS

Marc Parisien and François Major
Département d’Informatique et de Recherche Opérationnelle,

Université de Montréat, CP 6128 $ucc. Centre- Ville,

Montréat, Québec, Canada 113G 3J7

A /3-sheet conformational search space defined as 3-sheet topology
graphs is presented. The fi-sheet topology graph is an enhanced 2D
descriptor in which H-bonds hetween adjacent strands are specified.
thus enabling the expression of -sheet defects like -hu1ges anci non
canonical H-bond ladders. A database of -sheet 3D coorclinates writh
their corresponding topology graph as been built, and used by a ne’

computer program, the -sheet bouder, in a Jackknife [49] experiment
to show that 1) 70% of -sheets can be rebuilt within less than 3 À
of RMSD (precision), and 2) the extent of the physically permitable
conformational flexibility of /3-sheets (flexihility).
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4.1 Introduction

/3-sheets are present in 77% of proteins from the PDB select 25 [47] version of the

Protein Data Bank [106]. When present, as much as 18% (standard deviation 15%)

of the residues are found in the sheets. Thus, a proper /-sheet construction scheme

is essential. Unlike helices, where a single tuple = (-60°,-40°) is sufficient to

reproduce the 3.6 residues/turn ratio and the O to N+4 backbone H-bonds [4],

3-sheets exhibit far more complex three-dimensional spanning, as expressed by

the curi of individual strands and the twist, pleat and arch in the assembly of

strands into t3-sheets [107]. Hence, a /3-sheet construction algorithm is needed to

address and handie ail these features, including /3-sheet defects like t3-bulges and

non-canonical H-bond ladders between adjacent strands. In hope of finding the

native fold, tire /-sheet 3D generative method should be precise, i.e. he able to

spawn accurately native ,6-sheet folds, and flexible to explore the entire span of

3-sheet conformational space.

3-sheet modeling has been attempted by using a simple mathernat.ical descrip

tion via helical surfaces [108]. Parallel strands can be created by a unique

tuple, while anti-parallel strands, with their small (subscript s) and large (subscript

1) H-bond rings. need and [109—111]. Hornogeneous transformation

matrices between (,b) (-120°,+140°) extended strands is also an essay to -sheet

construction [14.15]. More reflned procedures are FOLDTRAJ [112,113], which uses

a Ramachandran probahility distribution for each of three-state secondary struc

ture in an off-lattice random walk. ROSETTA [114—117] proceeds by a simulated

annealing on fragment libraries biased by a scoring function to drive strands into

sheets. UNRES [118—121] combined with CSA [122—124] employ a sophisticat.ed

mix of genetic algorithm on united-residue random polypeptide chains and energy

minimisation steps. LINUS [125—127] makes usage of a Metropolis Monte Carlo

procedure in which extended chains are folded hierarchically, without anv force

field. TOUCHSTONE [128, 129] uses an on-lattice Monte Carlo exploration guided

by threading-based tertiary restraints.
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The major underlying theme behind ail these procedures is the formation of

/3-sheets by concatenation in 3D space of single strands. Also, many of them are

unable to express t3-sheet defects like /3-bulges or non-canonical H-bond ladders

between strands. Our method is a radical departure from previous cited methods in

that we do not attempt to build the /3-sheet by trying to assemble strands together

but. instead, we exploit the network of inter-strand H-bonded residues, as observed

in native protem folds, thus assembling the sheet in a strand-perpendicular fashion.

The method of construction of /3-sheets presented here is an effort to enhance the

qllahty of 3D structures produced by MC-$ym [14, 15], and posseses both quality

of precision and ftexihility, as showned hy our Jackknife experiment.

4.2 Methods

4.2.1 ,3-sheet topology graph

The ,8-sheet topology graph, G = (V E), is a directed planar graph where

V (vertices) is the set of residues forming the 3-sheet and E (edges) the set of

relations encoding for covalent and inter-strand H-bonds. Edges originate from the

N-terminal residue and end at the C-terminal residue. Edges are of four types

Type C is the covalent bond. Type H is the presence of at least 1 H-bond. Type

P is a 3-partner relation (without H-bond). Type HP is a 3-partner relation plus

the presence of at least an H-bond (i.e. type H + type P). The plana.rity of the 3-

sheet topology grapli bas a major argument; crossings between either two covalent

bonds, two H-bonds, or a covalent bond and an H-bond is sterically impossible, and

/3-sheets adopting the Moebius strip shape have not been observed yet. Example

of /3-sheet topology graph is given in Figure 4.1.

4.2.2 Sub-graph isomorphism algorithm

Graph isomorphism is defined as a one-to-one mapping between the vertices of

graph G1 and G2. Sub-graph isomorphism is finding ail isomorphisms of graph G1

in sub-graphs of G2. If graph G1 is a suh-graph isomorph of graph G2 then we say
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that G1 is included in G2, and we write G1 G2.

Sub-graph isomorphism is thought to be a NP-complete problem [86], and the
refore a computationalÏy expensive procedure. We decided to implement and adapt
the original Ullmann’s algorithm [19] because of it’s algorithmic simplicity of its
brute force approach. Direct utilisation of Ullmann’s algorithm leads to exponen
tial calculation time such that even small isomorphism problems with 20 vertices,
or /3-sheet residues, are beyond reach. Several optimisations were included in the
a.lgoritlml for efficiency auJ problem size issues. Ulïmann’s algorithm starts by
fihling an M x N matrix M0, where M is the size V of the projected graph G
auJ N t.he size V,, of the host graph G,.. A 1 at position [i][j] in M0 indicates

that, a-priori, considering only the out and in degrees of G and G,. for ail types

0f edges, residue i of G can be mapped to residue j in G,.. Diagonals in this M0

matrix can be interpreted as the mapping of strands from G onto the strands of

Gh. Thus, as a first optimisation, if a diagonal contains at least a 0, that is, there

O are no possible mapping of residue i of G on residue j of G,., then we zero-out

the full strand mapping in M0, thus reducing the number of possible a-priori re

sidue mapping. The next optimisation takes into account the fact that edges in

the topology graph are from N-terminal to C-terminal; any partial permutatioll of

graph mapping that leads to an edge from C-terminus to N-terminus is discarcled,

thus pruing entire sub-trees in the mapping search space. These two optimisations

open the possibility of considering sub-graph isomorphism problems with graphs

that contain hundreds of residues in few seconds of CPU time. An example of the

application of the sub-graph isomorphism algorithm is given in figure 4.2.

4.2.3 /El-sheet databases

A database of ail /3-sheet backbone atoms 3D coordinates with their correspon

ding 3-sheet topology graph has been buiit. $econdary structure assignments were

made using the DSSP program [20]. Source proteins come from the PDB select
25 (april 2002 version). Residues fr0111 the same -sheet are identified by DSSP,
and thus our definition of -sheet is the same as DSSP. The covalent type relation
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(type C) is inferred from the consecutive PDB residue numbers. An H-bond (type
H) is prescrit if it’s value is lower or equal to the arbitrary eut-off of -1.5 kcal/mol.
H-bond energies are given by D$SP. The /3-sheet partners relation (type P) are
aiso given by D$SP. Finally, if type H and P are observed for a given pair of resi
dues then type HP is used. The ,8-sheet database contains 2773 t3-sheets. From the

t3-sheet database each pair of H-bonded strands are extracted to form the j3-sheet
strand pairs database. This database holds 8318 pairs of strands. One should note
that pairs of strands are sub-t3-sheets, and thus are also expressed in the topology
graph paradigrn presented here.

4.2.4 8-sheet Builder

A computer program has been made to explore the conformational fiexibility of
-sheets. It takes as input a 3-sheet topology grapli, like the one as in Figure 4.1,
and produces t3-sheets, that respect ail the prescribed relations (covaient bonds,
H-bonds, /3-sheet partners, etc.) from the input graph, as 3D atomic coordinates
for ail heavy backbone atoms. Here are the steps taken by the program from input
ta output

Step I Read the t3-sheet topology graph. The graph is encoded as an ad

jacency matrix, using the proper type definitions (C, H, P, HP) introduced

earlier. The sequence is also specified for each ainino-acid in the t3-sheet for

use in the output PDB files. For exanipie, suppose that the /3-sheet builder
program has been given the grapli of Figure 4.1 as input, which is a mixed
parallei/anti-parallel /3-sheet.

Step II Spiit the /3-sheet topology graph in pairs of H-bonded strands.

A 3-sheet of N strands will have N-Ï pairs of strands, except for the special
case of -barrels, where there are N pairs (note that -barrels are not treated

by the program). We thus obtain N-1 sub-graphs, G, one for cadi pair of
strands. Figure 4.3 is an exainple of a spit from the graph of Figure 4.1. One

should note that each pair of strands is anchored to another pair by sharing

O a common stra.nd. In a 3-sheet of N strands there wiil be N-2 shared
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The strand $3 of Figure 4.3 stands as the common shared strand.

$tep III Read the database of 3-sheet strand pairs. For each pair G

read, use the modified sub-graph isomorphism algorithm to see if

G cE G. When the condition G C G is met, that means we can use the

3D atomic coordinates of the -sheet strand pair G as a solution for the

strand pair G. For each of the N-1 graplis G we coliect ail G, and their

corresponding 3D atomic coordinates, such that G Ç G, thus fihling a set

{ G} {G’, G2,.. .} of 3D structures. A 3D structure for a given pair of

strands G is inserted in the set {G} only if it is different enough, in RIVISD,

from ail the structures already in { G }. This ensures that the program does

flot waste time in building sheets that are similar in RIvI$D. The set sizes can

also be fixed to an arbitrary value, say 100. For example, the program might

assign a 3D structure for pair Pi of the graph of Figure 4.3 like the residues

AÏ03-A107 and A194-A198 of PDB code 1KLQ (see Figure 4.4a). The 3D

structure of pair P2 could be like the residues G184-G1$8 and G141-Gi45 of

PDB code 1Q$G (see Figure 4.4b).

$tep IV Backtrack to generate ail possible {G1} x {G2} x• x {GN_1} 3D
configurations. Given that the strand pairs G and G+1 share a common

strand, each configuration wili recluire N-2 strand pair fusion, narnely G1

with G2, G2 with G3, ..., GN_2 with GN_1. Once ail strand pairs of the

input t3-sheet have been assembled, the final 3D coordinates are printed in

the PDB file format. The fusion process needs further explanations for

example, if the program proceeds to a fusion of pair Pi to the pair P2 of

Figure 4.3, it first aligns $3 of Pi onto $3 of P2. The ahgnment that uses

both 3D structures selected at $tep III, is a procedure in which a spatial

transformation is caicuiated to minimize the RIVI$D of ail impiicated atoms.

The assembiy is rejected if the RM$D of the ahgned strands is higher than

a threshold. Here, the RIv1$D of the alignment is 0.48 À (Ca only). The final

assemhly has too many resiclues in S3; those from Pi and those from P2. We

keep in the final structure the pair of residues that are H-bonded. Thus, the
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following residues are kept to form the strand $3, residues 123 to 127 are,

respectively, A194, G185, A196, G1$7, A198 (residues from chain A are from

PDB code 1KLQ, those on chain G are from 1Q$G). The final assembly is

showned in Figure 4.5. Residues can be renumbered to the specifications of

the final graph (Figure 4.1). Since the fusion process is fairiy CPU intensive

and that it is done within a backtrack, this step is by far the rnost time

consuming.

4.2.5 Peptidic bond

The co;nrnon strand fusion process of the -sheet builder introduces deformation

of the peptidic bonds along the resulting fused strand. The deformation affects the

peptidic bond length and valence and torsion angles. For example, in Figure 4.5,

peptide bond lengths are 1.16 À from A194 to G185, 1.04 À from G185 to A196,

1.60 À from A196 to G1$7 and 1.35 À from G187 to A198. The -sheet program

defines a cut-off value over which the RMSD of the resuiting fused 3D structure

is rejected, thus controling the departure from ideal peptidic bond length, valence

and torsion angles. An energy minimisation step should be perforrned once ail sicle

chains have heen added to the -sheet along with the loops and helices to complete

the protein rnodei.

4.2.6 Jackknife

The /3-sheet database has a total of 1687 3-sheets in which we can find at

least 10 residues. Ail these sheets where subject to reconstruction using the /-
sheet builder under a Jackknife condition [49]. The Jackknife forbids the usage of

the 3D structure of the -sheet X when trying to rebuiid it, otherwise we wouid

aiways have a perfect reconstruction. The quality of common strand alignment

RMSD has been fixed to 0.5 À. A time limit of 1 hour is allocated to the backtrack

algorithm ($tep IV). Backtrack set {CJ sizes where limited to 100; the crystai

structure vas not used to select candidate 3D coordinates, instead, the first 100
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structures selected by the sub-graph isomorphism algorithrn were used. This has

for consequence that the search tree has at most 102x(I) leaves for a /3-sheet with

N strands. 3D structures in a given backtrack set {G} where at least 0.65 À from

each other. The database contains 7783 pairs of strands. As an indication of the

coilformational space addressed by the /3-sheet builder and its database, the worst

and best RIvISD (ail heavy backbone atoms), with respect to the crystal structure,

for each /3-sheet reconstruction bas been kept. Since the backtrack search tree sizes

have been reduced from many orders of magnitude for time concerns, a procedure

which would not mimic the use of the program in the context of an unknown 3-

sheet, the hest RMSD values could, in theory, be improved, and the worst RM$D

worsened. The best RMSD is a measure of how precise (Figure 4.6a) is the 3-sheet

builder and its database. It is also an indication of how similar are pairs of strands

in PDB Seiect 25 under the Jackknife condition. On the other hand, the worst

RIV1$D is a measure of the ftexibility (Figure 4.6b) of /-sheets encoded in pairs

of strands, the deviation from the crystal structure is solely 3D since the 3-sheet

buiider aiways produce -sheets from the saine topology graph, i.e. preserving the

relation types C, P, H and HP, between pairs of residues.

4.3 Resuits And Discussion

4.3.1 Rebuilding /3-Sheets of the PDB

A total of 6 CPU days were needed to complete the Jackknife task on Intel

Pentium III ciass running at 650 Mhz. From the 1687 /3sheets, 1190 (70.6%) have

at least 1 solution. From these, 23 (1.4%) reached the 1 hour run-time limit, but

were able to produce solutions. Mean calculation tirne is 3 minutes 20 seconds (with

standard deviation of 9 minutes 30 seconds). 1174 (69.6%) have a best RIVISD under

3.0 À whule 16 (0.9%) have a best RMSD greater than 3.0 À. Thus, 99% of the

/3-sheets that had solutions are under 3.0 À from the crystal structure. The mean

best RMSD is 0.97 À with 0.57 À of standard deviation. A visual inspection of the

crystal structures for which the best RMSD was higher than 3.0 À point to the
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fact that several strands have a pronounced (within 1 residue) orientation change

greater than 600 (some up to 90°), as in the case of PDB 1BY2 residues 16 to 23,

1FGY residues 267A to 274A, ÏNBC residues 74A to 85A, ÏHZT residues 62A to

68A, 3VUB residues 30 to 3$, 1KOS residues 97A to 105A, 1FJR residues 163A to

171A, 1GLV residues 67 to 76 and 1DFM residues 82A to $7A. Figure 4.7a shows

an example of a sharp orientation change. The greatest best RMSD, 5.76 À, is for

the 3-sheet of PDB code 1A$D between residues 275 and 424. 3CLA has a strange

pair of strands which seems to be partially unzipped (residues 90 to 97 and 144 to

150), as in Figure 4.7b. The Figure 4.9 shows a typical example of precision of the

rebuilding method.

Figure 4.8 shows the distribution of best RMSD for the 1190 rebuilt /3-sheets

under the Jackknife condition. As rnost as 90% of the distribution lies within the

upper bound value of 1.5 À. 99% of the distribution is reached at 3.0 À.
No solutions were obtained for 497 (29.4%) -sheets. Several reasons explain

Q why some ,6-sheets cannot be

1. A pair of strands in the /3-sheet is unique, either by the length of the strands,

inter-strand H-bond pattern. /3-bulges, etc. This yields a backtrack tree size

of 0, since this pair will have no other associated 3D structure. 168 (10.0%)

/3-sheets have unique pairs in the database.

2. A pair of strands in the /3-sheet is rare, thus resulting in few 3D strtictures

for that pair and eventually leading to zero solutions. 246 (14.6%) of ,6-sheets

have at least a particular pair.

3. The backtrack algorithm was allowed a 1 hour run-time. 1 (0.06%) 3-sheet

didn’t produce solutions within the 1 hour limit.

4. The 3-sheet builder does not build -barre1s. 82 (4.9%) 3-sheets in the data

base are 3-barre1s.
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4.3.2 Rebuilding a t3-Sheet of Novel Topology

In order to asses the power of OUf method we have proceeded to the rebuilding

of a 3-sheet of novel topology from a protein called TopZ [98]. Indeed, we have

not found in our database of 3-sheets this topology. $ince the t3-sheet builder

decomposes the whole sheet to rebuild in pairs of strands, the global topology

of the sheet does riot restrict the performances of the builder. Figure 4.10 shows

the 579 three-dimensional models for the [3-sheet of the TopZ protein. The closest

solution from the crystal structure is 1.00À. Each solution is different from one

another of at least iÀ. The initial backtrack search tree size was 8 x 1013 and took

approximately 13 hours to complete on an AMD64 class running at 2.2 gigahertz.

4.4 Conclusion

A database of all 3-sheets backbone heavy atom 3D atomic coordinates along

with their corresponding 3-sheet topology graph has been made. From it, a data

base of ah -sheet strand pairs backbone heavy atom 3D atomic coordinates along

with their corresponding -sheet topology graph lias also been made.

A /3-sheet topology graph is then feU to the /3-sheet builder program. The -

sheet topology graph is flrst divided in pairs of adjacent strands. Each pair, which

are themselves graphs, is then associated to a backtrack set of 3D structures that are

selected through the modified Ullmann’s sub-graph isomorphism algorithm. With

the help of a backtrack algorithm, the 3D structures of each pairs are assembled in

space along their common strand. A eut-off quality pararneter can be specified to

reject assembhies that have a high RMSD between the 3D solutions of the sha.red

strand. $pecial care is taken to preserve the correct H-bond ladder between adjacent

strands by retaining H-bonded residues of each pair to form a unique common

strand.

For PDB select 25, 70% of 3-sheets, with 10 or more residues, have been rebuilt

under the Jackknife condition, of which 90% are under 1.5 À from the crystal

structure. Thus, our method of construction seems appropriately accurate for De
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Novo protein construction and sketching. On the other hand, the worst RMSD

Figures indicate the extent of the conformational search space addressed by the

method.
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Figure 4.1 — Hypothetical -sheet topology graph. Strands are $1 [95, 99], $2 [108,
112] and $3 [123, 127]. $trand $1 is parallel to $3 while $2 is anti-parallel to $3.
Covalent bonds are depicted with type C links, H-bonds with type H, j3-partner
with type P and type HP for type H + type P. Notice the difference in the H-bond
patterns between the parallel strands and the anti-parallel ones.
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Figure 42 — Graph G1 has 2 isomorphic solutions in G2. Solution 1 maps residues

{11, 12, 13, 21, 22, 23} of G1 onto residues {121, 122, 123, 132, 133, 134} of G2

respectively. Solution 2 maps residues {11, 12, 13, 21, 22, 23} of G1 onto residues

{112, 113, 114, 131, 132, 133} of G2 respectively. Note that vertices of type P in

G2 do not prevent the isomorphism algorithm of finding soliltions.
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Figure 4.3 — The spiit of the -sheet topology graph of Figure 4.1 as described in
step II. Two pairs of strands, Pi and P2, are created. Pairs Pi and P2 share a
common strand, $3.
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Figure 44 — 3D structures associated to the /3-sheet topology graphs. H-bonds are
depicted with dashed unes. Atornic colouring scheme is as follow bine for nitrogen,
red for oxigen and black for carbon. figures were produced with Molscript [130]
and Raster3D [131]. a) The 3D structure of the pair Pi chosen at step III. Residues
A103-A107 and A194-A198 are from PDB code 1KLQ. b) The 3D structure of the
pair P2 chosen at step III. Residues G184-G188 and G141-G145 are from PDB
code 1QSG.
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Figure 4.5 — The 3D structure of the ,3-sheet afrer of the final assembly, following
step IV.
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figure 4.6 — Display of the precision and ftexibility of the /3-sheet builder. Target
3-sheet is from PDB code 1TML, between residues 40 and 256. This [3-sheet lias
30 residues distributed in 7 strands. a) Example of precision. Crystal structure
lias light grey cylinders while best RMSD (0.83 À) structure lias dark grey ones.
Strand ribbons are pictured for the crystal structure. b) Example of ftexibility.
Crystal structure is in red whule the worst RIVI$D rebuilt structure is in blue. Botli
structures are aligned along the strand 40 to 42. The high RM$D (7.88 À) cornes
from the fact that the rebuilt structure chooses a differellt path as soon as the third
strand from the top.
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Figure 4.7 — iwo examples of I5-sheet irregularities that account for high RIVISD
in rebuilt structures. a) Side view of strand residues 16 to 23 of PDB code 1BY2.
This strand has a sharp orientation change at residue 18. b) Top view of strands
residues 90 to 97 and 144 to 150 of PDB code 3CLA. The strands seem partially
unzipped, as depicted by the interruption of the H-bond ladder (dashed unes).

0 88

16

q

23

(a)

o

o



89

500

450

400

350

300

250

200

150

100

50

o

Figure 4.8 — Distribution of the best RIvISD for the 1199 rebuilt -sheets under the
Jackknife condition. Histogram classes are 0.25 À wide. Values in abseissa are the
upper bound for each class. The last class at 3.25 À contains the count of j3-sheets
with best RMSD > 3.00 À. As most as 90% of the distribution lies within the upper
hound value of 1.5 À. 99% of the distribution is reached at 3.0 À
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Figure 4.9 — Stereo view of the Cc trace of a rebuilt 3-sheet usirig the Jackknife
method. The /-sheet is from PDB code 1EIO. The /3-sheet is composed of 74
residues distributed lu 10 strands, in a quasi-barrel fashion. The crystal structure
is in black while the rebuilt structure is in light grey. The RMSD is 1.34 À for ail
heavy backbone atoms. The Figure was produced with the help of Molscript [130]
and the strereo3d program of the Raster3D [131] package.
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Figure 4.10 - 3-D models of the L-sheet in protein TopZ. The 579 solutions obtained
by the B-sheet builder are shown in -carbon traces. Each sheet is distant from
one another of at least lA. Using the residue numbering scheme of PDB file 1QYS.
the strands are 6-12 in cyan, 15-21 in blue. 47-53 in green. 78-84 in red and 87-93
in yellow. Ail B-sheets are aligned on the strand 15-21. which is the N-terminal
border strand. The other border strand. the C-terminal 78-84. is in red. a) A view
from the top where the N-terminal strand cari be viewed. b) A view from the top,
1800 from a. c) A front view. where residue 15 is closest to the viewer. d) A front
view, where residue 21 is closest to the viewer.
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CHAPITRE 5

A NEW CATALOG 0F PROTEIN 43-SHEETS

Marc Parisien and François Major

Département d’Informatique et de Recherche Opérationnelle,
Université de Montréat, CF 6128 Succ. Centre- Ville,

Montréat, Québec, Canada H3C 3J7

Systematic protein folding studies depend on protein three
dimensional structure annotation, the assigument of amino acici struc
tural types from atomic coordinates. Significant stabilizing factors bet
ween adjacent /3-sheet peptide chains have recently been characterized
and were not considered during the development of previously publi
shed annotation methods. To produce an accurate 3-sheet domain
catalog and to encompass the full /3-sheet spectacle, we developed a
mcthod, /3-Spider, which evaluates a packing energy betwecn adjacent
pcptide chains in accordance with the newly discovered stabilizing fac
tors. While considering important energetic factors, our approach also
minirnizes the use of subjective criteria, sucli as (, ‘) boundaries and
sets of H-bonding motifs that are used in other existing methods. As a
resuit of the application of /3-Spider to a set of available higli-resolution
X-ray crystal structures, we present here a new /3-sheet catalog that
differs considerably from the one produced by the most acclaimed
DSSP method. The catalog includes new H-bonding motifs that were
neyer reported.

M Parisien and F Major. A new catalog of protein /3-sheets. Proteins,
61 :545-558, 2005. (c) 2005 Wiley-Liss, Inc.
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5.1 Introduction

Accurate secondary structure assignment (annotation) from protein atomic co

ordinates is of utmost importance for the understanding of the protein folding plie

nomenon. In the hopes that one day secondary structure prediction from sequence

data will be a problem of the past, secondary structure annotation is widely used

in the development of secondary structure prediction rnethods 1132—135] (cf. Ab

Initio methods, such as UNRES [118—1201 and ROSETTA [114—116], and protein

classification systems, such as CATH [136, 137] and SCOP [56]).

Particularly difficuit is the annotation of /3-sheets. The formation of hydro

gen bonds (H-bonds) between the backbone CO and N-H groups bas led to the

theoretical prediction by Pauling anci Corey [11] of -sheets, a regular network of

H-bonds between adjacent peptide chains. The prediction of j3-sheets was proposed

shortly after the precliction, by the same group and Branson [2], of two H-honding

motifs within a single chain : the 3.7-residue helix (a-helix) and the 5.1-residue

lieux (n-helix). The ,B-sheet model has been confirmed experimentally more than

a decade after its publication [138], but the moclel did not include the twist and

shear tliat were observed in t3-sheet folds.

Among the several atternpts to delineate protein t3-sheet regions from atomic

coordinates, one can find purely geometrical methods based on constraints defi

ned by C-C, distances and (, ‘/) patterns, sucli as DEFINE [139], P-$EA [140],

xtlsstr [141], STICK [142] and VoTAP [143], mathematical approacbes such as P

Curve [144], pattern matching methods based on the identification of geometrical

H-bonding templates, such as DS$P [20] and D$SPcont [145, 146], or hybrid me

thods based on both geornetrical constraints and H-bonding templates, such as

STRIDE [147], in which tlie authors use the angles as a geometric guide.

Protein -sheets exhibit a great geometrical flexibility [83], expressed in the

sheet twist and strand shear [4, 82] and curi. Their precise annotation is thus far

more complex than that of o-helices, and is more subject to discordant anci mac

curate findings [14$]. /3-sheets depart from planarity, and thus may be invisible to
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automated identification methods that rely solely on geometrical features. As a re

suit, currently availabie secondary structure annotation methocis produce improper

/3-sheet information, as they yield to fragmented dornains and erroneous edges, and

they often even miss complete t3-sheets. Automated /3-sheet annotation methods

are so inaccurate that many researchers avoid their use in protein structure stu

dies. The DSSP algorithm was explicitely mentionned as the secondary structure

determination method in oniy 14 ont of the 811 protein chains in the culled PDB

Select 25 database.

The individual amino-acid /3-sheet propensity has been shown to be due to local

steric interactions between the side and main chains [149], which set the backbone

and ‘?!.‘ angles so that their carbonyl oxygen and amide hydrogen atoms get expo

sed to the formation of H-bonds. The distribution of amino-acids in -sheet regions

identified with the canonical H-bonding motifs differs from that of amino-acids in

proteins [96, 97], which is the foundation of the Chou-Fasman secondary structure

prediction algorithm [132]. However, the inclusion of non-canonical H-bonding mo

tifs in /3-sheet regions steers the distribution of amino-acids in /3-sheets towards

that of amino-acids in proteins, which profoundy impacts 3-sheet prediction from

sequence, a.nd partially explains the relative failure of the Chou-fasman and alike

algorithms.

The resuits of recent studies indicated that more than the backbone H-bonds

contributes to the stabulity of adjacent peptide chains in the formation of a 3-sheet.

Notably, the C=O . . CrzO electrostatic dipole energy lias been estimated to be at

the same order of magnitude than that of an H-bond [21, 150]. The bifurcated

CaH . . OrzC H-bonds also contribute to the stabilization of -sheets [82, 151—

155]. In this regard, a significant proportion of the inter-chain backbone energies

are not considered in the electrostatic H-bond terms employed in most /3-sheet

autornated annotation methods.

Three hydrogen bonding patterns defineci by Pauling et al. [3] (sec Figure 5.1)

are largely used in the identification of /3-bridges, and therefore used in ahuiost ail

automated /3-sheets labeling methods. For instance, the program STRIDE [147], in
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addition to identifying these three patterns, considers the anti-parallel bridges of

type III H-bonding pattern (see Figures 5.4e and 5.4d in the Frishman and Argos

article [147]).

In general, when at least two inter-chain backbone H-bonds are found, one can

conclude in the formation of ,8-sheets. A problem is that many of these patterns

contain less than two H-bonds, and others, even though sharing at least two H-

bonds, do not match the canonical templates of largely used programs such as D$SP

and STRIDE. The usage of a better H-bond definition, as proposed by Wade and

coworkers [156] and used in STRIDE, is not the solution as it does not account for

the C=O C=O and CHc•• O=C binding forces.

We introduce here a new algorithm, 3-Spider, which detects protein /3-sheet

domaills from protein atomic coordinates. During the development of /3-Spider, we

considered the combination of simple geometrical criteria, in addition to a non

bonded energy evaluation that verifies the /3-sheet formation propensity of two

adjacent peptide chains. The algorithm does not rely on calculations nor

on canonical H-bonding template matching (such as DS$P). The algorithrn is im

plemented in a computer program which processes input PDB forrnatted files to

output the PDB SHEET records that correspond to the findings of the algorithm.

An online version is available at http ://www-lbit.iro.umontreal.ca/bSpider/.

5.2 Resuits and Discussion

In the development of the /3-Spider algorithm, we considered three parameters

to decide whether a residue is part of a /3-sheet or not 1) the C-C distance

(residue centers not too far from each other), 2) the C-C-C-C torsion angle

(residue side-chains point in the same direction), and 3) the non-bonded energy

between the adjacent peptide chains (the chains are glued together). The eut-off

values for these parameters were chosen at the 99.5 percentile of their distribution,

plus an additional 5% to capture the essential sampÏe population. Although each

eut-off value is an extremum, the concerted usage of the three provides useful the
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identification of beta-sheet partners and domains.

The resuits described and discussed below are independent of the X-ray resolu

tion, as we appiied the method to six different resolution structures. Worth noting

is that both computer programs, DS$P and /3-Spider, exhibit the same trends as

the X-ray resolution varies (see Supplementary Materials). Here, to sirnplify the

discussions, we built a database of the most stringent structures, those at 1.6 À
resolution, and we compared the resuits obtained with D$SP and /3-Spider.

We define that a /3-sheet identified by DSSP is mapped by /3-Spider if at least

one of its residues is found in a /3-sheet identified by /3-Spider. Using this definition,

ail DSSP /3-sheets are mapped by /3-Spider. Similarly, at the strand level, ail but

one DSSP /3-strands are mapped by /3-Spider (see residues 16 anti 17 in 1MJ4

chain A). Finally, at the residue level, 84 DSSP /3-sheet resiclues are not mapped

by /3-Spider (see Table VI in Supplementary Materials).

The geometrical cut-off parameters were chosen from their distributions in the

three canonicai H-bonding motifs I, II and III (see the motif definitions in Fi

gure 5.1, and the distributions in figure 5.2). For the C-C distances we have the

means [ti 4.5À, tii 5.2À, and iiii = 4.8À. The cut-off value was fixed a.t

6.2À, which is Z = 4.3 standard deviations from the distribution that has the grea

test mean (distribution II) (sec Figure 5.2a). For the C-C-C-C torsion angles

we have the means tj = —36.5 degrees, tj = —10.6, and ,uj = —22.9. The cut-off

values were fixed at -128.0 and +68.4 degrees, and the corresponding Z-scores are

-3.6 and 4.3 (see Figure 5.2b).

The energy cut-off value of /3-Spider has also been chosen from the distributions

of the Coulomb electrostatic and van der Waals energies founcl in the three canoni

cal H-bonding motifs I, II and III (see the motif definitions in Figure 5.1, and the

distributions in figure 5.2). The major energy contribution comes from the Cou

lomb electrostatics (means ,uj = —13.9, ujj = —11.3 and ujj = —12.1 Kcai/mol

for Coulomb (Figure 5.2d) compared to ,uj = —6.0, tjj = —5.1 and ,ujjj —5.4

for van der Waals (Figure 5.2e)). The cut-off value of -8.2 Kcal/mol is thus at 1.9

standard deviations away from ijj (Figure 5.2c), for which there is no linear cor-
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relation between the Coulomb electrostatics and the van der Waals energies either,

and as indicated by poor Pearson’s correlation coefficients; R = 0.06, R = 0.57

and R 0.14. Furthermore, there are no correlation between the total energy

E and the distance between the Cas; = 0.01, R 0.01 and RH = 0.04 (see

Figure 2 in Supplementary Materials).

It is worth noting that the values of Motif III, the parallel bridge, are between

those of Motif I, the anti-parallel open ring, and those of Motif II, the anti-parallel

closed ring, in ail dimensions reported in Figure 5.2 (Cc-Cc, distances, side-chain

directions, Coùlomb electrostatics, and van der Waals energies).

The relative energetic contributions of the C=O• ‘• C=O dipoies, the C=O . . H-N,

and C=O• . HCc H-bonds have been put into contrast to the total energy E (see

equation 5.12 in Materials and Methods), as shown in Figure 5.3. In ail three ca

nonical H-bonding motifs, the C=O . C=O energy contributions are greater than

zero, and thus participate significantly to the stabilization of adjacent strands (they

have the same arithmetic sign as the total energy). Aiso, the C=O . . C=O compo

nents are in the same order of magnitude as the standard H-bonds C=O . . H-N, as

noted by Milner-White and colleagues [21,150], even though they used a different

van der Waals and partial charges assignment [157,158], and is particulariy truc in

the parallel motif configuration. For the anti-paraiiei ciosed ring the C=rO.. H-N

H-bonds component must compensate for the destabilizing C=O . bonds,

as shown by the high percentages (over 100%) of the former, and the low percen

tages of the latter (below 0% or opposite sign of the total energy). Figure 5.3d

shows the resuits of the three previousiy discussed curves for tri-peptides forming

H-bonds, independently of the strand orientations.

D$$P finds 38181 residues in 5766 /3-strands that forrn 1700 /3-sheets, whereas

/-Spider finds 64560 residues (an increase of 69.1%) in 8401 /3-strands (an increase

of 45.8%) that form 2088 3-sheets (an increase of 22.8%). In comparison, DSSP

finds an average number of 22.4% 3-residues per protein, whereas /3-Spider finds

an average of 30.9% /3-residues per protein. Aithough the numbers of /3-sheets

identified by /3-Spider is 388 more than the number of /3-sheets found by D$SP,
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/3-Spider lias actualiy found 827 new /3-sheets, i.e. sheets in which no residues are

marked in the state ‘E’ by D$$P. Given that the number of new /3-sheets is much

greater than the difference in reported annotated sheets by both methods, we are

in face of the fact that several /3-sheets reported by DSSP are smaller in size, and

were combined in single larger ones by /3-Spider; in other words, DSSP fragments

the actual /3-sheets in many independent ones. Among the 64560 residues found

in /3-sheets by /3-Spider, 10.3% are /3-edges and 4.5% are /3-bulges. /3-edges are

/3-neighbors that satisfy the geometricai criteria, but not the energetic one. /3-edge

residues are often found at the beginning and end of /3-strands, as two strands

merge into, or spiit from, a /3-sheet. Note that our definition of /3-bulges differs

from that of DSSP (see Step 2 of the algorithm in $upplementary Materials).

The variety of H-bonding patterns between adjacent tri-peptides is shown in

Table 5.1 80% of ail observed motifs adopt one of the three canonicai motifs, defined

in DSSP. However, more than 10% are missed by DSSP because they adopt non

canonical anti-parallei motifs, and more than 17% are missed by DSSP because

they adopt parallel non-canonical motifs. As much as 45% more /3-strands were

uncovered liv /3-Spider compared to D$SP. 2783 arriong 8404 (33%) /3-strands are

new /3-strands, i.e. strands in which no residue is found in the ‘E’ state by DSSP,

and thus contribute to the formation of newly identified /3-sheets or define new

/3-sheet edges. Figure 5.4 shows new /3-strands that were identified by /3-Spider in

/3-sheets that were identified by DSSP. Table 5.2 shows the longest /3-strands that

were not detected by DSSP, but adds to /3-sheets aiready detected by DS$P. The

largest new /3-sheet found by /3-Spider is in the chain A of 1G66, and contains

25 residues distributed in three /3-strands : {134,138}, {148,155}, and {173,184}.

Many /3-strands that were added to the /3-sheets captured by DSSP now define

new /3-sheet edges. We would find instructive to revisit the works described by

Richardson [101] and Westhead [135].

Consider the /3-helix in protein 1K5C (chain A), where we noticed a significant

difference in the numbers of residues identified by DSSP, 177, versus /3-Spider, 275.

The main difference comes from t.he fact that /3-Spider annotates the whole /3-helix
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as a t3-strand, whereas D$$P captures only the residues on the fiat faces of the

helix. Interestingly, the 3-sheets of DS$P hosting the greatest number of strands

are 3-he1ices (see for instance 1K5C and ÏDAB)

Our ,8-sheet catalog contains 3-strands that, on average, are more tha.n one

residue longer than the DSSP catalog, whereas the 3-sheets, on average, contain

almost eight additional residues. In our database of high-resolution structures, for

DSSP, the average number of residues per /3-sheet is 22.4 residues, whereas it is

30.9 for a-Spider (an increase of near 38%). Note that when analyzing the /-
strand lengths, /3-sheet sizes, and /3-sheet residue content (the fraction of residues

involved in /3-sheet per protein), we observe the same distribution shapes between

D$$P and /3-spider, however a small shift up can be noticed in the /3-Spider

(see Supplementary Materials).

The detection of new /3-strands has a profound impact on automatic protein

fold identification. Consider the high-resolution X-ray crystal structures ÏJUB and

1H16 (Figure 5.4e and 5.4d). The fold of 1JUB and 1H16 is the /3-barrel. However,

this fold could not have been detected as sucli by using the assignments macle by

DSSP. Note that in both CATH (version 2.5.1 - released January 2004) [136, 137])

and SCOP (version 1.65 - December 2003) [56]), the PDB file 1JUB has not yet been

classified, whereas 1H16 lias been correctly classified as containing the /3-barrel.

Chou and Fasman noted that the amino-acid content of c-helices and /3-slieets

differ, which constitutes the basis of secondary structure prediction [132]. Then,

Lifson and Sander observed that the amino-acid content in parallel and anti-parallel

/3-strands also differ [96]. In the context of our new /3-sheet catalog, the amino-acid

distributions were revisited. A total of eleven distributions were compared and are

summarized in Table 5.3. The PDB Select 25 distribution eau now he compared to

those found in the /3-sheets annotated by DS$P and /3-Spider.

Figure 5.5 shows a dendrogram resulting from clustering all distributions based

on the Kullback-Leibler amino-acid distance matrix (sec Materials and Methods).

Worth noting is the anti-parallel closed ring (Motif II), whicli with a distinctive

twist is found distant from the open ring (Motif I), also in the anti-parallel configu
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ration. The ciosed ring does not allow for the appearance of the proline amino-acid,

as the motif requires two backbone H-bonds whereas proline contains only one ac

ceptor. In one hand, the D$SP motifs are distinct and abound in the same direction

as previousiy noticed by Lifson and $ander [96]. On the other hand, the paraliel

and anti-parallel amino-acid distributions determined by /3-Spider are much doser

than those of D$SP. Also of great interest is the position of the amino-acid dis

tribution of PDB Seiect 25 (i.e. of proteins in general) which is rooted under the

/3-Spider tree and thus blur the specificity of amino-acids to /3-sheets. The amino

acid distributions from DSSP and /3-Spider are irreconcilable, given that a high

barrier partitions the laters from the formers (consider that ail D$SP distributions

are under one root). The /3-edge distribution, with a high content of PRO and GLY

residues, is distinct and can be the subject of further studies.

The relationship between the amino-acid distributions and the plot is

clear, as shown in Figure 5.6. First, the three canonical H-bonding motifs (Fi

gure 5.6abc), which with their stringent constraints to form at least two backbone

H-bonds, populate almost exclusively the /3 regions of the Ramachandran plot, and

have distinct amino-acid distributions. As discussed by Street and Mayo [149), it is

the side-chain steric hindrance that sorts the backbone angles resulting in the

exposure of the polar atoms of the main chain to form H-bonds. If we consicler the

CrO. H-N energies and ail backbone atom contributions, we get the (,ï/) plot

in Figure 5.6f (/3-partners only), where the c-helix and the L-c-helix regions are

more populated (the greyscale intensities have been log-scaled). The (,‘/‘) angles in

/3-sheets, as defined by /3-Spider, are now less indicative of the secondary structure

type.

5.3 Materials and Methods

5.3.1 Backbone Hydrogen Atoms

Two backbone H-atoms are needed for the various energy calculations : HN is

the H connected to the backbone amide, and H, is the H attached to the C. H-
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atoms are invisible to X-rays. We positioned them geometrically in the following

way. For HN

(5.1)

where the operator is the vector length. For H, we have the following

= (5.2)
- NiJ

= (c_ci
(53)

1.09 X sin(109.5°/2) X t (5.4)
P1xP2j

= 1.09 x cos(109.5°/2)
P + P2

(5.5)
+P2J

= i_15+r (5.6)

where the x operator between two vectors is the cross-product.

There are two special cases to consider; the proline amino-acid whicli has no

HN atom, and the glycine amino-acid which lias two HQ atoms

= (5.7)

HQ. Cj+F+I (5.8)

The positioning of the HN atom is fairly simple given that the nitrogen atom has

a sp2 orbital configuration. On the other hand, the tetrahedral atomic configuration

around the sp3 Ca atom and it’s stereo-specificity require a more sophisticated geo
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metrical Ha positioning. The hydrogen covalent bond lengths, valence and torsion

angles are taken from Amber [1591. For simplicity, we assumed the amide hydrogen

bond i parallel to the previous carbonyl bond i-1 (Equation 5.1). Consequently,

the torsion angle (Hi, N, Ci_i, O_) lias a value of 1800, as prescribed by Amber,

but the valence angles (Hi, N, C_,) and (Hi, N, Caj) are not exactly as prescri

bed by the force-field. It is noteworthy to mention that this amide hydrogen bond

configuration, except for the bond length, is also used in D$SP.

5.3.2 Energy Evaluation

The non-bonded energy has the same functional form as in the Amber force

field [159]. It uses a Lennard-Jones 12-6 for the van der Waals interactions and a

simple Coulomb electrostatics for the charged interactions. Thus, the non-bonded

energy E between atoms i and j separated by a distance Rjj (in À) is given by

p*12 R*6
E = *3 9*uJ -j- 332t (5 9u ‘ R’2 ‘ R6 Rii ii ta

The mixing fuies are E R = R + R. The parameters Q, c and R

are taken from Amber [159]. Since our force-field may not be the sarne as the one

employed in the protein structure refinement process, and the location of hydrogen

atoms are based on a geometrical, not an energetic, procedure, we reset the distance

Rjj to the optimal distance of approach, R, whenever R. Thus, the van

der Waals energy of a pair of atoms that are too close in space will not neutralize

the attractive Coulombic part.

From there, the non-bonded energy E hetween residues j and j is the sum over

all backbone atom interactions

E= (5.10)
{N,C. ,C,O,HN ,H. } {N,C. ,C,O,HN H0

which can be developed into
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E =

{C,O} {C,O}

Ê E+Z ZE+
{C,O} {H,N} {N,H} {O,C}

2

E+ (5.11)
{C,O} {Ha,Ccj {O,C}

3

This energy evaluation takes into account the two potential backbone N-H• . O=C

H-bonds (2) formed between the two residues, as well as the C=O C=O dipole

(1) and the bifurcated CaH••• O=C H-bonds (3). It is important to realize that

this energy evaluation is not the same as AAG [160]; here we calculate the energy

needed to separate the two adjacent peptide chains to infinity, without regards to

side-chain atoms. The N and C terminal blocking groups are not taken into account.

For simplicity, the protonated form of histidine, as well as the reduced forrn of cy

steine is used, as they show no major backbone partial charge differences between

their variant species. The side-chain atoms are not implicated in the energy evalua

tions sirice the /3-sheet phenomenon is thought to be the predominant interactions

of polar main-chain atoms [161]. Special attention is given to proline which has no

HN atom, and to glycine which has two Hc, atoms. Finally, the non-bonded energy

E between two sequentially distant tri-peptides {i — 1 i, i + 1} and {j — 1 j, j + 1}

is given by

E=Z (5.12)

These two tri-peptides are energetically favored if their non-bonded energy E

is smaller, or better, than a certain threshold EhreSho1d
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< (5.13)

which lias been determined empirically by inspecting the non-bonded energy E

distributions of ail residues j and j identified by DSSP fuie sets and fixed to -8.2

Kcal/mol (see Figure 5.2).

5.3.3 Geometrical Evaluation

Some authors [97, 162] use a geometrical evaluation procedure to identify the

-sheet regions in proteins. Here, we propose the use of sirniiar geornetrical features

to look for in potential /3-sheet regions. We have

-

<6.2À (5.14)

that is, the two C atoms are close in space and

—128.0° 68.4° (5.15)

Therefore, if we align the two Ca atoms, the projected angle spanned hetween the

two C atoms must be iess than a certain amount, thus making sure that these

C atoms point in the same direction. Since glycine lias no C atom, if one of the

two cornpared residues i or j is a glycine we make equation 5.15 be true. This is

different from the commoniy used rule

( -

. (c - c) 0 (5.16)

where the . operator is the vector scalar product. The difference between equations

5.15 and 5.16 lies in the fact that equation 5.15 measures a projected angle hetween

the two side-chain vectors, and thus does not captures the contribution along the

C-C axis, the local perpendicular to the 3-sheet strands direction.

Two residues j and j are geometrically favored if they satisfy both equations

5.14 and 5.15.
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5.3.4 t3-Sheet Definition

Four types of residues are defined in order to unmask the /3-sheet domains found

in a given protein 3-D structure. The residue types are used to identify potential

/3-sheet members. Here are the type definitions

1. 3-Partners(i, j) are two residiies i and j for which the energetic (equation 5.13)

and geometrical criteria (equations 5.14 auJ 5.15) are met.

2. 3-Edges(i, j) are two residues i auJ j for which the geometrical criteria (equa

tions 5.14 auJ 5.15) are met, but are energetically unfavored (equation 5.13

is not verified). This happens often for residues lying on straud edges when

the two adjacent peptide chains spiit to take different routes in the protein

fold, thus lowering the associated E energy.

3. /3-Neighbors(i, j) are two residues i auJ j that are either /3-Partners(i, j) or /3-

Edges(i,j), as they satisfy the geometrical criteria (equations 5.14 and 5.15)

in both cases.

4. /3-Bulges are small peptide chains for which both ends are /3-Neighbors. On

the non-bulged strand, the /3-Neighbors must be adjacent in sequence. thus

capturing a one-strand insertion of extra residues between two consecutive

/3-bridges. Bulges of up to three residues are considered.

The /3-sheet identification process is divided in three steps. Residues that are

part of Q-helices or /3-turns are not considered as potential /3-sheet residues. They

are identified in the PDB file under the sections HELIX and TURN respectively.

Step 1) The first step has for goal the identification of 3-Partners and r3-Edges

present in the protein folJ (pseudo-code of the algorithm in the $upplemen

tary Materials). Since ,8-Edges are Jefined after /3-Partners are identified, the

only resort of a strand to be part of a /3-sheet is to have at least one of its

residues to be energetically and geometrically favored (equations 5.13, 5.14

and 5.15).

Step 2) The second step identifies the /3-bulges, as it needs the completion of the

previous step for its success.



106

Step 3) The third step identifies the /3-sheet domains by recursively visiting ad

jacent /3-Neighbors and /3-bulges, and also the N and C-terminal residues

(i + 1). In order to remove ail single-residue strands from the t3-sheets we

must apply the two following rues until no further residues are deleted from

the -sheets

Rule 1) $ingle-residue strands are removed from the -sheets, as we expect

,8-strands to be composed of at least two consecutive residues. The /3-

Neighbors of these single-residue strands are thus updated.

Rule 2) Any residues that are left neighbor-less from the application of Rule

1 are also removed from the t3-sheets.

/3-Spider substitutes the PDB SHEET record from the input file with the newly

identified and correctly determined /3-sheet domains.

5.3.5 Amino-Acid Distributions

In order to compare the different amino-acid distributions found in t3-sheets

by either DSSP or /3-Spider we use the Kullback-Leibler distance KL(I, J) [90]

between two amino-acid partitions I and J, which is defined a.s

20

KL(I, J) lP log2 (5.17)
k k

where IPL is the fraction of amino-acid type k in distribution I. The sum is over ail

amino-acid types which sum to 20. Units are in bits. The Kullback-Leibler distance

lias the following properties

KL(I,J) KL(J,I) (5.18)

KL(I, J) 0 (5.19)

KL(I, J) = O ÷— I = J (5.20)
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The Kullback-Leibler distance is not necessarily symmetric (equation 5.18), aiways

positive definite (equation 5.19) and the KL distance wHl be O if and only if the two

distributions I and J are the same. The construction of the symmetric distance

matrix needed for the clustering is simply defined as

= rnax(KL(I, J), KL(J, I)) (5.21)

5.3.6 Protein Databases

A subset of the Protein Data Bank (PDB) [85] with no more than 25% of iden

tity iII sequence called PDB Select 25 [47] has been used. Six different versions of the

PDB Select 25 compiled by the Pisces server [84], in date of the 27th of April 2004, at

various X-ray resolutions, are exploited to mie ont the effect of X-ray resolutions on

the annotation quality. The sets of protein X-ray structures vary in resolution from

1.6 to 3.0 À. There are 811 chains in the most stringent set whuÏe 3083 are present

in the most relaxed set. Otherwise mentioned, the strictest data set at 1.6À of reso

lution lias been used for the varions statistics. In order to establish a common foun

dation among the protein files and accelerate the annotation, the helical residues

(o, u, 3-10) ideiitified by DSSP were not considered during 3-sheet identification.

We used the computer program dssp2pdb (http ://keres.colorado.edu/dssp2pdb/)

to replace the secondary structure annotations of the original PDB files.

5.3.7 H-Bonding Nomenclature

Multiple patterns of H-bonds can be found across two contiguous peptide back

bone chains. A nomenclature lias heen derived to descrihe unambiguouslv these

H-bolld motifs between two tri-peptides. H-bonds are directional and run from the

H-bond acceptor, the backbone C=O group, to the H-bond donor, the backbone H-

N group. From there, a given C=O group in a residue could potentially be involved

in at most three H-bonds with any three residues on the other peptide chain (we cx

clude intra-strand H-bonds). Thus, using a 0-1 notation for the absence or presence
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of an H-bond respectively, each residue require three digits to display ail the pos

sible C=O to N-H hnks. $ince a pair of tri-peptides contains six residues, we need a

grand total of 1$ digits for ail possible H-bond motifs. The digits are arranged into

six groups of three with each group representing a residue. For example, consider

the parallel ring in which the middle residue of one strand is H-bonded to the first

and last residue in the other strand (Figure 5.lc). For the first strand we would

have the foilowing digit pattern: 000-001-000, which indicates that the second resi

due (second group of digits) accepts an H-bond from the third residue (third digit

has a value of 1) on the other strand. The other strand would be represented by

the pattern t 010-000-000, that is, the first residue accepts an H-bond from the

second residue in the first strand. The resulting pattern is the adjunction of the

st.rand patterns t 000-001-000-010-000-000. The number of H-bonds is readily avai

iabie from the descriptor and is the sum of l’s ocdurring in the motif. Both paraiiel

and anti-parallel relative strand orientations are subject to symmetry-related digit

patterns. for example, the foliowing descriptor 010-000-000-000-00Ï-000 is also a

paraflel ring. Therefore, in order to obtain a unique descriptor for symnietry-relatecl

motifs we consider both the original descriptor and its sibling by swapping the re

sidues {i-1,i,i+1} {j-1,jJ+1} and keep the lexicographicaily srnaller descriptor.

The H-bond definition is the same as used in DSSP.

5.4 Conclusion

As Street and Mayo demonstrated, the amino-acid side-chain lias a direct in

fluence on the conformation of the backbone [149], which confirmed the observa

tion, by Chou and fasman [132], of preferred -b torsion patterns in o’-helices

and /3-bridges (motifs I, II and III). The favored amino acid conformations expose

the amide hydrogen and carbonyl oxygen atoms to adjacent chains, promoting

the formation of networks of hydrogen bonds in /3-sheets [11]. However, /3-sheets

adopt a variety of shapes, with sheared and curled strands, which are often less

extended than /3-bridges. Consequently, it is not a surprise to observe, in /3-sheets,
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amino acid and torsion angle distributions that differ from that of DSSP. In ad

dition to the CrrO. H-N hydrogen bonds, /3-sheets are composed of bifurcated

OC hydrogen bonds and C=O C=O electrostatic dipoles, as was also

shown hy Milner-White and coworkers [21, 150].

We therefore introduced a new algorithm, /3-Spider, to aniiotate the /3-sheets in

proteins. The algorithm is not biased towards specific H-bonding or -‘/ patterns.

The algorithm includes ail non-bonded stabilizing/packing factors between adjacent

/3-sheet peptide main chains. The resulting /3-sheet catalog differs considerably from

the one obtained using DSSP or any other existing algorithm. The new catalog

contains H-honding motifs that were neyer observed prior to /3-Spider. The new /3-

sheet amino acid and distributions are less indicative of the secondary structure

type than was previously believed.
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Anti-parallel

DSSP N ¾
Motif I (open ring)

001-000-000-001-000-000 532 3.40
001-000-000-001-000-100 2914 18.65
001-000-100-001-000-100 3816 24.43

Motif II (closed ring)
000-010-000-000-010-000 6429 41.15
000-010-000-000-010-100 23 0.15
000-010-000-000-110-000 142 0.91

13856 88.7

Parallel

DSSP N %
Motif III (parallel ring)

000-001-000-010-000-000 6462 80.68
000-001-000-110-000-000 143 1.78
000-001-001-010-000-000 12 0.15

6617 82.6

110

/3-Spider
000-000-000-000-000-000
000-000-000-000-000-010
000-000-000-000-000-100
000-000-000-000-001-000
000-000-000-000-010-000
000-000-000-000-01 1-000
000-000-000-001-000-000
000-000-000-001-000-100
000-000-000-010-000-000
000-000-0 1 0-000-001-000
000-000-010-000-010-000
000-000-010-000-011-000
000-000-100-000-001-000
000-000-100-000-010-000
000-000-100-001-000-000
000-000-100-001-000-100
000-000-100-001-01 0-000
000-000-100-010-000-000
000-000-100-01 1-000-000
000-000-110-000-001-000
000-000-110-000-01 1-000
000-010-000-000-100-000

N %
45 0.29
10 0.06
19 0.12
27 0.17

319 2.04
24 0.15

114 0.73
22 0.14
19 0.12
49 0.31
47 0.30

137 0.88
15 0.10
46 0.29

425 2.72
75 0.48
12 0.08
73 0.47
17 0.11
25 0.16
20 0.13

226 1.45
1766 11.3

/3-Spider
000-000-000-000-000-000
000-000-000-000-000-001
000-000-000-000-001-000
000-000-000-000-010-000
000-000-000-000-011-000
000-000-000-001-000-000
000-000-000-010-000-000
000-000-000-010-000-001
000-000-000-010-001-000
000-000-000-010-011-000
000-000-000-011-000-000
000-000-000-100-000-000
000-000-001-010-000-000
000-000-001-01 1-000-000
000-001-000-100-000-000
001-000-000-100-000-000

N %
21W 0.56
40 0.50

370 4.62
66 0.82
65 0.81
35 0.44

477 5.96
14 0.17
85 1.06
12 0.15
17 0.21
14 0.17
43 0.54
12 0.15
87 1.09
10 0.12

Total entries t 15622

ta)

Total entries 8009

(b)

Table 5.1 — The repertoire of H-bonding motifs ocduring in the 1.6À resolution PDB
$elect 25 database. The residues in the middle cross-strand pair are 3-Partners, as
they satisfy both the geometric and energectic criteria.. The residues in the flanking
cross-strand pairs are /-Edges, as they satisfy at least the geometric criteria. See
Materials and Methods for the definition of the H-bonding motif descriptor (the 01
vectors). H-bonding motifs under the D$SP sections are identified by DS$P and
a-Spider, whereas those under the ,8-Spider section are only detected by a-Spider.
N t the number of examples found in the database. In the motif descriptors, the
H-bonds sought by DS$P are shown in bold.

1392 17.4

C



PDB Strand Length

1JUBA 37-53 17
1UCSA 41-56 16
1QV9A 262-276 15
1OPIA 244-253 10
1OC7A 372-381 10
1FQTA 46-54 9
1H16A 270-278 9
1HXOA 63-71 9
1JNDA 296-304 9
1OCYA 388-396 9
1GP0A 1570-1577 8
1ISUA 43-50 8
1L5OA 307-314 8
1MKOA $3-90 8
1N1PA 314-321 $
YNC5A 204-211 8
1OF8A 339-346 $
1QHQA 4-11 $
1QHVA 498-505 $
1SX5A 177-184 $
2ENG 127-134 8
1A8D 256-262 7
lAQUA 165-171 7
1BQCA 267-273 7
1CRUA 259-265 7
1DCIA 112-11$ 7
1G5AA 149-155 7
1GA6A 330-336 7
1GTVA 30-36 7
IH12A 260-266 7
1HT6A 53-59 7
1JNRA 136-142 7
1JNRA 441-447 7
YJU3A 398-404 7
1JUBA 69-75 7
1JZ$A 274-280 7

ta)

PDB Strand Length

1KWOA 363-369 7
1LLFA 48-54 7
1N1PA 447-453 7
1PO5A 36-42 7
1QHVA 409-415 7
1RK6A 436-442 7
2ENG 144-150 7
1A8D 249-254 6
1GA6A 339-344 6
1GCI 264-269 6
1CXLA 1037-1042 6
1GKPA 447-452 6
YGSOA 348-353 6
1H12A 253-25$ 6
ÏH16A 345-350 6
1HXOA 45-50 6
1171A 12-17 6
1JU3A 413-418 6
1JZ8A 49$-503 6
1JZ8À 604-609 6
1KA1A 321-326 6
1LUCA 48-53 6
1LUGA 227-232 6
1LUGA 238-243 6
1M1NO 180-185 6
1NTHA 418-423 6
1NYKA 91-96 6
1071A 109-114 6
IO7NA 133-13$ 6
ÎOYGA 95-100 6
1QQ9A 238-243 6
1RK6A 473-478 6
1V6SA 22$-233 6
YYGE 205-210 6
3SEB 40-45 6

(b)

111

Table 5.2 — New /3-strands fourni in DSSP’s /3-sheets on the 1.6À resolution PDB
$elect 25 database. For each PDB structure, the inclusive 3-strand residue numbers,
as extended by /3-Spider, are given (Strand). a) New /3-strands of seven residues
or more. b) New ,8-strands of six and seven residues.
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PDB DSSP /3-Spider
Select 25 /3 I II III /3 Edge Bulge Partner Para Anti

ALA 7.7 6.7 6.4 6.8 6.9 6.9 6.6 7.7 6.9 7.4 6.4
ARC 4.9 4.4 4.6 5.1 2.8 4.4 4.1 5.4 4.4 3.1 4.5
ASN 4.6 2.8 2.6 2.3 2.3 4.2 4.7 5.2 4.1 4.1 3.9
ASP 5.8 3.1 2.6 2.8 2.5 4.7 6.2 7.5 4.4 4.2 4.3
CYS 1.8 1.6 1.8 1.7 1.6 1.7 1.9 1.1 1.7 1.8 1.7
CLN 3.9 2.8 2.9 3.1 1.9 2.9 2.4 3.8 2.9 2.2 2.9
GLU 6.7 4.3 4.5 4.6 2.7 4.2 3.8 7.2 4.1 2.7 4.0
GLY 7.1 5.2 3.4 6.0 4.7 9.2 11.8 6.9 9.0 13.9 13.7
HIS 2.3 2.4 2.1 2.6 2.3 2.5 2.3 2.8 2.5 2.5 2.2
ILE 5.7 9.6 9.0 9.0 13.3 7.0 4.7 4.7 7.4 8.7 6.3
LEU 8.8 10.0 10.5 9.0 12.8 8.3 6.9 7.4 8.5 9.2 7.8
LYS 6.3 4.5 4.5 4.7 2.7 4.6 4.2 6.1 4.6 3.2 4.5
MET 2.2 2.1 2.3 2.4 2.5 2.0 2.1 1.2 2.0 2.1 1.9
PilE 4.1 5.8 6.0 6.3 6.2 4.8 3.4 4.0 5.0 4.9 4.9
PRO 4.5 1.9 3.2 0.0 0.8 3.8 9.2 4.1 3.2 2.6 2.7
SER 6.0 5.0 4.8 5.3 3.8 5.8 6.7 7.0 5.6 4.8 5.4
THR 5.7 6.9 7.6 6.7 5.4 6.8 5.9 6.5 6.9 5.4 6.7
TRP 1.5 2.0 2.4 2.2 1.5 1.7 1.4 1.4 1.7 1.4 2.0
TYR 3.6 5.2 5.9 6.3 4.5 4.3 3.0 3.8 4.5 3.7 4.8
VAL 6.8 13.7 12.8 13.1 18.7 10.2 8.7 6.2 10.6 12.1 9.4

100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 5.3 — Comparison of amino-acid distributions in PDB Seiect 25 versus those
found in -sheets by DSSP and a-Spider ( columns). For DSSP, colurnns I, II and
III refer, respectively, to the three canonical H-bonding motifs. For /3-Spider, the
Edge, Bulge and Partner colurnns refer respectiveiy to the residues in the 3-sheets
that are either classified as /3-Edges, /3-Bulges, or /3-Partners (see IViaterials and
Methods for their formai definition). For two given /3-Edge or 3-Partner residues,
the Para and Anti distributions relate to the relative strand orientations. The data
were obtained from the analysis of the 1.6À resolution PDB Select 25 database.
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figure 5.3 — Relative energetic contributions. The C=O H-N contributions are shown using
continuous blue unes (equation 5.11 (2)), and correspond to tlie standard H-bond definition used in
DSSP, C=O C=O are shown using dashed red unes (equation 5.11 (1)), and the C=O
are shown using dotted-dashed green unes (equation 5.11 (3)). The area under the curves equals
one. The total energy refers to E (equation 5.12). Contributions higher than 100% indicate that
the total energy, E, is smaller than the specific energy considered, as it lias been lowered by un-
favorable Coulomb interactions. Contributions smaller tlian zero indicate tliat the specific energy
considered is in the opposite sign of the total energy, and thus correspond to a destabilization.
Tlie data were extracted from the 1.6À resolution PDB Select 25 database. a) Pairs of tri-peptides
displaying the H-bonding motif I. b) Pairs of tri-peptides displaying the H-bonding motif II. c)
Pairs of tri-peptides displaying the H-bonding motif III. d) A combination of the three graphs.
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ta) (b)

Figure 5.4 — /3-Spider vs. DSSP. The DSSP assignments are shown in gold. and /3-
Spider in red. The images were produced using RasI\’Iol [12], MolScript [130], and
Raster3D [131]. a) Chain A in PDB file 1GPI. At the top, a new strand identified
by 8-Spider changes the 8-sheet border spanned by residues 244 to 253. b) The
/3-helix in chain A in PDB file 1EZG. The /3-helix is defined by residues 4 to 82.
c) A /3-barrel in the chain A in PDB file 1JUB. The strand identified by /3-Spider,

Q from residues 37 to 53, confirrns the /3-barrel domain. d) A /3-barrel in the chain A
in PDB file 1H16. Two strands detected by /3-Spider were needed to complete the
/3-barrel domain.
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Figure 5.5 — Clustering of varions amino-acid distributions. Each of the amino-acid
distributions have been cornpiled and clustered from the distance matrix as defined
in Materials and Methods (equation 5.21). The amino-acid distributions are those
of Table 5.3. The distance units are bits. The average-merge clustering has been
perforrned by the R statistical package [163].
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Version Sequence Resolution R-factor Number cf
Identity (%) (À) Chains

A) 25 1.6 0.25 811
B) 25 1.8 0.25 1406
C) 25 2.0 0.25 2055
D) 25 2.2 1.00 2396
E) 25 2.5 1.00 2784
F) 25 3.0 1.00 3083

Table 6.1 — The culled PDB Select 25 databases.The six datahases have been
compiled by the Pisces server [841 on the 27th of April 2004, and contain only X
ray deterrnined structures. Unless mentioned, the A) version is used throughout
the article.

o

o
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IASC 1A4IA 1A62 1AGM lABO IA8E 1ABA 1AH7 IAHO lAIE
1AJSA IAOP lAQUA lARE 1ATG 1816A IB3AA 1BSEA 1BGA 1116G
IBSOA 1BSZA 1000A 1110F 1HEF IHKRA 1HQCA 1HRT 1BTEA IBTEA
1BX4A 111X7 1BYI IHYQA 1CIRA 1C4QA 1052 1C5EA 1C7SA TC7EA
1CBCA 1090A ICC8A 100WA 10GWH SCEX 1CIPA ICRUA 1CS1A 1CSET
ICXQA 1CY5A ICZPA 1D2SA 1D4OA 1D4TA 1DSTA 1D7PM 1D8WA IDHWA
IDCIA 1DCS 11109A 1DF4A 1DFMA 1006A 1DI6A lobA 1DK8A IDRIA
1DL2A 1DLWA 1DP7P 1DQZA 1DS1A 1DYSA 1DYPA IDZRA 1E19A 1E29A
1E2WA IE3OA 1ES8A 1E5RA 1E6UA 1E7LA 1E85A 1E87A IE9GA ISAJA
1EAQA 1EH6A 1ECA 1EDC 1EDMH 1EGWA 1EJOA 1EJ8A 1EJDA 1EJCA
1EE6A 1ERQA 1ELEA XELUA 1EN2A IES5A 1ESSA 1ET1A 1EU1A IEUVA
IEUVH 1EUWA IEVLA 1EW4A IEY4A 1EYHA SEYVA SEZGA 1EZM 1FOIA
IF1EA 1FIUA 1F2TA IF2TB 1F46A 1F74A 1F7LA 1F86A 1F8EA IFS4A
1F9VA IF9YA 1F9ZA 1FCQA iFCYA 1FD3A 1FF4A 1FC7A IFCYA 1FIUA
1FESA 1FLOA 1FLMA 1FMOD 1FMOE 1FO8A IFP2A 1FQTA 1FR2A 1FR2B
1FS7A 1FSOA 1FT5A 1FW9A 1FX2A 1FYEA 1012A 10211A 1C2RA 1G2YA
102P 104Y8 1C5AA SC61A 1066A 1060A IC6SA SC6UA 1G6XA 1G8QA
1CA6A 10115 1001 1ODOA IOHEA 1OJ7A 1CK7A 1OE8A 101<81 10E9A
101<911 bELA IGKMA 1OEPA 1OMUA IOMXA SONLA ICPOA 1OPIA IOPPA
ÏGPQA IGQIA 1GS5A 1GSOA 1OTVA 10U2A 1OUTA 1CV9A IOVDA 1OVEA
1CVFA TQVEA IOVOA 1GVP 1OWEA 1GWMA 1OWUA IOXMA 1OXUA 1GY7A
1OYXA 10Z8A 1HOSA 1H1OA 1HI2A 1H16A 1H1NA IH2CA 1H2WA 1H32A
1H4AX IH4OA SH4XA 1H8OA 1H8DL 1H97A 1H99A 1HHNA 1HHNH 1HHNC
1HD2A IHDHA 1HDOA 1HFES 1HNJA IHQ1A 1HQKA 1HQSA 1HT6A 1HWIA
IHXOA 1HXHA 1HXIA IHYOA IHZ4A IHZTA 1IODA 1IORA 1IOVA 1112A
huA 1IIWA 1124A 1127A II2TA 1140A 1I4UA 1152A 1158A 1160A
1171A 1188A 1IDOA 1IDPA IIE9A IIFC SIFRA 1IHRA 1IISA IIJQA
IIJVA 1IJYA 1IEPA 1INLA JIOOA 1107A 1IOMA 1IOOA 1IQ6A 1IQZA
1IRDH IIRQA lISSA 1ISPA 1ISUA 1IT2A JITXA 1IU8A 1IUAA 1IUPA
1IUQA 1IV3A 1IWOA 1IX9A 1IXH 1JOPA 1JINA 1J2JB 1J2RA 1JIIA
1J34C IJ3AA 1J3WA 1J77A 1J98A 1J9BA 1JATA IJH3A 1JHEA IJBOA
1JHOH IJCDA 1JCLA 1JEEA IJEEH 1JER IJETA 1JF3A 1JP8A IJPHA
IJO1A IJHGA IJHJA 1JIIA lUTA 1JIGA IJK3A 1JEEA 1JEXA IJLOA
IJLIA 1JM1A 1JNDA IJNIA IJNRA IJOQA 1JOVA 1JR8A 1JTVA IJU2A
IJUSA IJUHA 1JUHA IJX6A IJY2N IJY2O IJY2P 1JYEA IJZ8A IKOMA
IE2OA lESTA IE3XA IE3YA IE4TA 1K4NA 1E55A 1E5CA 1ESNA IK5NH
1E6FA 1R6XA IE7CA IE7JA 1E8UA 1E92A 1KAIA 1EAFA 1KHOA 1EODA
1EICA 1KJQA IEEOA 1ELLA IEM4A IKMTA 1KMVA IENGA 1ENMA 11<0E
IROIA IKPF 1EQ1A 1RQ3A 1KQ6A 1RQFA 1EQFC 1KQPA 1EQRA 1KR4A
IES8A 1ET6A 1EUGA IEV7A IEWSH IKWFA IEWOA 1KYFA 1EYHA lUTTA
IL2HA SL3RA 1L5OA IL6RA IL7AA IL7LA 1L7MA 1L9LA 1L9XA ILAM
1LDSA 1LCOA 1LC5A 1LF7A ILREA ILLFA 1LLMC 1LLNA 1LM4A 1LMIA
ILNIA ILO7A 1LQ9A ILQAA 1LQTA ILQVA 1LRIA 1LS1A 1LS9A ILTZA
ILUDA 1LU4A 1LUCA 1LUOA 1LUQA 1LV7A 1LWHA 1LYCA 1LYQA 1LYVA
1LZLA 1MOEA 1M15A IM1FA 1MINA 1M1ND IM1QA 1M22A 1M2DA 1M2KA
1M2XA IM4OA 1M4JA IM4LA 1M5SA 1M65A 1M7CA 1SI7YA IM9ZA 1STBSA
IMCIA 1MCTI 1ME4A 1MF7A 1MFGA 1MFMA 1MG4A IMO7A 1MH1 1MJ4A
1MJ5A 1MEDA 15IRI<A 1NILA IMN8A ISINNA IMOQ IMPLA 1MQEH ISIQEL
ISTSOA 1HSOH 1MTPA IMTPH IKIUN ÎSIUWA IMWQA IMXRA 1SIY7A 1NOSA
INOQA INI3A IN13H 1N1PA IN2EA INILA 1N4OA IN5SA 1N57A 1N62A
1N6211 1N62C 1N7OA 1N7SA IN7SH 1N7SC 1N7SD IN8EA IN8VA INASA
1NHUA 1NC5A 1NC7A 1NF9A INFP 1NC6A 1NHOA INE4A TNKD INRIA
TNLNA INLQA 1NLS 1NM8A TNN5A TNNFA 1NNXA 1NOFA 1NOGA INOX
INQJA INTEA 1NTHA INTVA INUOA INUYA INWAA INWPA INWWA INWZA
INXH 1NXMA 1NYCA 1NYEA INYTA 1NZOA INZJA 1006A 1008A IOIZA
1O2DA 1O4YA 1O6VA 1071A IO7JA IO7NA 1O7NH 1O7QA 1082A IO8DA
1O8XA 10970 10970 1098A 1090A 1091A IO9RA 1OAA ÎOAFA IOAIA
1011DA 10110A IOC7A IOCYA 1003A 1006A 1ODMA 1ODZA bElA 1OEWA
1OF8A IOFNA 1OFZA SOOAE IOOWA lObA 1OH4A 1OHLA lObA 1OT7A
1OJRA IOEQA IOOHA 1OPD 1OQJA SOQQA IOQVA 1ORC 1ORRA 1OS6A
1OU8A 1OUWA 1OW4A 1OXOA IOXCA 1OXDA 1OXXE 1OYCA 1OZ2A IOZNA
IPOHA 1POZA 1PIMA IPS6A SP4CA IP4OA SPSDX 1PSFA SPSZH 1P6OA
IP9HA 1P9IA 1PA1A IPA7A IPAZ IPH7A IPHJA IPE9A 1PFHA IPIDA
1PINA IPEHA 1PEOA IPLC IPOSA 1PQ7A IPQHA 1PSRA 1PVMA IPWAA
IPWHA 1PWMA IPZ4A 1PZ7A IPZOA IQORA 1QIAA 1Q3SA 1Q5YA IQIOA
IQ7EA IQ7LA IQ7LH 1Q92A IQAUA 1QH7A 1QDDA 1QE3A 1QFTA IQC8A
IQG1A 1QGVA IQHSA 1QHQA 1QHVA TQJ4A IQESA 1QLOA IQLWA IQMOA
1QMQA 1QNRA 1QOPH 1QQ4A IQQSA iiA IQQFA 1QQQA 1QREA 1QSIA
IQTNA 1QTNH 1QTWA IQU9A IQV9A 1QW2A IQ\V9A 1QWOA IQWNA IQWYA
1QXYA 1QZ5A 1RORI 1R26A 1R29A IR2HA IR2QA 1R5LA 1R5RA IR5YA
1R6DA 1R6XA 1R8SA 1R8SE IR9LA IRH9 1RDQE 1RDQI 1RGZA uRUS
IRE6A 1REQA IREUA 1ROCA IRQWA lwrQA SRU4A 1RWHA 1S1DA IS29A
IS9RA ISFSA 1SHUX 1SQSA 1SYFA 1SVFH 1SXSA IT1DA 1TCA ITHX
1UASA 1UHEL 1UHES 1UCAA lUGEA 1UCSA 1UFOA IUFYA 1UG6A 1UOTA
1110X11 1UIOA 1UJPA 1UEFA IUOYA 1UQSA 1URSA IUSSA 1USCA 1USOA
1USSIA 1UTEA 1UTO IUUQA TUZHA 1V6SA IV7RA 1V7ZA 1V8CA IVCC
IVDWA 1VFYA 1VHSA IVHNA IVHUA IVHWA IVTAA 1VIMA 1V1OA 1VJUA
IWER 1WFHA IWHT 1YCC IYGE 25611A 2A011 2ARCA 2AYH 2CPOA
2ENO 2ERL 2FDN 21GO 2TLR 2LTSA 2510M 2MHR 2NLRA 2PTH
2PVHA 2TNFA 2TPSA SCAOA SCHBD 2EZSTA SLZT 3NUL SPVIA SSDHA
2SEH 3S1L SVUB 4EUOA 4UHPA 4UHPB 6RLXA 6RLXH 7A3HA 700CA
8AHP

Table 6.2 — The 811 protein chains of the 1.6À resolution database labeled hy their
four-letter PDB codes. The fifth letter in the suffix is the PDB chain identifier.
Underlined chains are those whose secondary structure elements were determined
using DSSP.



Amino- Atom Charge
Acid (Coulomb)

ALA
N -0.4157
H +0.2719

CA +0.0337
HA +0.0823

C +0.5973
o -05679

ARC
N -0.3479
H +0.2747

CA -0.2637
HA +0.1560

C +0.734;
o -0.5894

ASN
N -0.4157
H +0.2719

CA +0.0143
HA +0.1048
C +0.5973
o -0.5679

ASP
N -0.5163
H +0.2936

CA +0.0381
HA +0.0880
C +0.5366
o -0.5819

CYS
N -0.4157
H +0.2719

CA +0.0213
HA +0.1124

C +0.5973
o -0.5679

GLN
N -0.4157
H +0.2719

CA -0.0031
HA +0.0850
C +0.5973
o -0.5679

C LU
N -0.5163
H +0.2936

CA +0.0397
HA +0.1105
C +0.5366
o -0.5819

CLY
N -0.4157
H +0.2719

CA -0.0252
IHA +0.0698
2HA +0.0698

C +0.5973
o -0.5679

HIS
N -0.3479
H +0.2747

CA -0.1354
HA +0.1212
C +0.7341
o -0.5894

ILE
N -0.4157
H +0.2719

CA -0.0597
HA +0.0869
C +0.5973
o -0.5679

ta)

Arnino- Atom Charge
Acid (Coulomb)

LEU
N -0.4157
H +0.2719

CA -0.0518
HA +0.0922
C +0.5973
0 -0.5679

LYS
N -0.3479
H +0.2747

CA -0.2400
HA +0.1426
C +0.7341
o -0.5894

MET
N -0.4157
H +0.2719

CA -0.0237
HA +0.0880
C +0.5973
o -0.5679

PHE
N -0.4157
H +0.2719

CA -0.0024
HA +0.0978
C +0.5973
o -0.5679

PRO
N -0.2548

CA -0.0266
HA +0.0641
C +0.5896
o -0.5748

SER
N -0.4157
H +0.2719

CA -0.0249
HA +0.0843
C +0.5973
o -0.5679

Til R
N -0.4157
H +0.2719

CA -0.0389
fIA +0.1007
C +0.5973
o -0.5679

TRP
N -0.4157
1-1 +0.2719

CA -0.0275
HA +0.1123
C +0.5973
o -0.5679

TYR
N -0.4157
H +0.2719

CA -0.0014
HA +0.0876
C +0.5973

Atoru Radius Energy

o -0.5679 B

VAL ( ) (kcal/mol)

N -0.4157 N 1.8240 0.1700
H +0.2719 H 0.6000 0.0157

CA -0.0875 CA 1.9080 0.1094
HA +0.0969 HA 1.3870 0.0157
C +0.5973 1HA 1.3870 0.0157
o -0.5679 2HA 1.3870 0.0157

C 1.9080 0.0860
0 1.6612 0.2100

(b) (c)
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Table 6.3 Force-field parameters taken from Amber [1591, reproduced here as
requested. a and b) Atomic partial charges. The protonated form of His was used.
c) Van der Waals radii W and well depth energies .
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DS$P
Resolution (À)

1.6 3.0

/3-Spider
Resolution (À)

1.6 3.0
Sheet Size (in number of residues)

Mean 22.4 23.0 30.9 30.5
Std. Dey. 17.9 20.6 36.4 36.8

Median 19 20 12 13
Mode 4 4 4 4

Maximum 177 341 275 441
Max. PDB Code 1K5CA 1QFGA ÏK5CA 1QFCA
Sheet Size (in number of strands)

IVIean 4.3 4.3 4.5 4.4
Std. Dey. 2.4 2.5 3.6 3.4

Median 4 4 3 3
Mode 2 2 2 2

Maximum 29 46 27 33
IViax. PDB Code 1IK5CA 1DABA 1JU3A 1N9EA
Strand Length (in number of residues)

Mean 5.2 5.4 6.9 7.0
Std. Dey. 2.6 2.8 4.8 4.9

Median 5 5 6 6
Mode 5 4 2 2

Maximum 27 33 102 125
Max. PDB Code 1H4GA 1PREA 1P9HA 1VH4A

Table 6.5 — Detailed statistics for D$SP versus /3-Spider. The means, standard
deviations ($td. Dey.), medians, modes and maximums for the /3-sheet sizes in
number of residues and strands, as well as the /3-strand lengths in number of re
sidues are compiled for DSSP and /3-Spider, at the two extrerne X-ray resolutions
considered (Table 6.1, versions A and f).

o
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PDB Residue(s) PDB Residue(s)

1C7KA 9-10 1LEFA 200-201
1C9OA 23-24 1LZLA 151-152
1CIPA 239 1M2KA 119
1EJOA 155-156 1M2XA 61
1EU1A 236 1M4OA 43
1F7LA 95-97 1MJ4A 16-17
1fLOA 173 1MJ5A 133
103P 21 1NF9A 175
1CY7A 31-32 YNKIA 90
1H16A 75-77 1NLS 150
1HQKA 12$ 1O7NB 560-562
1HW1A 64 1O7QA 281
1HW1A 67-68 1OEWA 70-71
YINLA 197-198 1OHOA 34
1IUAA 51-52 1OZ2A 253
1J2RA 165 1PZ7A 103-105
1]31A 246 1QE3A 180-181
1JFBA 398 1QFTA 71-76
1JI1A 229 ÏQJ4A 36
1JOVA 253-254 IQQ9A 77
1JU2A 219-250 1RQWA 25-26
1JZ$A 202 1RTQA 70
1JZ$A 819 1RTQA 73-75
1K3IA 274 1S1DA 138-139
1KV7A 264-266 1URSA 203
1L7AA 172-173 1VJUA 128-129

(a) (b)

Table 6.6 — Residues that are not in 3-sheets, but were annotated as so by DSSP
in the 1.6À resolution PDB $elect 25 protein database. The residues are identified
by the four-letter PDB codes. The fifth letter is used as the chain identifier.
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Step 1 Identification of /3-Partners and t3-Edges. The /3-Partners and /3-Edges are
identified by enumerating ail possible pairs of tri-peptides (hnes 1 and 4) not part
of an a-helix or /3-turn identified in the PDB file under the HELIX and TURN
records. When a pair of residues j and j satisfy both the energy criterion E(i,j)
and the geometrical criteria G(i,j) (une 7) we make them /3-Partners (une 10).
Then, both fianking a-bridges are made temporarily -Edges, considering that the
strand pairs are parallel (lines 15 and 18) or anti-parailel (unes 21 and 24), as long
as they satisfy the geometrical criteria and are not previousiy marked as 3-Partners
(unes 14, 17, 20 and 23). Ulteriorly, these t3-Edges can be promoted to ,6-Partners
after an energy evaluation (une 7).

1: for ail residue j such that
{i — 1,i,i + 1} HELIX U TURN do

2: // consider the tri-peptide {i-1,i,i+1}
3:

4: for ail residue j such that

(j > i +5) and {j — 1,j,j + 1} HELIX U TURN do
5: // consider the tri-peptide {j-1,j,j+1}
6:

O
7: if E(i,j) and G(i,j) then
8:

9: // assigu the -Pautners
10: let /3-Partners(i.j) — true
11: let B-Eclges(i,j) — false
12:

13: // assign the /3-Edges
14: if G(i — 1,j — 1) and not t3-Partners(i — 1,j — 1) then
15: let /3-Edges(i

— 1,j — 1) — true
16: end if
17: if G(i + 1,j + 1) and not /3-Partners(i + 1,j + 1) then
18: let /3-Edges(i + 1,j + 1) — truc
19: end if
20: if G(i — 1,j + 1) and not t3-Partners(i — 1,j ± 1) then
21: let -Edges(i — 1,j + 1) — truc
22: end if
23: if G(i + 1,j — Ï) and not /3-Partners(i + 1,j — 1) then
24: let /3-Edges(i + Ï,j — 1) — truc
25: end if
26: end if
27: end for
28: end foro
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Step 2 Identification of /3-Bulges. The t3-Bulges are identified by enumerating ail
possible residue pairs i and j (unes 1 and 2) which are /3-Neighbors (une 4) and for
which an adjacent residue i + 1 on the non-bulged strand is also a t3-Neighbor of a
not too far residue j + t\j on the bulged strand (une 10). The residues between j
and j + Aj are them marked as bulged (unes 12 and 13). The pseudo-code outlined
here finds the /3-Bulges on the C-terminal strand of a parallel pair of strands. For
the detection of 3-Bu1ges on the N-terminal strand simply exchange the i and j
indexes in the code. For the anti-paraliel case, use j — Aj (une 10) and j — jj (une
13) instead.

1: for ail residue i do
2: for ail residue j such that j > j do
3:

4: if t3-Neighbors(i,j) then
5:

6: // check bulges of 1 to 3 residues
7: for Aj=2to4 do
8:

9: // j-bulged residues are fianked by j3-Neighbors
10: if 43-Neighbors(i + 1,j + Aj) then
11:

12: for jj=ltoAj—1 do
13: let ,6-Bulge(j + jj) true
14: end for
15:

16: end if
17: end for
18: end if
19: end for
20: end for
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$tep 3 Identification of /3-Sheet domains. 73-sheet domains are recursively identified
by painting a /3-Neighbored residue (une 4) and it’s surrounding siblings (unes 24-
26 and 35-37). Each domain will 5e painted with a distinct color (unes 6 and 7).
/3-Bulges are painted by following the strands N and C terminal directions (unes
21 and 32). /3-Neighbors are painted in such a way that we impose that for a
given pair of residues i and j + 1 have 3-Neighbors k and t on the same strand, to
within a length of a /3-Bulge (unes 23 and 34). Then, these /3-Neighbors are painted
recursively (unes 24-26 and 35-37).

1: Procedure PaintSheet
2: let color — O
3: for ail residue j do
4: if not Painted(i) and /-Neighbor(i) then
5: // paint this residue
6: let color color+1
7: PaintSheetRec(color, i)
8: end if
9: end for

10:
11: Procedure PaintSheetRec(color, residue i)
12: if not Painted(i) then
13: if /3-Neighbor(i) or t3-Bulge(i) then
14:
15: // paint this residue
16: let Coior(i) — color
17: let Paintecl(i) — true
18:
19: 7/ paint C-terminal residue of j, that is residue i + 1
20: if /3-Bulgc(i + 1) then
21: PaintSheetRec(color, i + 1)
22: else
23: for ail residues k, t such that

k
— tl <4 and -Neighbors(i, k) and -Neighbors(i + 1, t) do

24: PaintSheetRec(coior, i + 1)
25: PaintSheetRec(color, k)
26: PaintSheetRec(color, 1)
27: end for
28: end if
29:
30: /7 paint N-terminal residue of i, that is residuc i — 1
31: if /3-Bulge(i — 1) then
32: PaintSheetRec(color, i — 1)
33: eise
34: for ail residues k, t such that

1k —
t <4 and -Neighhors(i, k) and /3-Neighbors(i — 1, t) do

35: PaintSheetRec(color, i — 1)
36: PaintSheetRec(coior, k)
37: PaintSheetRcc(color, t)
38: end for
39: end if
40: end if
41: end if



CHAPITRE Z

CONCLUSION

La prédiction de la structure tri-dimensionelle d’une protéine à partir de sa

séquence seule est l’un des problèmes majeurs encore ouverts en bio-informatique.

Aucune combinaison de logiciei/matériel n’est capable, à ce jour, de traiter en cal

culs prédictifs des protéines de taille moyenne avec 450 acides-aminés. On doit ce

pendant souligner les efforts notoires comme Folding©Home [164] et Blue Gene [165].

Toute approche informatique au chemin menant de la séquence à la structure tri

dimensionelle est alors bienvenue.

Dans un premier temps, nous avons proposé un espace de recherche confor

mationel dans lequel les éléments de structures secondaires sont approximés en

utilisant des angles dihèdres fixes. Ensuite, ces éléments sont placés dans l’espace.

les uns par rapports aux autres, par des relations spatiales extraites des base de

données de structures déjà existantes, puis reproduites à l’aide des matrices de

transformations homogènes. L’expérience de Jackknife montre que cet espace de

recherche contient toutes les structures de protéines connues présentement.

En second lieu, nous avons défini les graphes de feuillets /3 qui encodent chaque

acide-aminé en noeud et les relations de liens peptidiques, ponts hydrogène et

partenaires 3 dans des arêtes aux couleurs distinguées. Nous avons développé un

algorithme d’isomorphisme de sous-graphe, adapté à la topologie particulière des

graphes de feuillets 3, et nous permet alors de comparer ces graphes entre-eux.

Entres autres, ceci nous permets de proposer des structures tri-dimensionelles de

feuillets à partir de son graphe topologique (de novo protein design), d’analyser le

contenu en acides-aminés pour chaque position dans un motif topologique parti

enlier (/3-bulges et 3-barrels), et de comparer les graphes de feuillets de membres

d’une même famille de protéine.

En troisième partie, nous avons développé une méthode permettant de recons

truire un feuillet /3, non pas à partir de son graphe topologique en entier mais avec
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un partitionement justicieux de ce graphe en plus petit morceaux. L’algorithme
d’isomorphisme de sous-graphe précédemmant décrit est utilisé pour récupérer des
structures 3-D de fragments du feuillets, qui sont ensuite rassemblés dans l’espace
en une structure final qui satisfait en tout point le graphe topologique original.
L’expérience de Jackknife nous montre qu’il est possible de reconstruire presque
tous les feuillets 3 avec une précision atomique (i.e. de l’ordre de quelques Ang
stroms de différence).

Dans un quatrième mouvement, nous nous sommes penchés sur l’annotation

des feuillets /3 clans les protéines, étant insatisfaits des résultats obtenus avec les
programmes existants. En tenant compte de toutes les forces en jeu dans la sta
bilisation de deux chaînes peptidiques adjacentes, nous avons utilisés un champ
de force classique pour l’estimation de cette énergie de cohésion. Il en résulte que
les feuillets /3 sont maintenants plus étendus qu’on le croyait, avec un contenu en
acides-aminés fort différent de ceux annotés par les programmes existants, et les
paramètres structuraux (les angles et /) maintenant moins caractéristiques de
cette classe d’élément de structure secondaire. Les conséquences pour la prédiction
de la structure 3-D, du moins celle des brins /3, sont catastrophiques.

Enfin, dans un dernier élan, nous avons comparés entres eux les différents fac
teurs d’influence dans la formation des feuillets /3 pour en déterminer la force mo
trice principale. Ces facteurs sont l’hydrophobicité des faces du feuillet, le nombre
de ponts hydrogène, la fréquence des acides-aminés dans les brins ainsi que la
préférence d’appariement des acides-aminés en partenaires 3. Une fonction de score
à alors été esquissée pour capturer ces facteurs. L’optimisation de cette fonction
de score pour distinguer les topologies natives parmies toutes les topologies alter
natives révèle que la capacité d’un feuillet à construire une face hydrophobique est
de la plus haute importance. Tandis que l’appariement des acides-aminés au sein
du feuillet semble sans influence.
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Annexe I

Matrice de Transformation Homogène

1.1 La matrice

Un point V dans lR tel que V = (x, y, z) peut être déplacé dans cet espace.

Une translation TT (T1, T, T) amènera le point V au point V’ de cette façon:

x’ T1

y’ = y + T (1.1)

z’ z T

Ou, sous forme compacte

V’=V+Tr (1.2)

$imilairement, une rotation Rot déplacera le point V au point V’ par

R11 R12 R13 x

y’ = R21 R22 R23 X (1.3)

z’ R31 R32 R33 z

Ou, sous forme compacte

V’ Rot x V (1.4)

La matrice de rotation Rot a la particularité de voir son déterminant toujours

égal à 1 peut importe les magnitudes des rotations. Dans le cas où la rotation est

nulle cette matrice devient la matrice identité I.

Les deux opérations, la translation et la rotation, peuvent être combinées en un

mouvement plus complexe
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V’=Tr+RotxV (1.5)

Notez que dans cette dernière si la translation est nulle on revient à l’équation 1.4,

tandis que si la rotation est nulle on revient à l’équation 1.2, puisque maintenant

on aura Rot — I, la matrice identité.

Réecrivons l’équation 1.5 en n’utilisant qu’une seule matrice

x’ R11 R12 R13 T1

y’ R21 R22 R23 T
x y

(1.6)
z’ R31 R32 R33 T2 z

1 0 0 01 1

Sous forme compacte

V’MxV (1.7)

Où M est la matrice de transformation homogène (IVITH), et encode la rotation

et la translation pour passer d’un point V à un point V’. Le livre de Paul [44) parle

en détails des MTHs. Il est important de noter ici que le produit de MTHs n’est

pas commutatif mais associatif (comme un produit de matrices ordinaires).

1.2 Un référentiel

Un référentiel R dans lJ? se définit par trois vecteurs orthonormés ff, R, R

dont la particularité est que le produit vectoriel I par I donne R2 (la règle de la

maii droite). Un Référentiel R peut être encodé dans une matrice de transformation

homogène MR en supposant un référentiel global R0 (voir Figure 1.1).

1.3 Les opérations

Plusieurs opérations avec les matrices de transformations homogènes sont alors

possibles. L’ultime but est recréer la relation spatiale (translation et rotation) entre
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deux référentiels RÇ et R telle qu’observée entre les référentiels R1 et R2.

Avec la relations suivantes

MR x MR = I (1.8)

MR1 x MR12 = MR2 (1.9)

On a alors que

= MR1’ x MR2 (1.10)

La figure 1.1 montre bien l’équation 1.9 où le chemin MR2 menant à R2 est

celui composé des chemins MR, vers R1 puis MR12 vers R9.

De là, en déplaçant R vers R par rapport à R on imite la relation de R2 par

rapport à R1. Le produit matriciel suivant s’applique alors aux coordonnées de R

= (Mç X MR,.2 X x (1.11)

Par exemple, si on fait correspondre RÇ à R1 on aura

(M x x MR) x (1.12)

= (MR1 x MR12 x X (1.13)

= (M]?2 X MR) x MR (1.14)

= M]?2 (1.15)

Tout simplement, puisque M]? M]?1, MI?1 x M]?12 = M]?2 (Equation 1.9) et

M]?1 X Mç I (Equation 1.8).
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Figure 1.1 — Référentiels et matrices de transformations homogènes. La figure
montre trois référentiels; le référentiel global R0, R et R2. Trois matrices de
transformations homogènes sont aussi indiquées; MR1 pour passer du référentiel
global R0 à Ri, M2 pour passer du référentiel global R0 à R2, puis M12 pour
passer du référentiel R à R2. Les vecteurs ortho-normés définissants R0 sont ,
et .

R1 MR

z

MR1
MR2

/ Rg


