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“Le désordre est le meilleur serviteur de l’ordre établi.”

Jean-Paul Sartre (1905 - 1980)
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Introduction

1.1 Généralités sur les IDPs

La biologie structurale est l’étude de la structure et de l’organisation spatiale
tridimensionnelle de macromolécules telles que les protéines et les acides nu-
cléiques. Elle permet la compréhension des fonctions biologiques des protéines,
notamment grâce à l’étude des interactions protéine-protéine. En 1973, Anfin-
sen énonce le paradigme séquence-structure-fonction expliquant que la séquence
d’une protéine détermine sa structure tridimensionnelle qui elle-même dicte à la
protéine sa fonction [8].

Cependant, durant les deux dernières décennies, des observations sur plu-
sieurs protéines ont été à l’encontre de ce paradigme séquence-structure-fonction
car elles ont mis en évidence une nouvelle catégorie de protéines, les protéines
intrinsèquement désordonnées ou "intrinsically disordered proteins" (IDPs), soit
entièrement désordonnées, soit possédant une ou des régions intrinsèquement
désordonnées ou "intrinsically disordered regions" (IDRs) [87, 372], et dont le
désordre est important pour la fonction. En fait, dès la fin des années 1970, des
exemples de protéines présentant un désordre structural avaient été mentionnés
dans la littérature. Ainsi Sasaki et al. remarquaient en 1975 qu’une petite hormone
polypeptidique, le glucagon, existait en solution à pH 10 sous la forme de chaînes
aléatoires flexibles en équilibre, et qu’elle se structurait en une grande hélice sta-
bilisée par des interactions hydrophobes quand elle interagissait avec elle-même
(formation d’oligomères par abaissement du pH) ou avec son récepteur [27, 304].
Néanmoins, l’émergence du concept de protéines intrinsèquement désordonnées
a été relativement lente jusqu’aux travaux de l’équipe de Dunker à partir du mi-
lieu des années 90 [87, 123, 290], ceux de Wright et Dyson à partir de la même
époque [372], et ceux d’Uversky [345] (Fig. 1.1). Les IDPs ne sont pas des pro-
téines anecdotiques ou rares [89, 336, 345, 348, 372]. En effet, ce désordre est
un élément commun des protéines dans tous les domaines de la vie : chez les
archaébactéries, eubactéries, eucaryotes et même dans les protéomes viraux. Il
est estimé dans plusieurs publications [71, 88, 111, 120, 251, 264, 296, 346, 360,
365, 376, 383] que les eucaryotes [365] ont une proportion plus élevée d’IDPs
(30 %) que les virus (10 %) ou encore les bactéries ou les archéobactéries (5 %).
De plus, la prédiction de désordre dans les structures de protéine est plus grande
chez les eucaryotes multicellulaires que chez les eucaryotes unicellulaires [347].
Le taux de régions non structurées au sein des protéomes augmente donc avec
le niveau d’organisation du vivant. Des études par bio-informatique de séquences
de protéines, chez les mammifères, estiment qu’environ 50 % d’entre elles sont
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INTRODUCTION

prédites avec de telles régions et qu’environ 25 à 30 % seraient complètement
destructurées [91, 251, 346].

FIGURE 1.1 – Nombre de publications trouvées dans pubmed
citant les protéines intrinsèquement désordonnées : en utilisant
comme mots clés "(intrinsically AND disordered) OR (natively AND
disordered) OR (intrinsically AND unstructured) OR (natively AND
unstructured) OR (intrinsically AND unfolded) OR (natively AND un-
folded) OR (intrinsically AND flexible) OR (natively AND flexible)". Il
est recensé environ 5 682 publications depuis 1978, dont 384 depuis

le début de l’année 2019 (Figure faite le 21 juin 2019)

1.2 Rôles biologiques des IDPs

La grande flexibilité et plasticité des régions intrinsèquement désordonnées
confèrent aux IDPs une grande capacité d’adaptation et d’interaction avec de
nombreux partenaires protéiques. Ainsi, les IDPs ou IDRs sont généralement
impliquées dans de nombreux mécanismes biologiques. Il existe plusieurs fa-
çons de les classifier suivant leurs fonctions : Dunker et al. en 2002 les séparent
en 28 fonctions différentes [93], qui peuvent être regroupées en quatre grandes
fonctionnalités (assemblage moléculaire, chaînes entropiques, modifications post-
traductionnelles et reconnaissance moléculaire). Dans la même année, Tompa et
al. proposent une classification avec cinq fonctionnalités (chaînes entropiques,
sites de modifications post-traductionnelles, assembleurs, collecteurs et effec-
teurs) [336]. Cette classification sera complétée en 2005 par Tompa lui-même
avec l’ajout de la fonction chaperone de certaines IDPs [337]. Un autre schéma
de classification a été proposé en 2009 par Gsponer et Babu, qui ont regroupé
les fonctions des IDPs en trois catégories (modifications post-traductionnelles,
échafaudage et recrutement de différents partenaires, adaptabilité et variabilité
conformationnelle) [131].
Cependant, la classification la plus utilisée semble être celle de Tompa [337]. En
effet, dans la revue très exhaustive [355] publiée en 2014, les principaux pionniers
du domaine classent les IDPs en six catégories (Fig. 1.2) :

2



1.2. Rôles biologiques des IDPs

FIGURE 1.2 – Schéma de la classification en six catégories des
IDPs suivant leur fonction : les IDPs ont soit la capacité de fluc-
tuer librement parmi un grand ensemble de conformations (chaînes
entropiques), soit la capacité de se lier de manière transitoire (chape-
rones et protéines subissant des modifications post-traductionnelles)
ou permanente (assembleurs, pièges et effecteurs) à une ou plu-
sieurs molécules partenaires. (Figure adaptée en français de la fi-
gure 1 de la revue "The interplay between structure and function in

intrinsically unstructured proteins" de Tompa [337])

• les chaînes entropiques : pour elles, le désordre structural est la cause
directe de la fonction, et la protéine fonctionne sans devenir structurée. Ce
désordre permet par exemple à la protéine de se comporter comme un res-
sort. Ainsi, les régions peu structurées riches en acides aminés PEVK de
la titine génèrent en s’étirant une force capable de s’opposer à la tension
d’étirement du sarcomère. On trouve également dans cette catégorie les
peptides de jonction ("linkers") entre deux domaines, qui permettent à ces
domaines de se mouvoir l’un par rapport à l’autre, et les "spacers" qui ré-
gulent la distance entre domaines.

• les chaperones : ces protéines ont pour rôle d’assister d’autres protéines
ou des ARN pour qu’ils adoptent leur état fonctionnel. Dans les protéines
chaperones, les segments désordonnés représentent une part importante
de la séquence (de l’ordre de la moitié pour les chaperones à ARN et de
l’ordre de un tiers pour les chaperones à protéines), ce qui confère à ces
protéines une grande versatilité et ainsi la capacité de s’adapter à un grand
nombre de partenaires. Par ailleurs, la nature très dynamique de ces IDRs
leur permet de se lier rapidement avec les protéines mal repliées et peut
ainsi empêcher la formation d’agrégats toxiques. Il a aussi été proposé par
Tompa et Csermely qu’au cours de ce processus, l’IDR de la chaperone
pourrait localement acquérir de la structure, au profit de la protéine mal-
repliée qui, elle, se déplierait, pour ensuite se replier correctement dans sa
forme fonctionnelle [339]. On aurait ici un échange réversible d’entropie ne
nécessitant pas d’ATP. Cette perte de flexibilité de l’IDR de la chaperone,
quand elle se lie à son substrat, a par exemple été démontrée pour les
chaperones GroEl et α-cristalline.
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INTRODUCTION

• les sites de modifications post-traductionnelles ou "display sites" :
ces régions désordonnées sont en interaction transitoire avec un ou des
ligand(s) pour entraîner une modification chimique telles que la phospho-
rylation, l’acétylation, la glycosylation, la méthylation ou la protéolyse [78].
Ces sites remarquables sont préférentiellement reconnus par les enzymes
assurant et régulant les modifications post-traductionnelles. Ces IDPs, pour
lesquelles les modifications post-traductionnelles jouent un rôle clé dans la
fonction et la régulation, incluent, entre autres, les extrémités désordonnées
des histones, la protéine p53 et les kinases dépendant des cyclines ("Cy-
clin-dependent kinase" (CDK)) p27 [355].

• les assembleurs : certaines protéines, grâce à leurs IDRs, possèdent plu-
sieurs sites de liaison avec de multiples protéines partenaires, et se com-
portent alors comme des assembleurs moléculaires en favorisant la forma-
tion, la stabilisation et la régulation de larges complexes protéiques. Par
exemple, la protéine d’échafaudage axine (pour "axis inhibition") possède
plusieurs régions intrinsèquement désordonnées lui permettant d’interagir
avec trois protéines structurées la β-caténine, la caséine kinase Iα et le gly-
cogène synthétase kinase 3β, et ainsi de les colocaliser [384]. L’assemblage
de ces quatres protéines augmente leurs concentrations locales et accé-
lère les interactions entre elles, ce qui conduit à une phosphorylation effi-
cace de la β-caténine et à sa destruction. Il faut noter que parmi tous les
IDP/IDR mentionnées ci-dessus, les régions d’échafaudage sont celles qui
possèdent le degré de désordre le plus important [355]. Ces IDPs jouent
souvent le rôle de protéines "hub" au sein de la reconnaissance molécu-
laire [70, 352, 373], c’est le cas de la protéine p53 qui possède un très large
réseau avec plus de 400 partenaires [296].

• les pièges ("scavengers" ) : ces IDPs ou IDRs permettent de stocker et/ou
de neutraliser des ligands. Par exemple, la caséine et d’autres phospho-
protéines liant le calcium sont des protéines très désordonnées qui grâce à
ce désordre, peuvent adapter leur conformation pour séquestrer des nano-
clusters de phosphate de calcium et empêcher ainsi la précipitation du sel
correspondant.

• les effecteurs : certaines protéines, possédant des IDRs, jouent un rôle
d’effecteurs, comme par exemple les protéines p21 et p27 qui en se struc-
turant et en se liant avec leurs partenaires, modifient l’activité de ceux-ci.
Elles régulent et contrôlent le cycle cellulaire et sont reconnues pour être
des oncoprotéines.
Dans le domaine des effecteurs, un exemple intéressant de mécanisme d’in-
teractions compétitives contrôlant l’auto-inhibition est trouvé dans la protéine
neuronale du syndrome de Wiskott-Aldrich (N-WASP). Quand le domaine
GBD ("GTPase binding domain") intrinsèquement désordonné de N-WASP
interagit avec la protéine Cdc42, les deux domaines V (homologues à la
verproline) de N-WASP sont libres d’interagir avec l’actine et de permettre
l’assemblage des monomères d’actine, ce qui conduit à sa polymérisation.
Mais le domaine GBD peut adopter une structure différente et interagir avec
le domaine C (homologue à la cofiline) de N-WASP, entraînant l’inactivité de
N-WASP et inhibant son interaction avec l’actine (Fig. 1.3) [102, 224, 397].
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De manière générale, les régions permettant l’auto-inhibition sont riches en
désordre intrinsèque et adoptent des conformations différentes suivant que
la protéine est dans son état auto-inhibé ou dans son état actif [355].

FIGURE 1.3 – Auto-inhibition de N-WASP : Etat inactif : la protéine
N-WASP se replie par interaction de son domaine GBD avec son do-
maine C (homologue à la cofiline). Etat actif : la liaison coopérative
des protéines PIP2 et Cdc42 aux domaines BR et GBD de N-WASP,
respectivement, entraînent l’activation du complexe Arp2-3. Ce com-
plexe se lie aux régions acides (A) et C de N-WASP, puis initie l’as-
semblage de monomères d’actine (qui se lient aux domaines V, ho-
mologues à la verproline) en filaments d’actine polymérisés. (Figure
de l’article "N-WASP Regulation - the Sting in the Tail" de Fawcett et

Pawson [102])

1.3 Association IDP-protéine

De nombreuses IDPs subissent des changements conformationnels vers des
structures ordonnées, par exemple en hélice-α ou feuillet-β lorsqu’elles se lient
à d’autres protéines. Ces régions désordonnées à l’état non-lié mais structurées
dans les complexes protéine-protéine sont appelées motif linéaire court ou "small
linear motif " (SLiM) [73, 91, 97, 114], motif linéaire eucaryote ou "eukaryote linear
motif " (ELM) [91, 275], ou encore éléments de reconnaissance moléculaire ou
"molecular recognition features" (MoRFs) [59, 91, 234, 252, 352, 355].

Les SLiMs et ELMs sont de petites tailles (entre 3 et 11 acides aminés) et vont
être reconnus par un partenaire structuré via un mécanisme d’ajustement induit
(Fig. 1.4) [73, 97, 114, 180].

Les MoRFs sont généralement plus longues (entre 10 et 70 acides aminés). La
structuration des MoRFs peut suivre deux mécanismes possibles (non nécessai-
rement exclusifs) : soit par ajustement induit, soit par sélection conformationnelle
(Fig. 1.4).

Cependant, ces deux mécanismes d’association semblent être des possibili-
tés extrêmes, et des processus plus complexes peuvent se mettre en place. Une
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FIGURE 1.4 – Deux modèles d’association possibles : ajuste-
ment induit et sélection conformationnelle : en haut : représen-
tation de l’ajustement induit lorsque l’état replié de la protéine se fait

après son association avec la protéine partenaire.
En bas : La sélection conformationnelle correspond au cas où l’état
replié est transitoire et sera choisi par un partenaire. (Figure extraite
de l’article "Dynamics and mechanisms of coupled protein folding

and binding reactions" de Kiefhaber [170])

autre sorte d’association protéine-IDR conduisant à des "fuzzy complexes" est ré-
pertoriée dans la littérature [119, 335]. Les IDRs intervenant dans ces complexes
sont très dynamiques, peuvent adopter plusieurs conformations, et peuvent même
ne pas acquérir de structure secondaire en contact avec le partenaire, en res-
tant étendues et désordonnées. C’est le cas de la protéine p27 inhibitrice des
CDK qui se lie au complexe cycline A-CDK2 sous une forme très étendue [297].
La structure de p27 contient des régions en "coil" rigide, en hélice-α amphipa-
thique, en feuillet-β, en β-hairpin amphipatique et en hélice 310, ce qui permet à
la protéine d’interagir avec une grande surface du complexe cycline A-CDK2. De
plus, contrairement aux protéines globulaires, les acides aminés hydrophobes de
p27, qui sont accessibles au solvant dans l’état non-lié, vont jouer un rôle impor-
tant dans l’association avec le complexe en favorisant la formation d’interactions
hydrophobes avec une hélice du complexe cycline A-CDK2 et l’apparition d’une
hélice-α amphipathique dans p27 [297].

La façon dont une IDP s’associe à ses partenaires est donc complexe et pas
toujours élucidée. Pourtant, la compréhension de ces mécanismes semble né-
cessaire pour mieux comprendre les bases de la reconnaissance moléculaire des
IDPs [302]. De plus, les SLiMs, ELMs et MoRFs offrent de nouvelles possibilités
d’interactions avec des petites molécules [59, 296, 367]. L’utilisation de petites
molécules organiques ou peptidomimétiques pour rompre les interactions IDP-
protéine est un enjeu de plus en plus important pour la chimie-biologique et la
chimie pharmaceutique [6, 346, 378].
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1.4 IDPs et pathologies humaines

D’après une étude réalisée par Uversky, Oldfield et Dunker en 2007 [346],
de nombreuses maladies humaines sont liées à des protéines prédites comme
étant désordonnées. Un an plus tard, Uversky réalise une autre étude [351] pré-
disant (grâce au prédicteur de désordre PONDR [291, 292]) qu’il y aurait environ
345 IDPs sur 689 protéines impliquées dans les maladies neurodégénératives
(50 %), environ 1160 IDPs sur 1786 protéines dans les cancers (65 %), environ
270 IDPs sur 487 protéines dans les maladies cardiovasculaires (55 %) et environ
185 IDPs sur 285 protéines liées au diabète (65 %) (Fig. 1.5).

FIGURE 1.5 – Abondance des IDPs associées à certaines ma-
ladies : pourcentages des IDPs liées aux maladies en fonction du
nombre de résidus consécutifs prédits comme étant désordonnés,
entre 30 et 100 acides aminés (Estimation faite en 2008). Les don-
nées montrent que les protéines associées à la signalisation et inter-
venant dans des maladies, sont en très grande quantité par rapport
aux protéines ordonnées de la PDB. (Figure extraite de l’étude faite
par Uversky en 2008 dans la revue "Intrinsically Disordered Proteins

in Human Diseases : Introducing the D2 Concept" [351]).

La compilation de plusieurs articles de revue sur les IDPs impliquées dans les
pathologies humaines [6, 89–91, 93, 107, 118, 124, 336–338, 345, 348], en 2016,
permet d’identifier et de recenser environ 150 protéines dont on connaît la fonc-
tion biologique, et dont on sait qu’elles contiennent une région intrinsèquement
désordonnée. Parmi celles-ci, environ 20 seraient des macromolécules corres-
pondant à des sous-unités ribosomales (30S et 50S), environ 10 des récepteurs,
environ 15 des enzymes et 25 autres pour lesquelles aucune relation avec des
pathologies humaines n’a pu être établie.

Sur les 80 IDPs restantes, que j’ai détaillées dans ma thèse de pharma-
cie [46], environ 25 auraient un lien avec des cancers, 14 avec des maladies auto-
immunes, 10 avec des maladies infectieuses, environ 10 avec des maladies neu-
rodégénératives, environ 10 dans des troubles cardiovasculaires et 13 seraient
des "hub" protéiques liés à plusieurs maladies.
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Lors de cette étude bibliographique, j’ai pu constater que, dans le cadre des
IDPs, la découverte et le développement de nouvelles molécules thérapeutiques
semblent être corrélés à leur caractérisation structurale. Cependant, la caractéri-
sation de ces IDPs reste longue et difficile mais pleine d’avenir puisque seulement
26 % des IDPs recensées dans cette recherche bibliographique auraient fait l’ob-
jet d’études structurales couplant des techniques expérimentales (telles que ré-
sonance magnétique nuclaire (RMN), diffusion des rayons X aux petits angles
(SAXS)) avec des approches théoriques (dynamique moléculaire (DM) ou dy-
namique moléculaire avec échange de répliques (REMD)). Pour ces IDPs pour
lesquelles on possède des informations structurales, 50 % sont la cible de médi-
caments. Cibler les IDPs semble donc être une nouvelle voie prometteuse pour le
développement de nouvelles molécules thérapeutiques.

Ainsi, dans le but de mieux comprendre les facteurs physico-chimiques qui
gouvernent les processus d’association et donc les fonctions biologiques des
IDPs, mais aussi pour guider la conception de molécules thérapeutiques ciblant
ces protéines, il est nécessaire d’élucider au niveau atomique l’ensemble confor-
mationnel de ces IDPs et IDRs, ainsi que leur dynamique.

1.5 Méthodes de caractérisation structurale des IDPs

Si cette catégorie de protéines a été si longtemps méconnue malgré les fonc-
tions importantes assurées par celles-ci, c’est parce que les techniques de pu-
rification et de caractérisation étaient adaptées aux protéines structurées [96].
La nature hautement dynamique des IDPs et leur capacité à fluctuer rapidement
entre différents états rendent difficile leur caractérisation structurale.

Cependant, ces dernières années de grands progrès ont été fait pour amé-
liorer, adapter et augmenter les performances des techniques expérimentales et
des techniques "in silico" pour la caractérisation des IDPs. Des revues récentes
exposent les différents aspects matériels, apports et limites des techniques expé-
rimentales [311] et des techniques théoriques [26] :
- la revue très récente de Schramm et al. [311] regroupe toutes les techniques
expérimentales possibles pour la caractérisation des IDPs. Ces méthodes varient
essentiellement en termes d’échelle à laquelle on veut obtenir des détails sur la
protéine, mais aussi en termes de quantité de protéine nécessaire, et en termes
d’exigence instrumentale et de complexité de mise en oeuvre [311] ;
- Bhattacharya et Lin [26] fournissent un aperçu de l’état actuel des méthodes
de calcul pour étudier les structures et la dynamique des IDPs et examinent les
principaux défis à relever dans ce domaine [26].

1.5.1 Techniques expérimentales

La technique historique pour déterminer la structure d’une protéine est la cris-
tallographie des rayons X. Cette technique s’applique si la protéine possède une
structure à trois dimensions bien déterminée, ce qui est une condition indispen-
sable pour la formation d’un cristal, répétition régulière d’un même motif. Si la
protéine possède des régions déstructurées, il peut se produire qu’elle cristallise,
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mais ces régions ne seront pas visibles dans la structure obtenue par cristallo-
graphie. Si la protéine est complètement déstructurée, elle possède une infinité
de conformations et la cristallisation est impossible. Il faut alors trouver des tech-
niques alternatives à la cristallographie.

La figure ci-dessous (Fig. 1.6), extraite de la revue exhaustive [311] donne
l’ensemble de ces techniques, avec leurs caractéristiques.

FIGURE 1.6 – Ensemble des méthodes permettant de caractéri-
ser les IDPs : Les différentes techniques sont énumérées de haut en
bas en fonction de l’échelle à laquelle elles donnent des informations,
et de gauche à droite en fonction de la complexité de la technique (Fi-
gure extraite de l’article "An arsenal of methods for the experimental
characterization of intrinsically disordered proteins – How to choose

and combine them ?" [311])

Dans la suite de cette section, je ne vais citer et détailler que les deux prin-
cipales techniques expérimentales utilisées dans ma thèse, le SAXS et la RMN.
Toutes deux donnent accès à des modèles structuraux des IDPs : la première
donne des informations à basse résolution sur l’ensemble des conformations
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adoptées par l’IDP, et la seconde donne des informations localement, au niveau
de chaque résidu. Elles sont donc complémentaires.

Diffusion de rayons-X aux petits angles

La diffusion de rayons-X aux petits angles (ou "small angle X-ray scattering"
(SAXS)) est une méthode de caractérisation structurale de basse résolution des
macromolécules en solution. Cette technique, simple à mettre en oeuvre quand
la protéine est purifiée, fournit des informations globales de forme, de taille, d’état
oligomérique et de structure quaternaire de macromolécules, et permet égale-
ment l’analyse quantitative de systèmes flexibles [21, 160, 284, 323].

Une solution de particules placée dans un tube capillaire est illuminée par
un faisceau monochromatique de rayons X. L’intensité des rayons X diffusés aux
petits angles est enregistrée par un détecteur de rayons X à deux dimensions
(Fig. 1.7).

FIGURE 1.7 – Principe du SAXS : 2θ est l’angle de diffusion et λ
la longueur d’onde du faisceau incident (Figure adaptée de l’article
"Structural analysis of intrinsically disordered proteins by small-angle

X-ray scattering" [21] de Bernadó et Svergun.)

Les données expérimentales sont représentées sous la forme d’une courbe
de diffusion I(q) en fonction du module q du vecteur de diffusion :

q = 4π
sin(θ)

λ
(1.1)

où 2θ est l’angle de diffusion entre le faisceau incident et le faisceau diffusé.
Pour une solution de N particules identiques sans interactions entre elles, dite

solution idéale, l’intensité diffusée est égale à la somme de l’intensité difusée par
chacune des particules. Elle est égale à :

I(q) = N

〈 ∫
Vp

∣∣∣∣(ρ(−→r )− ρs)exp(−i−→q .−→r )d−→r
∣∣∣∣2
〉

(1.2)

où Vp est le volume de la particule, 〈 〉 représente la moyenne sur toutes les
directions de l’espace, ρ(−→r )− ρs est la différence de densité électronique entre
l’objet diffusant et le solvant.
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La courbe d’intensité I(q) permet tout d’abord d’obtenir le rayon de giration
(Rg) de l’objet diffusant, qui est donné par l’expression :

Rg2 =

∫
v(ρ(
−→r )− ρs)r2d3r∫

v(ρ(
−→r )− ρs)d3r

(1.3)

Il est à noter que dans le cas d’une IDP, qui adopte plusieurs conformations en
solution, ce rayon de giration est en fait un rayon de giration moyen des différentes
conformations. Pratiquement, on l’obtient par la loi de Guinier :

I(q) = I(0)exp−
q2Rg2

3 (1.4)

Pour une protéine globulaire, cette expression s’applique sur un domaine en
q donné par qRg < 1.3. Il a été montré que pour une IDP, ce domaine doit être
réduit, et il est prudent d’appliquer la loi de Guinier seulement pour qRg < 0.8.

A partir de I(q), on déduit aussi la fonction de distribution des distances P(r),
qui est l’histogramme des distances à l’intérieur de la particule. Dans le cas d’une
IDP, cette fonction a un profil typiquement dissymétrique, contrairement aux pro-
téines globulaires (Fig. 1.8). La plus grande valeur de r à laquelle P(r) s’annule
correspond à l’extension maximale de l’objet diffusant Dmax. Une remarque s’im-
pose ici : contrairement au rayon de giration, qui est une moyenne des rayons de
giration des différents conformères de l’IDP, le Dmax n’est pas une moyenne des
Dmax des différents conformères, mais est en fait le Dmax du conformère le plus
étendu.

FIGURE 1.8 – Fonction de distribution des distances pour des
protéines diversement structurées : le code couleur est le même
que pour la figure suivante 1.9. Protéine complètement structurée
PolX (courbe bleue). Protéines p47 et p67 possédant des régions
structurées et des IDRs (courbes verte et rouge respectivement).

Protéine complètement destructurée IB5 (courbe violette).

Finalement, une représentation intéressante dans le cas des IDPs est la repré-
sentation de Kratky sans dimension (Figure 1.9), qui représente (qRg)2I(q)/I(0) en
fonction de qRg, et qui permet de comparer toutes les protéines en s’affranchis-
sant de leurs dimensions. Elle reflète la globularité d’une protéine et permet de
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mettre en évidence les conformations globulaires compactes ou étendues de la
protéine. Cette représentation permet de distinguer des protéines complètement
désordonnées de protéines partiellement désordonnées contenant des régions
structurées de tailles significatives (Figure 1.9). Le diagramme de diffusion des
protéines globulaires dans un graphe de Kratky sans dimension présente un profil
en forme de cloche avec une valeur maximale de 1.104 pour qRg =

√
3, quelle

que soit la taille de la protéine. Par contre, pour une chaîne aléatoire, la courbe
augmente continûment [284].

FIGURE 1.9 – Représentation de la courbe Kratky sans dimen-
sion de différentes protéines ayant un degré de globularité diffé-
rent : utilisée pour analyser l’état globulaire ou étendu des protéines
(Figure extraite de la revue [284] de Receveur-Bréchot et Durand).
Profil en forme de cloche d’une protéine globulaire (courbe en bleue),
profils pour des protéines constituées de plusieurs domaines com-
pactes globulaires séparés par des "linkers" flexibles (courbes verte
et rouge). Les protéines complètement désordonnées et étendues

auront un profil de courbes tel que la grise et la violette.

En conclusion, il faut être conscient que pour une IDP, le signal de diffusion
correspond seulement à la moyenne des signaux de diffusion provenant des dif-
férents conformères. Les données obtenues par SAXS ne représentent pas la
diversité structurale de ces derniers. Elles ne permettent pas non plus une dé-
termination précise des structures locales d’un objet. Cette technique pourra tou-
tefois être utilisée pour guider la construction des ensembles de structures qui
décrivent les IDPs.

Résonance magnétique nucléaire

La résonance magnétique nucléaire (RMN) est une technique spectrosco-
pique, de haute résolution, bien établie pour caractériser les propriétés confor-
mationnelles (au niveau atomique) et dynamiques des protéines, dans des condi-
tions proches des conditions physiologiques [105, 106, 181, 307]. La demande
croissante de données structurales sur les IDPs a nécessité la mise au point et
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l’adaptation de méthodes de RMN telles que la détection directe au 13C, la PRE
(pour "paramagnetic relaxation enhancement") ou les couplages dipolaires rési-
duels (RDC) [181]. La RMN est une technique très adaptée pour l’étude des IDPs
et discutée dans de nombreux articles, revues, livre [40, 95, 106, 161, 181, 183,
187, 323]. Kosol et al. abordent dans leur revue les expériences et les straté-
gies de RMN qui permettent de générer des modèles structuraux détaillés des
IDPs [181]. Plus récemment en 2015, un livre a été dédié à l’étude des IDPs par
la méthode de RMN regroupant plusieurs chapitres sur les étapes clés de la RMN
pour les IDPs, et les questions à laquelle cette technique peut répondre [106].

La première étape pour obtenir des informations structurales par des mesures
de RMN consiste à attribuer les pics de résonance magnétique aux résidus de la
protéine. Dans le cas d’une IDP, tous les résidus de la protéine ont des environ-
nements chimiques assez similaires, ce qui rend l’attribution difficile, en raison du
chevauchement important des signaux et de leur élargissement [181].

Les principales grandeurs mesurées obtenues par RMN, pour les IDPs, et
permettant de caractériser leur structure et leur flexibilité (Fig.1.10), sont les sui-
vantes :

FIGURE 1.10 – Principe de la RMN : (Figure extraite de l’article "Dé-
terminer la structure d’une protéine par RMN : Un problème d’opti-

misation complexe" [246] de Nominé et Kieffer)

• Les déplacements chimiques (CS) : qui sont les paramètres les plus ac-
cessibles par RMN dans le cas des IDPs. Ils renseignent sur les confor-
mations locales du squelette de la protéine et permettent de localiser les
éléments de structure secondaire transitoires, ainsi que leurs populations.
Les IDPs existant sous la forme de conformères interchangeables, les dé-
placements chimiques mesurés sont des moyennes pondérées sur les diffé-
rents conformères, sur une échelle en temps allant jusqu’à la milliseconde.
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La manière usuelle de représenter les déplacements chimiques est de don-
ner leurs différences par rapport aux valeurs déterminées expérimentale-
ment pour des "random coil" (RC) :

∆δ = δexp − δRC (1.5)

Dans cette représentation, les déplacements chimiques des 13Cα impliqués
dans des hélices α auront en général des valeurs positives, alors que les
déplacements chimiques des 13Cα impliqués dans des feuillets β auront des
valeurs négatives [370]. Il est important de bien choisir les valeurs de ré-
férence δRC, et plusieurs bases de données et bibliothèques ont été déve-
loppées spécialement pour les IDPs. L’évaluation de la propension à former
des éléments de structure secondaire transitoires à partir des déplacements
chimiques a été discutée en détail dans plusieurs revues [173, 183].

• Les couplages scalaires, J : par exemple le couplage entre HN et Hα, peut
être utilisé en complément des déplacements chimiques, pour obtenir des
informations sur la structure secondaire résiduelle. La dépendance des cou-
plages scalaires J(φ, ψ) en fonction des angles dièdres φ et ψ du squelette a
été paramétrée grâce aux équations de Karplus. On peut ainsi utiliser le cou-
plage 3JNHα pour le calcul de l’angle φ. Typiquement, des écarts positifs par
rapport aux couplages mesurés dans les "random coils", sont la signature
d’un élément de structure de type feuillet β, tandis que des écarts négatifs
indiquent une propension à former des hélices-α ou des hélices polyproline
de type II. Comme pour les déplacements chimiques, un risque d’erreur sys-
tématique est possible si les valeurs de référence choisies pour les "random
coils" ne sont pas correctes.

• Les couplages dipolaires résiduels (RDC) : qui nécessitent d’aligner la
protéine dans le champ magnétique en utilisant un milieu orientant, gels po-
lyacrylamide, bicelles de lipides ou bactériophages filamenteux.
Les RDCs sont fonction de l’angle entre les vecteurs internucléaires, par
exemple ceux des liaisons 15N-1HN et 13Cα-1Hα, et le champ magnétique
statique. Pour les IDPs, il s’agit évidemment de moyennes sur toutes les
conformations.
Les RDCs renseignent sur les structures locales, parce que leurs valeurs
sont différentes dans les régions non structurées et dans les régions struc-
turées : ainsi, les 1DN−H des régions déstructurées adoptent des valeurs
négatives, ce qui indique que le vecteur N-H est en moyenne perpendicu-
laire à la chaîne ; par contre des valeurs supérieures aux valeurs des régions
déstructurées vont indiquer la présence de structures de type hélice α et des
valeurs inférieures la présence de structures étendues.
Les RDCs sont également sensibles aux contacts à longue distance entre
différentes parties de l’IDP.

• Les NOEs "Nuclear overhauser effect" : Cet effet est utilisé pour la déter-
mination de la structure des protéines structurées. Il dépend de la distance
internucléaire avec une limite supérieure à 5 Å, et est donc peu informa-
tif pour les IDPs. La dynamique rapide des IDPs entraîne une diminution
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des signaux NOEs, et si des signaux NOEs sont présents, la forte dégéné-
rescence des déplacements chimiques des chaînes latérales rend difficile
l’attribution sans équivoque des pics. Cependant, les NOEs ont été utili-
sés dans certains cas, par exemple pour la protéine Tau, pour confirmer les
propensions de structure secondaire indiquées par les déplacements chi-
miques [181].

• La relaxation paramagnétique : Le PRE (en anglais pour "paramagnetic
relaxation enhancement"), revue par exemple dans [65], est la technique de
choix pour mettre en évidence des contacts transitoires entre des régions
éloignées de l’IDP.
Elle consiste à introduire une sonde paramagnétique, radical libre ou cation
paramagnétique, à la position désirée de la protéine, en mutant en cystéine
un acide aminé de préférence une alanine, en cet endroit, et en lui fixant la
sonde.
L’analyse de la vitesse de relaxation R2, qui est proportionnelle à 1/r6, où r
est la distance entre l’électron non apparié de la sonde et le noyau observé,
permet d’obtenir des informations de distances à l’intérieur de la protéine et
de mettre en évidence un éventuel ordre résiduel à longue portée. Toutefois,
le traitement quantitatif des données n’est pas simple.

• Les vitesses de relaxation nucléaire : par exemple celle de 15N, donnent
des informations sur la dynamique locale de la protéine, sur une échelle de
temps de la picoseconde à la nanoseconde.
L’extraction des amplitudes des mouvements ainsi que les échelles de temps
associées, à partir des données de relaxation, n’est pas simple dans le cas
des protéines désordonnées, car le découplage des mouvements globaux et
des mouvements internes n’a plus de sens dans le cas d’une IDP, contrai-
rement à une protéine globulaire. Il s’ensuit que dans ce cas, seule une
interprétation qualitative des données pourra en général être faite, et on de-
vra se contenter d’identifier des segments moins mobiles dans la protéine
ou des clusters hydrophobes .

En conclusion, les IDPs sont étudiés expérimentalement à l’aide d’une com-
binaison de techniques qui fournissent des informations sur le contenu en struc-
ture secondaire (par exemple, le dichroïsme circulaire ou le FTIR) ; les propriétés
structurales (propension de structure locale, informations sur les interactions à
courte ou longue portée) et dynamiques (relaxation) à l’échelle atomique (RMN) ;
les interdistances entre régions éloignées de la macromolécule (par exemple le
FRET) et plus globalement sur la forme et la taille moyenne de la protéine en so-
lution (SAXS). Cependant, ces techniques ne donnent pas d’informations sur les
conformations individuelles de l’ensemble conformationnel.
Pour combler ce manque et comprendre la dynamique conformationnelle des
IDPs, des techniques d’échantillonnage basées sur la connaissance (knowledge-
based) et sur la physique (physic-based) sont développées et utilisées dans les
approches théoriques.
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1.5.2 Techniques théoriques

L’approche in silico est réalisée à l’aide de calculs informatisés. Depuis l’ap-
parition du premier ordinateur en 1938 (Zuse 1) et du superordinateur dans les
années 1960 (Cray research), la puissance des ordinateurs et le développement
des outils de calcul ne cessent de progresser. Réaliser des simulations à l’échelle
atomique, qui nécessitent la réalisation d’un grand nombre d’opérations par se-
conde, semble être maintenant à la portée des ingénieurs et des chercheurs. En
2007, David Shaw construit le premier superordinateur (Anton) destiné spéciale-
ment pour les simulations de dynamique moléculaire de protéines et de macro-
molécules biologiques [319].

Prédicteurs de désordre

Chercher à prédire le désordre dans une protéine, connaissant sa séquence, a
été l’une des premières préoccupations dans le domaine des IDPs. Des études de
bio-informatique comparant les séquences de protéines structurées avec celles
des IDPs ont montré des différences en termes de composition d’acides aminés,
de charge, d’hydrophobicité, de complexité des séquences, de mutations d’acides
aminés au cours de l’évolution. Les IDPs sont appauvris en acide aminé Cys, en
acides aminés aromatiques (Trp, Tyr, Phe), en acides aminés hydrophobes (Ile,
Leu, Val) mais enrichis en acide aminé Pro, en acides aminés polaires (Met, Lys,
Arg, Ser, Gln, Glu, Asp), ce dernier groupe de résidus étant désignés comme des
promoteurs de désordre [89, 277]. Il semble donc que le désordre soit codé dans
la séquence d’une protéine.

A partir de ces observations sont apparus les premiers prédicteurs de désordre
comme le prédicteur PONDR "Predictor of Natural Disordered Regions" [123,
198, 263, 290, 292, 345, 382]. D’autres ont suivis, par exemple "Intrinsic Pro-
tein Disorder Prediction" (DisEMBL) [200], "Predictor of Intrinsically Disordered
Regions" (DisProt) [249, 250, 262, 263, 360], "Efficient detection of protein di-
sorder " (ESpritz) [361], "Fast Estimator of Latent Local Structure" (FELLS) [270],
"Prediction of Intrinsically Unstructured Proteins" (IUPreD ou IUPreD2) [81, 82,
239], "Multilayered Fusion-based Disorder predictor v. 2.00" (MFDp2) [231–233],
SCRATCH protein predictor [58], "Sequence-based Prediction of Disordered resi-
dues for Proteins" (SPOT-disorder, SPOT-disorder2) [137, 139, 140] et "Simulta-
neous Sequence-Based Prediction of the Statistical Populations of Ordered and
Disordered Regions in Proteins" (s2D) [328], tous basés sur des principes légè-
rement différents. Les plus récents ont une approche plus moderne qui utilise
un réseau de neurones artificiels, en plus de l’alignement de séquence et de la
conservation des résidus (SPOT-Disorder2 [138]).

Certains prédicteurs ont l’intérêt de pouvoir prédire également les régions qui
ont la possibilité d’acquérir de la structure secondaire, comme "Fast Estimator
of Latent Local Structure" (FELLS) [270], "Multilayered Fusion-based Disorder
predictor v. 2.00" (MFDp2) [231–233], "Molecular Recognition Feature predictor "
(MORFpred) [79], et "Sequence-based Prediction of Disordered residues for Pro-
teins" (SPOT-Disorder) [137, 139, 140].

D’autres prédicteurs peuvent identifier des régions qui sont désordonnées
quand elles sont seules, mais qui subissent une transition désordre-ordre quand
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elles se lient à un partenaire, ANCHOR [83] et "α-helix-forming molecular recog-
nition elements" (α-MoREs) [252].

En conclusion, partant d’une séquence donnée de protéine, il sera toujours
utile de comparer les résultats provenant des différents prédicteurs. Récemment
mis à jour, le site internet MobiDB (version 3.0) [271] est une base de données
pour les protéines intrinsèquement désordonnée qui regroupe plusieurs logiciels
de prédicteurs de désordre-ordre (DisEMBL [200], ESpritz [361], IUPreD [82],
FELLS [270], VSL2b [263]).

Générateurs de pelotes statistiques

L’étape suivante est de construire un ensemble conformationnel de l’IDP étu-
diée. Il est possible d’utiliser plusieurs approches informatiques [108, 280, 282]
telles que des simulations par dynamique moléculaire (DM) ou des générateurs
de pelotes statistiques ("statistical coil generators").

Le principe général des générateurs de pelotes statistiques, tels que TraDES [104],
Flexible-Meccano (FM) [256], EOM (RANCH) [20, 343] qui sont les plus popu-
laires, est de générer rapidement l’ensemble le plus exhaustif possible de toutes
les conformations accessibles à l’IDP. Par exemple, le programme Flexible-Meccano
construit des conformations résidu par résidu, à partir de la séquence de la pro-
téine, en attribuant aléatoirement à chaque acide aminé des valeurs φ / ψ choisies
dans une compilation d’éléments de structure n’appartenant pas à des structures
secondaires, extraite des bases de données de structures à haute résolution de
protéines. L’intérêt de ce programme est de pouvoir y implémenter des données
de RMN (SSP, RDC, PRE et couplage scalaire) pour contraindre la construction
des conformations [256] (http ://www.ibs.fr/science-213/scientific-output/software/-
flexible-meccano/).

Récemment, une amélioration de ce programme a été développée [100] par le
groupe de P. Bernadó, qui exploite l’information contenue dans les fragments de
3 résidus des régions en "coil" des structures à haute résolution.

Dynamique moléculaire

La dynamique moléculaire est une méthode physique fondée sur la mécanique
newtonienne : les propriétés d’un ensemble d’atomes ou de particules sont dé-
terminées en étudiant la trajectoire de chaque particule au cours du temps sous
l’influence des forces exercées par les autres particules du système [16]. Les
trajectoires ainsi générées sont utilisées pour évaluer les propriétés structurales
et dynamiques de la molécule [61]. Ces trajectoires sont calculées grâce à un
modèle quantique prenant en compte toutes les particules de la macromolécule
ou grâce à un modèle de mécanique moléculaire (modèle empirique) ne pre-
nant en compte que les noyaux de tous les atomes ("all-atom")ou seulement des
atomes simplifiés (gros grains, "coarse-grain") [101]. La modélisation moléculaire
se base sur des champs de forces qui prennent en compte les interactions ato-
miques covalentes et non covalentes, correspondant respectivement à l’énergie
interne (énergie de liaison, d’angles de valence et de torsion (angles dièdres)) et
à l’énergie intramoléculaire (énergie non liante avec la force de Van-Der-Waals,
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l’énergie électrostatique). Classiquement, les simulations se font à une tempé-
rature constante (310K proche des conditions de la température physiologique),
avec un solvant explicite ou implicite, avec le choix de rajouter des lipides, des
contres-ions et éventuellement des ligands.

Cependant, les simulations par dynamique moléculaire présentent trois limites
pour les IDPs :

• La première limite est la non exhaustivité de l’échantillonnage des confor-
mations. Pour y remédier, une nouvelle stratégie a été développée la dyna-
mique moléculaire avec échange de répliques ("replica-exchange molecular
dynamic" (REMD)) [136, 329]. Cette méthode consiste à simuler plusieurs
répliques du système en même temps, à différentes températures. A inter-
valles réguliers, il est possible d’échanger différentes trajectoires si elles ont
une énergie totale très proche. Les répliques de basses températures as-
surent l’échantillonnage du système à une température désirée, tandis que
les répliques aux températures plus élevées sont utilisées pour améliorer
l’échantillonnage et donc couvrir un espace conformationnel plus large. Une
autre stratégie est d’utiliser des conformations différentes et variées comme
point de départ pour les dynamiques moléculaires classiques, on peut les
appeler des dynamiques moléculaires multiples [47].

• La deuxième limite est la précision des champs de force utilisés pour re-
présenter les systèmes désordonnés. En effet, les champs de force couram-
ment utilisés (OPLS, AMBER, CHARMM, etc.) ont été initialement dévelop-
pés pour étudier les états repliés des protéines. Ils ne sont pas parfaitement
adaptés aux états désordonnés et dépliés.

• La troisième limite est en lien avec les champs de force mais concerne
les modèles d’eau. En effet, pour les protéines compactes, bien structurées,
les acides aminés hydrophobes se retrouvent au coeur de la protéine tandis
que pour les IDPs ces résidus se retrouvent à l’extérieur et donc en contact
à l’eau explicite de la dynamique moléculaire. C’est pourquoi depuis le dé-
but du siècle, de nouveaux modèles d’eau permettent de mieux prendre
en compte ces résidus en contact avec les molécules d’eau, donc amélio-
rer les interactions protéines-solvants dans le but d’augmenter l’efficacité de
l’échantillonnage.

De fait de toutes ces limites, les simulations par dynamique moléculaire sont
souvent utilisées en complément avec des études expérimentales pour la com-
préhension et la caractérisation des IDPs.

1.5.3 Stratégie combinant des techniques expérimentales et
théoriques

En couplant les techniques expérimentales (RMN, SAXS) avec les techniques
in silico (DM ou FM), il est possible de caractériser précisemement (au niveau
atomique) les ensembles conformationnels des IDPs [301]. Comme décrit précé-
demment dans la partie "IDPs et pathologies humaines", en plus de la recherche
bibliographie de ma thèse de pharmacie effectuée en 2016, une autre étude biblio-
graphique concernant le couplage de techniques théoriques avec au moins une
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technique expérimentale de RMN et/ou de SAXS a été effectuée fin 2018. Cette
recherche, qui est présentée dans ce manuscrit en chapitre 2, a donné lieu à une
publication "Molecular dynamics simulations combined with NMR and/or SAXS
Data for characterizing IDP conformational ensemble" en 2019 dans le spécial
issue "Women in Computational Chemistry" du journal Journal of chemical infor-
mation and modeling [47].

FIGURE 1.11 – Différentes façon de combiner des approches ex-
périmentales et théoriques : schéma pris du chapitre 2 de ce ma-

nuscrit [47].

Il est possible de combiner les techniques expérimentales et les techniques de
simulations des façons suivantes (Fig. 1.11) [12, 47] :

• On utilise les techniques théoriques pour générer un ensemble conforma-
tionnel, puis on compare les données expérimentales aux données cal-
culées sur cet ensemble. On valide ainsi l’ensemble conformationnel de
l’IDP par rapport aux données expérimentales (Ensemble validation dans
la Fig. 1.11).

• Cependant, si les données expérimentales ne valident pas cet ensemble,
l’idéal est de contraindre l’ensemble conformationnel en intégrant simulta-
nément les différentes observables que peut fournir la RMN, ainsi que les
courbes de SAXS, c’est ce que font les programmes ENSEMBLE [62, 186]
et ASTEROIDS [245, 299]. Quand les données de RMN sont seulement
partielles, il peut être plus simple de générer un ensemble conformation-
nel contraint seulement par les probabilités à former des structures secon-
daires, fournies par la RMN, puis de comparer les courbes de SAXS cal-
culées sur cet ensemble aux courbes expérimentales (Restrained sampling
dans la Fig. 1.11).
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• Si cet ensemble contraint n’est pas validé par le SAXS, il est possible, à
partir de l’ensemble conformationnel exhaustif, de faire une sous-sélection
qui permet de décrire les courbes expérimentales de SAXS (par exemple
le programme GAJOE de EOM [20, 343]) (Ensemble reweighting dans la
Fig. 1.11).

Toutes ces approches semblent être prometteuses pour la caractérisation struc-
turale des IDPs qui sont devenues de nouvelles cibles thérapeutiques mais éga-
lement pour mieux comprendre les mécanismes moléculaires sous-jacents des
processus biologiques.

1.6 Objectifs de la thèse

On a vu dans cette introduction que déterminer un ensemble exhaustif des
conformations d’une IDP/IDR est un véritable défi. Pour certaines IDPs/IDRs, il est
impossible d’avoir des données expérimentales de RMN et/ou de SAXS pour les
caractériser. C’est pourquoi lors de cette thèse j’ai essayé de développer une mé-
thodologie par dynamique moléculaire pour prédire les conformations possibles
d’une IDP/IDR, lorsque l’on n’a aucune information expérimentale. Cette thèse
s’est déroulée en deux étapes :

1. la première étape a été d’utiliser une protéine complètement désordonnée
(le domaine Verproline de la protéine neuronale du syndrome de Wiskott-
Aldrich (N-WASP) qui contient deux motifs WH2 (région homologue 2 de la
protéine du syndrome de Wiskott-Aldrich)), pour laquelle nous disposions de
données de RMN (grâce à notre collaboration avec Célia Deville et Carine
Van Heijenoort) et pour laquelle il était aisé de réaliser des expériences de
SAXS, afin de développer notre méthode de dynamique moléculaire et de
valider notre protocole grâce aux données expérimentales.

2. Puis dans une deuxième étape, cette méthodologie a été appliquée sur
une toute nouvelle protéine bactérienne (DciA de Vibrio cholera) stimula-
teur du chargement de l’hélicase DnaB, dont la partie N-terminale, qui est
globulaire, a été caractérisée par RMN (par Jessica Andreani de l’équipe de
Françoise Ochsenbein (Laboratoire I2BC)) mais dont la partie C-terminale
constituée d’une cinquantaine de résidus n’a pas de structure tridimension-
nelle quand la protéine est seule en solution. Cette partie IDR n’a pas été
caractérisée par RMN mais nous avons pu acquérir des données de SAXS
et de CD.

Dans la suite de ce manuscrit vous trouverez quatre chapitres, le premier étant
un état-de-l’art des différentes études structurales des IDPs ou IDRs effectuées
en couplant des techniques de dynamique moléculaire avec la technique expéri-
mentale de RMN et/ou la technique de SAXS. Dans le deuxième, j’ai développé
une méthode de simulation permettant de reproduire au mieux les données expé-
rimentales locales et globales de la région désordonnée verproline de N-WASP
(constitué de 67 résidus). Ayant réussi à obtenir un ensemble conformationnel
en accord avec les déplacements chimiques de RMN et les mesures d’intensité
SAXS et sachant que cette région interagit avec l’actine, j’ai exploré les différentes
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possibilités d’interaction entre cette IDR et l’actine afin de déterminer quels mé-
canismes de sélection conformationnelle, ajustement induit ou complexes "fuzzy"
étaient privilégiés. Cette étude d’interaction sera reportée dans le troisième cha-
pitre. Le dernier chapitre est consacré à une étude par dynamique moléculaire de
l’ensemble conformationnel de la protéine bactérienne VcDciA qui possède 111
résidus ordonnés et 46 résidus désordonnés. Les simulations ont été validées
grâce aux résultats de SAXS.
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Chapitre 2

MD Simulations Combined with
NMR and/or SAXS Data for
Characterizing IDP Conformational
Ensembles

Comme vu dans le chapitre d’introduction, la combinaison de simulations de
dynamique moléculaire avec des approches expérimentales, telles que la réso-
nance magnétique nucléaire (RMN) et/ou la diffusion de rayons X aux petits angles
(SAXS) permet de converger vers une description plus précise et plus exhaustive
des conformations adoptées par les IDPs.

Le projet de ma thèse était de trouver une méthodologie pour caractériser le
plus exhaustivement possible les différentes conformations d’IDPs/IDRs grâce à
la technique de dynamique moléculaire (DM) et de valider cet ensemble confor-
mationnel grâce aux données expérimentales de SAXS. Pour commencer, il était
nécessaire de faire une bibliographie complète de ce type d’approche. Dans ce
chapitre, je discute de l’état-de-l’art de la détermination d’ensembles conforma-
tionnels des IDPs générés par des simulations de DM, avec un accent particu-
lier sur les études calculant et comparant directement les observables théoriques
avec le SAXS et/ou les données expérimentales de RMN (tels que les déplace-
ments chimiques (CS), 3J-couplages (3Jc), couplages dipolaires résiduels (RDC)).
Durant mes trois années de recherche, je me suis intéressée principalement à
générer un ensemble conformationnel basé sur la physique par des calculs des
forces et d’énergies grâce aux simulations de dynamique moléculaire. Nous avons
donc décidé de ne pas répertorier les articles générant des ensembles conforma-
tionnels, grâce aux générateurs de pelote statistique, mais seulement ceux de
dynamique moléculaire.

Ce chapitre est une adaptation de notre article de revue "MD Simulations Com-
bined with NMR and/or SAXS Data for Characterizing IDP Conformational En-
sembles", Chan-Yao-Chong, M. and Durand, D. and Ha-Duong, T., Journal of che-
mical information and modeling 2019, 59 : 1743-1758 (doi : 10.1021/acs.jcim.8b00928).
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Introduction

In contrast to folded proteins, intrinsically disordered proteins (IDPs) sample
very heterogeneous conformations and cannot be described by one or a few
three-dimensional (3D) structures but rather by an ensemble of many diverse
ones. Several biophysical experiments can be employed to structurally characte-
rize IDP conformational ensembles [34, 98, 228, 285, 349, 366], among which nu-
clear magnetic resonance (NMR) spectroscopy and small-angle X-ray scattering
(SAXS) appear simple to apply and very complementary. Indeed, NMR measure-
ments of residue-specific chemical shifts (CS) or residual dipolar couplings (RDC)
provide information on IDP propensity to form transient local secondary struc-
tures [183, 187], while SAXS intensities can inform about the IDP bound/unbound
state, degree of disorder, as well as their global shape and size [171, 284]. Ho-
wever, a problem inherent to disordered proteins is to infer ensembles of 3D
conformations from sparse or low-resolution data. This degeneracy issue (dif-
ferent ensembles can fit the same experimental data) makes the determination
of IDP conformational ensembles particularly challenging.

There are mainly three different strategies to derive IDP conformational en-
sembles using experimental information [30, 108, 153, 228, 282] (Fig. 2.1). The
first one consists of using experimental data as restraints to guide the generation
of an ensemble that agrees with experiments (restrained sampling). The second
one consists of generating a pool of conformations and then optimizing the sta-
tistical weight of each structure to minimize the deviation between theoretical and
experimental quantities (ensemble reweighting). Finally, the third strategy consists
of generating a conformational ensemble as realistic as possible and assessing
its quality against experimental measurements (ensemble validation).

In these strategies, ensembles of IDP conformations can be generated using
several computational approaches [108, 280, 282], among which statistical coil
generators and molecular dynamics (MD) simulations are the most popular. The
general principle of statistical coil generators, such as TraDES [104], Flexible-
Meccano (FM) [256], or the more recent database-Markov method [69] and three-
residue-based sampling [100], is to construct multiple conformations of a polypep-
tide main chain by assigning, to each amino acid, some φ/ψ values randomly taken
in residue-specific datasets derived from experimentally determined structures of
proteins. These very fast methods are, in essence, knowledge-based approaches,
which generally require, to be accurate, the input of amino acid secondary struc-
ture propensities, either determined by experiments or predicted by computational
techniques.

An alternative to statistical coil generators is the MD simulation approach which
can potentially generate realistic IDP conformational ensembles. Indeed, based
on physics principles, MD simulations naturally provide the Boltzmann probabi-
lity or statistical weight of each structure of a conformational ensemble, avoiding
the problem of degenerate solutions. However, this approach must overcome two
limitations to provide relevant results : first, the force fields must describe the in-
teratomic interactions as accurately as possible, particularly those between water
molecules and apolar amino acids, which are frequently exposed to solvent in di-
sordered polypeptide chains. Recent improvements in this direction were made
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FIGURE 2.1 – Strategies to generate IDP conformational en-
semble that fit experimental data : NMR data, such as chemical
shifts (CS), 3J-couplings (3Jc), or residual dipolar couplings (RDCs)
provide information on IDP propensity to form transient local secon-
dary structures. Small-angle X-ray scattered intensities I(q), as a
function of the scattering momentum transfer (q), provide informa-
tion regarding the shape of the scattering object and its size through
the radius of gyration Rg, estimated from the Guinier approximation :

I(q) = I(0)exp(−q2R2
g/3) for sufficiently small values of q [160].

for the classical force fields AMBER and CHARMM [25, 152, 268]. Second, ex-
plorations of IDP conformational ensembles must be as exhaustive as possible,
which generally requires computationally expensive calculations, which can last
up to several months. Several excellent review articles discussed the develop-
ments and applications of enhanced sampling techniques to generate statistically
correct IDP conformational ensembles [236, 280, 310].

Given the better accuracy of all-atom force fields and the more and more po-
werful high-performance computers, MD simulations have become a major ap-
proach to correctly characterize protein conformational ensembles. In the present
review, we provide a survey of the recent achievements of MD simulations for
generating realistic conformational ensembles of various IDP that agree with ex-
perimental data. We will particularly emphasize the MD studies that were able to
fit both NMR and SAXS measurements, indicating both local and global correct
structures. We hope that this review will encourage the molecular modeling com-
munity to validate IDP ensembles with both NMR and SAXS data and possibly
deposit their structures in the Protein Ensemble Database (pE-DB) [356]. In the
first part of this review, we will recall the studies that use experimental data to
assess the MD simulation approach, especially those which develop force fields
and enhanced sampling techniques for IDP. In the second part, we will shortly
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survey the methods to refine IDP conformational ensembles generated by MD si-
mulations. Lastly, we will discuss the contribution of recent MD studies combining
NMR and SAXS measurements to our understanding of IDP biological functions,
notably the role of the transient secondary structures and compactness in their
binding mechanism to protein partners.

It should be noted that studies using paramagnetic relaxation enhancement
(PRE) experiments will not be considered in this review. The results provided
by this NMR technique are more difficult to process than standard NMR expe-
riments, as shown by Sasmal et al. [305], because it requires to introduce a re-
porter tag which can induce some perturbations in structural ensembles. Similarly,
this review will not include many studies of IDPs that use fluorescence resonance
energy transfer (FRET) measurements which also provides useful information on
IDP overall size [116, 222].

2.1 NMR and SAXS data for validating MD simula-
tions

2.1.1 Toward force fields for IPDs

In the late 20th century, the most popular all-atom force fields for proteins
were GROMOS96 [354], OPLS-AA [166], CHARMM22 [211], or AMBER99 [362]
(Fig. 2.2). These force fields were optimized to well reproduce the structure and
dynamics of folded proteins, such as enzyme and receptors, in explicit solvent,
using generally a three-site water model, such as the SPC/E [18] or TIP3P [165].
However, with the emergence of IDPs in structural biology, limitations in accu-
racy of modeling protein disordered regions appeared at the beginning of the
2000s. More specifically, it was pointed out that MD simulations with traditional
force fields often generated conformational ensembles of disordered segments
with over-estimated propensities to form secondary structures and overly com-
pact shapes when compared to experimental data. Since then, great efforts were
made to develop new force fields optimized for both structured and disordered
parts of proteins. In this section, we survey these developments which have been
reported in a about fifteen publications since 2001.

Early efforts to optimize force fields were focused on improving the back-
bone φ and ψ dihedral potentials to better reproduce the two-dimensional Ra-
machandran probability distributions, notably resulting in the refined force fields
OPLS-AA/L [167] and AMBER03 [85]. More explicitly, MacKerell et al. introdu-
ced in CHARMM22 cross term energy functions of φ and ψ angles to better ac-
count for their correlations. These grid-based energy correction maps (CMAP)
gave the name CHARMM22-CMAP to this new force field, also referred to as
CHARMM27 [212, 213]. Since, many improvements of the backbone φ and ψ
dihedral energy potentials were continuously made, leading to a serie of force
fields more or less able to well reproduce polypeptide propensities to form lo-
cal secondary structures. This includes the AMBER99SB [150], AMBER99SB∗,
AMBER03∗ [23], AMBER03w [24], CHARMM22∗ [266], CHARMM36 [151], and
AMBER-14SB [214] force fields (Fig. 2.2). It could be noted that some of these
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models were subsequently completed with improved sides chain torsion poten-
tials to refine side chain rotamers, resulting in the "-ILDN" extension of some force
field names, such as AMBER-99SB-ILDN [202]. More recently, updated CMAP po-
tentials were implemented in several force fields to specifically correct the φ and
ψ probability distributions of intrinsically disordered proteins, leading to the new
force fields AMBER99IDPs [363], AMBER14IDPSFF [327], CHARMM36m [152],
and CHARMM36IDPSFF [204]. From a methodological viewpoint, one should re-
call that all these developments were mainly validated with comparisons between
back-calculated and experimentally measured NMR observables, such as scalar
3J-couplings or residual dipolar couplings (RDCs), on both folded and unstructu-
red polypeptides. Most recent ones, such as CHARMM36m, also used SAXS data
for additional validations.

FIGURE 2.2 – Developments of force fields and water mo-
dels for IDPs. (a)SPC : initial model of SPC/E [17]. (b)CHARMM-
TIP3P : specific TIP3P model for CHARMM force fields [211].
(c)TIP4P-Ew : reparameterization of the TIP4P model for use with
Ewald techniques [149]. (d)AMBER12SB : preliminary version of AM-

BER14SB [44].

In spite of these improvements in reproducing local structures of folded and
disordered polypeptides, several studies pointed out another limitation of current
force fields, that is they generally produce overly compact conformations of disor-
dered proteins [243, 267, 268, 281]. The main reason of this shortcoming is now
understood and originates from the fact that current water models underestimate
their dispersion interactions with amino acids, resulting in protein structures that
are too poorly solvated [25, 268]. In the recent literature, we found three different
approaches to remedy this situation. First, Best et al. proposed to slightly modify
their previous combination of AMBER03w force field [24] with the highly optimi-
zed TIP4P/2005 water model [2] : they simply rescaled by a factor γ = 1.10 the
Lennard-Jones well depth parameter εOi between the water oxygen and all protein
atoms, resulting in the force field name AMBER03ws [25] (in which the water mo-
del is thus slightly different from TIP4P/2005 and can be renamed TIP4P/2005s).
In a more force field agnostic approach, Piana et al. introduced a new water mo-
del called TIP4P-D derived from the model TIP4P/2005 [2] but with a dispersion
parameter C6 = 900 (kcal/mol).Å6 significantly larger (by about 50%) than in other
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popular water models [268]. This water model was showed to significantly im-
prove the average radius of gyration of several IDPs simulated with several force
fields. Notably, a combination of TIP4P-D with a derived version of AMBER99SB-
ILDN with optimized torsion potentials, resulting in the force field AMBER99SB-
disp, allowed to obtain very good accuracy in simulations of several IDPs [289].
Lastly, a third approach was reported in the communication of CHARMM36m force
field [152], in which the authors proposed to accentuate the Lennard-Jones well
depth parameter εH of the water hydrogen of the specific CHARMM-TIP3P model
from -0.046 to -0.10 kcal/mol (a model that could be named CHARMM-TIP3Pm
to be distinguished from the original one). This change improved the computed
average radius of gyration of some proteins but also deteriorated results for other
IDPs, suggesting that this εH parameter could be further optimized [152]. Regar-
ding the methodology of these developments, it should be emphasized that all
these improvements were validated by comparing back-calculated SAXS profiles
against experimental intensities. It should be stressed that comparisons of only
theoretical and experimental radii of gyration are partial assessments and do not
represent complete validations of IDP conformational ensembles.

2.1.2 Force field benchmark using NMR and/or SAXS data

Over the past four years, several benchmarks of previously mentioned force
fields were performed on various disordered peptides in order to guide the choice
of the most appropriate ones for IDP simulations. The IDPs which frequently ser-
ved as test cases are amyloidogenic peptides, particularly Aβ40 and Aβ42 related
to the Alzheimer’s disease, or the 37-residue IAPP involved in the type II diabetes.
These disordered peptides are known to have a significant propensity to form
transient β-strands accountable for their aggregation and fibrillization. When the
force field capability to reproduce their secondary structure propensities is tested
against NMR measurements of chemical shifts, 3J-couplings, or residual dipolar
couplings, then a general trend seems to emerge : AMBER03 and CHARMM22
are not appropriate for this kind of β-peptides since they over-stabilize α-helices,
while OPLS-AA and GROMOS96 similarly produces unstructured ensembles with
low secondary structures propensities [126, 147, 326]. In contrast, AMBER99SB,
AMBER99SB-ILDN, AMBER99SB∗-ILDN, and AMBER03w provides similar re-
sults in good agreement with NMR data, and CHARMM22∗ slightly performs bet-
ter than all the previously mentioned force fields [42, 147, 326]. This hierarchy
is overall confirmed by other studies on shorter peptides of about 10 to 20 resi-
dues [56, 257]. Interestingly, AMBER99SB-ILDN and AMBER99SB∗-ILDN were
also shown to produce secondary structure propensities consistent with NMR
data for disordered peptides with α-helix tendencies, such as the central region
(380-490) of axin-1 protein [28] or the TAD2 peptide (41-62) from the human p53
tumor suppressor [255]. Lastly, it could be noted that, when the CMAP energy
correction term for backbone (φ, ψ) dihedrals is implemented in a AMBER99SD-
ILDN, AMBER14SB, or CHARMM36m, then the resulting IDP-specific force fields
AMBER99IDPs, AMBER14IDPSFF, and CHARMM36IDPSFF, respectively, seem
to systematically improve the agreement between the back-calculated chemical
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shifts and NMR measurements for dozens of known disordered peptides and pro-
teins [94, 204, 327, 388].

IDP Force field Water model
< Rg >

(nm)

SAXS Rg

(nm)
Ref.

ACTR

(71 residues)

AMBER03w TIP4P/2005 1.5
2.5 [25]

AMBER03ws TIP4P/2005s 2.1

RS peptide

(24 residues)

AMBER03w TIP4P/2005 1.3

1.3 [281]AMBER03ws TIP4P/2005s 1.5

CHARMM22∗ TIP4P-D 1.4

α-Synuclein

(140 residues)

AMBER99SB-ILDN TIP4P-Ew 1.7

3.5 [268]
AMBER12 TIP4P-D 3.0

AMBER99SB-ILDN TIP4P-D 2.5

CHARMM22∗ TIP4P-D 2.3

α-Synuclein

(140 residues)

AMBER03ws TIP4P/2005s 3.0
3.6 [127]

CHARMM22∗ TIP4P-D 2.2

Protymosin α

(111 residues)

AMBER12 TIP4P-Ew 1.9

3.8 [268]
AMBER12 TIP4P-D 4.0

AMBER99SB-ILDN TIP4P-D 4.3

CHARMM22∗ TIP4P-D 4.6

Nucleoporin 153

(82 residues)

AMBER99SB∗-ILDN TIP4P 1.3

2.4 [221]AMBER99SB∗-ILDN TIP4P-D 2.1

OPLS-AA/L TIP4P 1.3

Histatin 5

(24 residues)

AMBER99SB-ILDN TIP4P-D 1.3
1.4 [142]

AMBER03ws TIP4P/2005s 1.3

TABLE 2.1 – Comparison of average radius of gyration from MD
simulations using a four-site water model and SAXS-derived

measurement for several IDPs.

However, although the tested force fields yield local structures consistent with
NMR chemical shifts, 3J-couplings, or residual dipolar couplings, it is not clear
whether they can well reproduce the IDP global shape and size. The assessment
of this capacity can be performed using comparisons between back-calculated
and experimental SAXS intensities, or at least between theoretical and experi-
mental radii of gyration. From studies which reported such comparisons, it ap-
pears that the model of water is a key determinant for accurate MD simulations
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of IDPs. First, it seems that three-site water models TIP3P and SPC/E nearly al-
ways induce overly collapsed conformations, this general trend being reported by
several studies on various disordered peptides or proteins [127, 143, 221, 268,
281]. Regarding the four-site water models, some MD studies on several IDPs
indicate that TIP4P and TIP4P-Ew models are also unable to yield average radii
of gyration consistent with experimental measurements (Tab. 2.1) [221, 268]. Ac-
tually, it appears that only the two water models TIP4P/2005s, in association with
AMBER03ws [25, 127], and TIP4P-D, which can be combined with different force
fields [268], can generate ensemble-average radii of gyration close to experimen-
tal values derived from SAXS intensities (Tab. 2.1). All together, these benchmarks
emphasize the importance to verify the agreement between the models and the
experiments at both local (NMR) and global (SAXS) levels when developing or
applying new force fields for IDPs.

2.1.3 Enhanced sampling techniques assessed using NMR /
SAXS data

Comparisons between MD simulations and experimental measurements were
also employed to develop and test enhanced sampling techniques in order to im-
prove the exhaustiveness of the conformational exploration. For instance, Karp
et al. showed on intein proteins which are partially disordered that calculated
chemical shifts, using SHIFTX2 or SPARTA+, are closer to experimental values
when they are averaged over ensembles generated by accelerated molecular dy-
namics (aMD) rather than by standard MD simulations (both approaches using
AMBER99SB/TIP3P force field) [168]. Interestingly, improvements were observed
for residues found in spatial clusters but not for residues in flexible terminal tails.
The authors suggested that boost potentials used in aMD are suited for escaping
deep energy wells, but in the case of shallow energy surfaces, they might lead
to incorrect distributions of IDP conformations [168]. In contrast, Szöllösi et al.
showed that replica exchange discrete molecular dynamics (RX-DMD), a collision
driven algorithm, using CHARMM force field and an implicit solvent model, can
retrieve in 25 IDP conformational ensembles their known α-pre-structural motifs
(α-PreSMo) determined by NMR [331]. However, in this study, the authors did not
report back-calculation and comparison of simulated chemical shifts against NMR
measurements, which does not allow to assess the conformation distributions pro-
duced by this method.

Enhanced sampling methods were also tested using SAXS data. Such a study
was carried out, for example, by Wen et al. with their technique called amplified
collective motion (ACM) which uses a few collective normal modes to guide and
accelerate the conformational ensemble exploration [368]. For two highly flexible
multidomain proteins (the bacteriophage T4 lysozyme and the tandem WW do-
main of the formin-binding protein 21), they demonstrated that ACM-guided MD si-
mulations explore conformational ensembles more extensively than standard MD
(both using CHARMM27/TIP3P force field). They also showed that subsequent
selections (using EOM [20]) of a small subset of conformations from the ACM
ensemble allow to better fit the SAXS intensities than when selected from the
standard MD trajectory [368]. This emphasizes the importance of generating a
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conformational ensemble as exhaustive as possible before selection to accura-
tely fit SAXS data. However, the authors recognized that the ACM technique does
not perform equilibrium simulations and thus does not generate proper Boltzmann
distributions [368].

Another approach to enhance sampling of IDP conformational ensemble is to
use coarse-grained (CG) models which reduce the number of simulated particles
to typically one bead per residue. Terakawa and Takada developed such a model
from a combination of all-atom MD simulations of few fragments of a target IDP
and a structural dababase of loop segments [333]. They reported that their CG
approach generated a conformational ensemble of the N-terminal transcription
domain of protein p53, which yielded back-calculated SAXS intensity (using CRY-
SOL [112]) and NMR residual dipolar couplings (using PALES [398]) very close to
experimental measurements [333]. In a later work, the same group used a similar
bottom-up approach to derive CG long-range contacts from all-atom simulations
of the p53 linker region (between the core and tetramerization (TET) domain).
The authors validated the obtained CG model by generating a conformational en-
semble of a tetramer of p53 core-linker-TET domains which back-calculated SAXS
intensity (using CRYSOL) agrees very well with experimental data [334].

2.2 Methods for refinement of MD-derived ensembles

With the increasing power of high performance computers, MD simulations can
now generate wide IDP conformational ensembles. However, even with enhanced
techniques, sampled ensembles do not always completely account for experimen-
tal data. Thus, several methods were developed to refine ensembles from MD
trajectories in complete agreement with experimental data, reducing the imperfec-
tions of force fields and samplings. In this section we briefly survey these develop-
ments to which MD simulations have also contributed. Before this, it should be em-
phasized that comparisons between theoretical and experimental NMR or SAXS
data require to back-calculate or predict these observables from ensembles of
atomic structures. Regarding NMR chemical shift calculation, various approaches
(sequence-based, structure-based, or quantum mechanics-based) were imple-
mented in many software, including SHIFTS [380], SPARTA+ [322], CAMSHIFT [177],
or SHIFTX2 [134]. Although it is still delicate to calculate IDP chemical shifts with
high accuracy, several studies showed that all these methods yielded comparable
accurate and sensitive chemical shift predictions [63, 64, 314].

In contrast, back-calculations of protein SAXS intensities, obtained as the scat-
tering curve of the protein solution minus the scattering of the buffer, seem to be
more tricky. Most popular software for SAXS intensity calculation, including CRY-
SOL [112, 330], FoXS [308, 309], and Pepsi-SAXS [130], use implicit models of
solvation. These approaches generally have reduced computational costs, but re-
quire to fix a few free parameters, particularly the solvent excluded volume and
excess density of the hydration layer, which is not a trivial task. It should be em-
phasized here that, unlike for chemical shift calculations, very few studies bench-
marked these implicit solvent software and investigated how these free parame-
ters impact the SAXS intensities of disordered proteins calculated over confor-
mational ensembles generated by MD simulations. It is notably found that small
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variations of the excess density of the hydration layer strongly affect the protein
scattering profiles [48, 144]. This suggests that users of these implicit solvent
approaches should carefully assess these free parameters before calculating and
interpreting SAXS intensity profiles [153, 342]. Another type of SAXS intensity cal-
culations explicitly takes into account solvent molecules around protein to perform
this prediction [153]. These approaches, such as implemented in WAXSiS [55,
175], are more time-consuming than implicit solvent programs, but naturally pro-
vide an atomic description of protein hydration layers without requiring to adjust
free parameters. They proved to be efficient and useful until hundreds of protein
conformations [66] with computational costs comparable to the unavoidable time
costs for SAXS or NMR experiments.

Assuming that software for back-calculation of NMR and SAXS observables
are sufficiently reliable, they can be employed to derive IDP conformational sub-
ensembles that agree well with experiments. This can be performed following two
approaches, either data-restrained MD simulations (restrained sampling) or re-
weighting the conformations of MD trajectories (ensemble reweighting) (Fig. 2.1).
To help the reader in identifying the various techniques and software discussed in
this text, we listed their names and purposes in Tab. 2.2.

2.2.1 Experimental data-restrained MD simulations

MD simulations restrained by NMR-derived atomic distances have been deve-
loped for several decades to derive ensemble of folded protein structures [135,
169, 189]. This method, which basically consists in adding penalty energy func-
tions of differences between back-calculated and experimental data to physics-
based hamiltonians, was thereafter extended for characterizing IDP conformations
using chemical shifts, 3J-couplings, or RDCs [41, 115, 201]. It could be noted
that a slightly different type of NMR data-restrained MD simulations was deve-
loped by Granata et al., consisting in performing bias-exchange metadynamics
with chemical shifts as collective variables [128, 129]. Intuitively, one could think
that restrained MD simulations sample a limited region of protein conformational
space, depending on the penalty energy functions. Nevertheless, it was interes-
tingly shown that, when simulations are performed on several replicas and when
restraints are imposed on back-calculated observables averaged over all the repli-
cas, then data-restrained MD approaches are equivalent to ensemble reweighting
using the maximum entropy principle (see below) [32, 45, 272, 294].

Compared to NMR data-restrained simulations, very few SAXS-restrained MD
studies were found in the literature. As far as we know, only Chen and Hub re-
ported the development of a SAXS/WAXS intensity-restrained MD algorithm to
refine conformational ensembles against scattering measurements [54]. It is wor-
thy to note that their restrained MD simulations in explicit solvent use a penalty
energy function of differences between experimental and theoretical intensities
back-calculated on-the-fly by their explicit solvent approach WAXSiS [55]. Other-
wise, in a very similar spirit as the previously mentioned bias-exchange metadyna-
mics using chemical shifts as collective variables [128], Kimanius et al. developed
a SAXS-guided bias-exchange metadynamics using scattering intensities I(q) at
four small angles q = 0.08, 0.14, 0.20, and 0.28 Å−1 as collective variables [172].
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Purpose Name Ref.

Statistical coil generator
TraDES [104]

Flexible-Meccano [256]

Molecular dynamics simulations

AMBER [300]
CHARMM [38]

GROMACS [3]
NAMD [265]

Chemical shift back-calculation

SHIFTS [380]
SPARTA+ [322]

CAMSHIFT [177]
SHIFTX2 [134]

RDC back-calculation PALES [398]

SAXS intensity back-calculation

CRYSOL [112]
FoXS [309]

Pepsi-SAXS [130]
WAXSiS [175]

Sub-ensemble selection (maximum parsimony)
EOM [20]

ASTEROIDS [245]
SES [19]

Ensemble reweighting (maximum entropy)
ENSEMBLE [62]

EROS [295]
COPER [195]

TABLE 2.2 – Name and purpose of main software employed for
conformational ensemble validation, restrained sampling, or re-
finement using NMR or SAXS data. A more exhaustive list can be

found in Ref. [282].

In their case, theoretical SAXS intensities were back-calculated using the implicit
solvent software FoXS [308].

2.2.2 Ensemble reweighting of MD trajectories

These computational approaches, also called sample-and-select, are not spe-
cific to MD simulations, but can be applied to conformational ensembles generated
with any methods, notably statistical coil generators. Several review articles [30,
282] already surveyed the various software implementing these approaches which
can be divided into two types : maximum parsimony methods, such as EOM [20],
ASTEROIDS [245] or SES [19], which aim at finding a minimal subset of protein
conformations that satisfactorily fits the experimental data, or maximum entropy
methods, such as ENSEMBLE [62], EROS [295] or COPER [195], which seek
to determine a conformation probability distribution consistent with experiments
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but keeping a maximum of structures from the pre-sampled ensembles. Since
disordered proteins generally have many various conformations, and since MD si-
mulations are supposed to generate physics-based ensembles close to real ones,
maximum entropy methods appear more appropriate than maximum parsimony
approaches for refining IDP ensembles from MD trajectories. This was illustrated,
for instance, in the study by Ball et al. who comparatively refined statistical coil and
MD ensembles of peptides Aβ40 and Aβ42 with the programs ENSEMBLE and
ASTEROIDS using several NMR measurements, including 3J-couplings, RDCs,
and NOEs. They concluded that MD simulations generate IDP conformational en-
sembles which constitute excellent starting pools for subsequent refinements [12].

To close this section, we should mention that significant improvements of confor-
mational ensemble reweighting can be obtained by incorporating errors on expe-
rimental measurements into refinement processes. This is generally performed
using Bayesian inference approaches which allows not only to take into account
the quality of various heterogeneous experimental data, but also to estimate the
uncertainty and accuracy of the output conformation probability distributions [109,
154, 287]. Interestingly, the Bayesian inference formalism can be implemented in
data-restrained replica MD simulations in which the force constants of the penalty
energy functions are treated as variables depending on the noise in experimental
data and inferred like the conformation probability uncertainties [29, 154].

2.3 IDP studies using MD and NMR/SAXS data

After the two previous sections mainly dedicated to methodological aspects
of the modeling of IDP conformational ensembles, we now review some recent
studies combining MD simulations and NMR and/or SAXS measurements to gain
insight into the molecular mechanism of IDP biological activity [92, 93, 337] but
also their implication in human diseases [351]. We will first look over studies of
amyloid proteins related to degenerative diseases, because MD simulations can
be very helpful in characterizing their structures, which is challenging by only ex-
perimental means due to their strong aggregation propensity. Then, we will survey
recent MD applications on some IDPs involved in cellular regulation or signaling
mechanisms, and lastly on some IDPs from viruses.

2.3.1 Amyloid proteins

There are about thirty human amyloid proteins which form insoluble fibrils
mainly deposited in the extracellular spaces of tissues resulting in a family of di-
seases called amyloidosis [325]. Most of the structural investigations of these pro-
teins are focused on three of them, the human islet amyloid polypeptide (hIAPP),
amyloid-β (Aβ), and α-synuclein (αSyn), involved in the type II diabetes, the Alz-
heimer’s, and the Parkinson’s disease, respectively (Tab. 2.3). A fourth frequently
studied protein is the microtubule-stabilizing tau protein which abnormal phospho-
rylation leads to aggregation into intracellular neurofibrillary tangles also involved
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in the Alzheimer’s disease. Cumulative evidence indicates that these amyloid pro-
teins are fully or partially disordered in their monomeric state, but their mecha-
nisms of aggregation still remain unclear. To shed light on the early steps of their
oligomerization, several studies, discussed below, combine MD simulations and
NMR data to accurately characterize their conformational ensemble and to iden-
tify specific structures, generally rich in β-stands, that are prone to aggregate.

Regarding hIAPP, its monomeric structure bound to micelles is rather well cha-
racterized and known to be mostly α-helical [240, 260]. In solution, experimental
studies indicate that hIAPP is predominantly in random coil but transiently samples
helical conformations [203, 369, 389]. Strikingly, although many MD simulations
studies were reported in the literature [340], very few of them compared their re-
sults to available experimental measurements (Tab. 2.3). Laghaei et al. used a
coarse-grained model with implicit solvent to sample hIAPP conformational en-
semble and found that its region 5-16 transiently adopts α-helical structures [188]
consistently with previously mentioned NMR data. The all-atom REMD study by
Qi et al. confirmed that hIAPP region 11-25 transiently visits α-helical conforma-
tions in agreement with chemical shift data. These transient α-helices would be
intermediate elements of recognition in hIAPP oligomer formation [276].

For the monomeric Aβ peptide in water, we found much more structural studies
that combined simulations and experimental data than for the three other amy-
loid proteins. Most of them used replica-exchange molecular dynamics (REMD)
simulations and NMR chemical shifts, 3J-couplings, and/or RDCs to assess the
sampled ensembles (Tab. 2.3). Whereas most of these studies just validated their
MD ensembles against NMR data, only Ball et al. further reweighted their MD-
generated conformations [11] (using the ENSEMBLE software [62]), and Granata
et al. performed bias-exchange metadynamics with chemical shifts as collective
variables [129]. It is worthy to note that, in all studies that compared chemical
shifts, agreements between back-calculated and experimental values are always
very good, with Pearson correlation coefficients around 0.9. This indicates that
chemical shifts are not sufficient metrics to validate an conformational ensemble
or to discriminate between two different ones [10, 371]. Various sampling ap-
proaches, force fields, and water models used in these studies led to different
structural ensembles with various level of agreement with NMR data, ranging from
moderate to very good.
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But, overall, most of these studies seem to converge toward a similar descrip-
tion of Aβ conformations : the peptide is mostly in statistical coil but transiently
samples, at various extents, structures with α-helices and, most importantly, β-
strands at consensus regions (16-21, 30-35, and 39-41). The latter can be ar-
ranged in β-hairpins or β-sheets of three β-strands which probably seed the Aβ
self-recognition and the early steps of the oligomerization [341].

The isoform hTau40 of human protein Tau is a 441-residue microtubule-asso-
ciated protein. Its microtubule-binding domain (197-441) includes a proline-rich
domain (197-243) and a repeat domain (244-372) which can form amyloid fibrils
with cross-β structures. Tau is natively unfolded and highly dynamics in solution,
but some transient secondary structures were identified in several regions [238].
For example, MD simulations detected a transient β-strand and a polyproline II
(PPII) helix in segments 223-247 and 225-250 [210], in good agreement with NMR
measurements of chemical shifts and RDCs. Extensive REMD simulations of the
long repeat domain 244-372 generated a conformational ensemble in quantitative
correlation with experimental chemical shifts with transient α-helices and notably
high β-strand propensities at the segments 275-280 and 306-311, both crucial for
Tau aggregation [209]. Actually, Luo et al. found that the repeat domain conforma-
tional ensemble is a mixture of disordered and ordered structure which is rather
compact with long-range contacts between the repeats [209]. The compactness
of the whole protein was quantified by Battisti et al. in a rare study combining Me-
tadynamics simulations (using the protein radius of gyration as collective variable)
and ensemble reweighting (using EOM) based on SAXS intensities. At 293 K, the
authors found an average radius of gyration of 6.6 nm, before selection by EOM.
After ensemble reweighting, they reported a value of 6.9 nm [15], indicating that
the hTau40 conformational ensemble sampled by Metadynamics was quite close
to the one revealed by SAXS experiments, at least at the global level.

Like protein Tau, α-Synuclein has a conformational ensemble more compact
than expected for a random coil protein of this size [75, 348]. However, charac-
terizing the transient long-range contacts between the transient secondary struc-
tures of this "pre-molten" globular state still remains challenging. To this end, pa-
ramagnetic relaxation enhancement (PRE) and fluorescence resonance energy
transfer (FRET) experiments are particularly well suited for probing long-range
contacts in proteins. Although these techniques were considered out of scope of
this review, we would like to highlight some investigations which combined MD
simulations with PRE or FRET and NMR data (Tab. 2.3). These studies descri-
bed conformational ensembles of α-Synuclein, generated by REMD simulations,
in good agreement with PRE or FRET data and other NMR measurements [5,
127, 241]. These ensembles notably comprise heterogeneous structures, enti-
rely collapsed, fully extended, or semi-compact in which the N-terminal domain
makes contacts to the central non amyloid-β component (NAC), the C-terminal
domain remaining mainly extended. It could be noted that former similar PRE stu-
dies reported that α-Synuclein NAC domain is rather contacted by the C-terminal
region [22, 75], highlighting the difficulties to provide accurate conformational en-
sembles from sparse experimental data. Indeed, different ensembles can quanti-
tatively fit PRE data, but could be divergent about local secondary structures and
disagree with 3J-coupling or RDC measurements. The latter are therefore recom-
mended to be used as additional restraints or in reweighting refinements to obtain
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a more accurate description of IDP conformational ensembles [5, 241].

2.3.2 Regulation and signaling proteins

IDPs are now recognized as key players in regulation of cellular processes
as well as in cell signal transduction. These functions are generally performed
through cascades of high-specificity and low-affinity association/dissociation events
of intrinsically disordered regions (IDRs) with various protein partners. In many
IDR binding process, a disorder-to-order transition is observed in which a ran-
dom coil segment in free state adopts a secondary structure when bound to a
partner. Since their uncovering by bioinformatics studies [118, 234], these seg-
ments, called molecular recognition features (MoRFs), have been the subject of
many MD studies to characterize their disorder-to-order transition and better un-
derstand their mechanism of binding. We survey here recent ones which also
combined NMR or SAXS experiments (Tab. 2.4).

A first interesting and representative study was performed by Yoon et al. on
the C-terminal domain of protein p21 (residues 145-164) which binds several pro-
teins including calmodulin (CaM), the proliferating cell nuclear antigen (PCNA),
or the human papilloma virus E7 oncoprotein [390]. Using MD simulations and
a reweighting optimization based on Cα chemical shifts, the authors generated
a conformational ensemble of p21 segment 145-164 in excellent agreement with
several other NMR measurements. They showed that the N-terminal half of the
peptide transiently adopt an α-helical structure which is similar to its CaM-bound
conformation, while its C-terminal half is preferentially in an extended strand si-
milar to the one adopted in the complex with PCNA. These results suggest that
proteins CaM and PCNA bind the p21 peptide α-MoRF and β-MoRF, respecti-
vely, by a conformational selection of these secondary structures preexisting in
its unbound state [390]. Regarding PCNA in association with the intrinsically di-
sordered PCNA associated factor p15, it should be mentioned that Cordeiro et al.
recently characterized different conformations of the complex by combining MD
simulations of PCNA, conformational ensembles of p15 generated with Flexible-
Meccano [256], SAXS, and NMR experiments [66].

Bioinformatics analyses of residues in MoRFs estimated that, upon binding,
27% of them adopt an α-helical conformation (α-MoRF), 12% a β-strand (β-MoRF),
and about 48% an irregular structure (i-MoRF). The remaining 13% are residues
with missing coordinates in complex structures [234]. α-MoRFs are frequently
observed in IDP-protein interactions, such as in the case of the widely studied
p53 TAD domain which conformational ensemble was simulated in agreement
with NMR data by Mittal et al. [229] or Ganguly and Chen [122], for example.
α-MoRFs are also found in IDP-DNA associations, such as in the DNA binding
of the basic leucine-zipper (bZip) domain of the yeast transcription factor GCN4
which MD-generated conformational ensemble was validated against NMR che-
mical shifts by Robustelli et al. [288]. Among the irregular i-MoRFs, it should be
pointed out that some of them could be polyproline II (PPII) left-handed helical
structures which were often misplaced among unstructured, extended, or random
coil conformations.
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The study of such PPII-MoRF was reported, for instance, by Krieger et al.
who used chemical shift measurements in restrained MD simulations of the frag-
ment 503-524 of protein Gab2 to characterize its conformational properties. The
authors showed that the free disordered peptide had significant amounts of resi-
dual extended (up to 20%) and PPII (25-30%) structures and transiently visited
preorganized conformations highly similar to the one found in its complex with the
C-terminal SH3 domain of the growth factor receptor-bound protein 2 (Grb2) [184].

The detection of preexisting preorganized bound structures in the IDR free
state conformational ensemble does not prove that the binding to partners pro-
ceeds through a conformational selection mechanism. Nevertheless, the two pre-
viously mentioned studies on p53 TAD domain [122, 229] and the one about Gab2
fragment 503-524 [184] interestingly reported that mutations in these disordered
peptides modify their propensity to form α-helical or PPII structures in qualitative
correlation with the binding affinity to their partners. This indicates that, although
the bound structure of MoRFs is not necessarily the one which is selected by pro-
tein partners, at least, a pathway from disordered state to these conformations
should exist and not be energetically unfavorable, so that the MoRF secondary
structures can easily be formed to fit the binding sites.

Other functions of intrinsically disordered segments are to serve as flexible lin-
ker between two functional folded domains. Structure and dynamics of these lin-
kers generally modulate the relative orientation of the two linked domains and their
possible binding for cooperative function (Tab. 2.4). Conformational ensembles of
these highly flexible proteins can be efficiently characterized using MD simula-
tions and sub-ensemble selection based on SAXS intensities, as Zhang et al., for
instance, have done on the FBP21 protein [395]. In another study using MD simu-
lations validated against chemical shift measurements, Xun et al. showed that the
disordered linker of RfaH protein, which is probably extended when the two linked
N-terminal and C-terminal domains are separated, become a long loop that parti-
cipates in stabilizing the close state in which the two domains are in contact [385].
The role of another disordered long loop, the TCTP protein one, was also inves-
tigated by Malard et al. using MD simulations validated against NMR chemical
shifts and 3J-couplings. This study showed that TCTP disordered loop can be de-
tached from or bound to its core domain in response to various cellular conditions,
indicating that the loop modulates the accessibility of the protein core domain to
its partners [215].

Above tails, linkers, and loops, a higher level of disorder can be found in molten
or pre-molten globules which are partially or fully unfolded domains or proteins but
still collapsed [350]. Neverteless, these compact unfolded domains still have a role
in specific binding other proteins. For example, the nuclear coactivator binding do-
main (NCBD) of the transcriptional coactivator CBP is a molten globule with some
helical segments but with heterogeneous tertiary conformations. The REMD study
of unbound NCBD, carried out by Knott and Best and validated against both NMR
measurements and SAXS intensities, identified in its conformational ensemble
some tertiary structures which have preformed interface competent for binding
ACTR protein [176]. A similar observation was made by Zeng et al. on the P18-
S65 region of protein 4E-BP2, a repressor of the eukaryotic initiation factor eIF4E.
The conformational ensemble of the unbound domain, generated by REMD si-
mulations in agreement with chemical shift data, exhibits collapsed conformations
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including some folded α-helical motifs which can be superimposed on the crystal
structure of 4E-BP2 bound to eIF4E [392]. Interestingly, these helical structures
are less sampled in the conformational ensemble of the phosphorylated protein
which is shifted toward β-folds, consistently with the fact that 4E-BP2 phospho-
rylations suppress its binding to eIF4E. A last example of such collapsed and
disordered domain is provided by the C-terminal domain (CTD) of protein 4.1G
which conformational ensemble was recently investigated using REMD simula-
tions and NMR spectroscopy by Wu et al. [375]. This domain was shown to sample
heterogeneous globular structures organized alongside a stable α-helix, in good
agreement with chemical shift measurements. However, this stable helix is not the
binding site of the protein partner NuMA (nuclear mitotic apparatus) which rather
interacts with multiple sites on the globular disordered part of 4.1G, forming a
dynamic fuzzy complex in which both proteins remain disordered [375].

2.3.3 Disordered proteins from viruses

Bioinformatical disorder predictions unveiled that the prevalence of IDPs in
proteomes increases from prokaryotes (10-30%) to more complex eukariotic or-
ganisms (40-50%) [381]. Interestingly, these studies also revealed that, compa-
red to eukariotes, viruses have similar amounts of short intrinsically disordered
segments (30-60 residues) but contains fewer long disordered regions. An ana-
lysis of these viral IDP biological functions indicates that they are mainly related
to protein-protein interactions, regulation, and signaling [381]. All together, these
observations suggest that IDPs from viruses seem to mimic the host disordered
proteins in order to hijack the host cellular machineries for their benefit. As such,
characterizing viral IDP conformational ensemble helps not only to develop new
antiviral compounds but also to better understand IDP mechanism (Tab. 2.5).

Virus Disease IDR Methods Ref.

Human
Papillomavirus

(HPV)

Genital
infection,

wart,
cancer

N-ter domain of
oncoprotein E7
(residues 1-46)

REMD + CS
(AMBER99SB | GB/SA) [192]

Measles
Virus
(MeV)

Measles
infection

C-ter domain (NTAIL)
of nucleoprotein N
(residues 484-504)

REMD + CS
(CHARMM22∗ | SPC) [364]

Human
Metapneumo-
virus (HMPV)

Respiratory
infection

Core region (PCED)
of phosphoprotein P
(residues 158-237)

MD + Reweighting + SAXS
(AMBER-99SB-ILDN | SPC/E) [197]

Dengue Virus
Dengue

fever,
infection

N-ter tail of
protein C

(residues 1-100)

MD + Reweighting + SAXS
(AMBER03ws | TIP4P) [33]

TABLE 2.5 – MD studies of IDRs involved in infection diseases
combined with NMR or SAXS measurements.

As for other organism IDPs, NMR secondary chemical shifts can inform about
the propensity of viral disordered segments to form transient local secondary
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structures which population and extension can be quantified in detail with MD
simulations. For example, the intrinsically disordered N-terminal region (residues
1-46) of the oncoprotein E7 from human papillomavirus (HPV) was shown by se-
veral NMR experiments to adopt transient α-helical structures at segments 7-13
and 20-26 [192, 248], the latter containing the LxCxE motif which allows the bin-
ding of E7 to the host retinoblastoma tumor suppressor protein pRB. The relative
population of these helical structures was further estimated to 10-20% by REMD
simulations [192] (Tab. 2.5).

Disordered regions are also frequently found in virus capsid structural proteins
which often form complexes with the viral genome. For instance, the nucleoprotein
N of the measles virus (MeV) has a C-terminal domain (NTAIL) which is essential
for the virus replication by interacting with the phosphoprotein P of the viral poly-
merase complex. NTAIL was proven to be intrinsically disordered by various bio-
physical methods, including NMR and SAXS experiments [226, 344]. Subsequent
measurements of chemical shifts and RDCs revealed that NTAIL transiently adopts
conformations having an α-helix of various length (from 6 to 18 residues) in the
interacting region 484-504 [162]. Again, REMD simulations allowed to generate a
conformational ensemble of this region in agreement with NMR secondary che-
mical shifts, and to quantify the residue-specific helical propensity between 10
and 60% [364] (Tab. 2.5). Furthermore, this theoretical study indicated that the
unbound NTAIL samples the long α-helix conformation observed in the bound
form, but, interestingly, this helical structure is not selected by its protein part-
ner. The latter seems to rather preliminary binds one of the NTAIL conformations
with a shorter or partial α-helix which subsequently elongates following an indu-
ced folding mechanism [364]. Another surprising finding of this study is that the
disordered conformations of the unbound NTAIL segment 484-504 is on average
more compact than in the folded bound state as indicated by its radius of gyration
distributions. However, these theoretical conclusions are based on protein and
water models that might not be optimized for IDPs and were not experimentally
confirmed using for instance SAXS experiments (Tab. 2.5). This emphasizes the
necessity to accurately characterize IDP conformational ensembles at both local
and global levels in order to deeply understand their mechanism of binding.

The human metapneumovirus (HMPV) is another virus from the Paramyxovi-
ridae family to which the previously mentioned measles virus belongs. Similarly
to all members of this family, its phosphoprotein P forms homotetramers through
a core region, named PCED (residues 158-237), which is structured in α-helical
coiled coil. However, the length of this structural motif can widely vary among the
Paramyxoviridae, and the one from HMPV was not clearly determined. From an
MD-derived conformational ensemble of the PCED tetramer, Leyrat et al. selected
(using EOM) a subset of conformations that fits very well the SAXS data obtained
on this sytem [197] (Tab. 2.5). The authors thus revealed that the HMPV PCED
tetrameric coiled coil is the shortest one among the Paramyxoviridae, spanning
residues 171-194. The protein C-terminal region (195-237) was found disordered
but with a significant propensity to form α-helices which may be involved in binding
nucleoprotein N [197].

A similar approach, combining MD simulations and sub-ensemble selection
(with EOM) based on SAXS intensities, was used by Boon et al. to prove the
intrinsically disordered state of the N-terminal tail of the capsid protein C of the
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dengue virus [33]. The core domain of protein C is composed of four helices and
form homodimers characterized by an important hydrophobic patch on their sur-
face that binds lipid droplets for the viral particle formation [303]. Although di-
sordered, the C protein N-terminal tails can sample α-helical structures at region
9-18, as revealed by MD simulations. The dynamics of these transient α-helices
would allow to occlude the hydrophobic patch to auto-inhibit the protein C [33].
From a methodological viewpoint, this study interestingly showed that a good fit
to SAXS data could only be obtained by reweighting the ensemble generated with
the AMBER-03ws force field. The other tested models (AMBER-14sb, CHARMM-
36, CHARMM-36m, and GROMOS-96-54a7) generated overly compact confor-
mations with radii of gyration too far from the average value determined from
SAXS data [33] (Tab. 2.5). This emphasizes again the importance to generate
IDP conformational ensembles as realistic as possible, even if refinements are
performed after.

Conclusions

Since the beginning of the century, an increasing number of theoretical and
computational studies have been reported on the conformational ensemble of in-
trinsically disordered proteins, domains, or segments. Among them, MD simula-
tions have become a more and more reliable approach to generate realistic confor-
mational ensembles, thanks to the better accuracy of all-atom force fields (sec-
tion 2.1.2), the more efficient enhanced sampling techniques (section 2.1.3), as
well as the more powerful high performance computers. However, not all of them
validated the simulated ensembles against available experimental data, such as
NMR or SAXS measurements. And very few investigations combined MD simu-
lations with both local and global information from NMR and SAXS experiments,
respectively. We encourage the biomolecular simulation community to validate
their IDP ensembles with NMR and SAXS data to gain a correct understanding of
their structures and dynamics, their mechanisms of action, and their implication
in human diseases. Additionally, IDP conformational ensembles can be accura-
tely generated using NMR/SAXS data-restrained simulations (section 2.2.1) or
reweighting MD ensembles (section 2.2.2).

Many studies combined MD simulations and NMR measurements to investi-
gate the role of amyloid protein conformational ensembles in the associated hu-
man diseases. However, few of them used SAXS data to provide subsequent vali-
dations of these conformational ensembles (section 2.3.1). Regarding the relation-
ship between IDP conformational ensembles and biological functions, a frequent
conclusion emerges from the reviewed MD studies combined with NMR/SAXS
experiments : in their free state, IDPs are characterized by highly heterogeneous
conformations, some of them having secondary or tertiary structures similar to
those found in complexes with their partners, suggesting a conformational selec-
tion mechanism of binding (section 2.3.2). These preformed binding-competent
structures were also identified and characterized using combined approaches in
the conformational ensembles of viral IDPs, likely enabling them to bind and hijack
host proteins (section 2.3.3). However, it should be reminded that binding of IDPs

43



Chapitre 2. MD Simulations Combined with NMR and/or SAXS Data for
Characterizing IDP Conformational Ensembles

is not necessarily coupled to a disorder-to-order transition as emphasized, for ins-
tance, by Sigalov et al. [324]. Many IDPs remain disordered when bound to their
targets, forming so-called ”fuzzy” complexes which the highly dynamic structure
might allow fast conformational responses to various modifications of the cellular
conditions [253, 318, 335]. These various levels of disorder in IDP unbound and
bound states represent a great challenge for molecular modeling approaches to
exhaustively and accurately characterize their structural ensembles. Besides, this
also may call into question our unconscious search for order.
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Structural characterization of
N-WASP domain V using MD
simulations with NMR and SAXS
data

La première protéine choisie pour notre étude combinée DM-SAXS/RMN est le
domaine V de la protéine neuronale du syndrome de Wiskott-Aldrich (N-WASP),
qui est impliquée dans la régulation de la polymérisation de l’actine. Son nombre
de résidus est de 67, ce qui donne des temps de calcul raisonnables, et en fait un
bon candidat pour mettre en place notre méthodologie.

Le premier problème qui se pose, quand on veut valider des résultats de si-
mulation en utilisant le SAXS, ou bien intégrer des courbes de diffusion dans des
simulations, est de savoir calculer correctement l’intensité de diffusion des rayons
X à partir d’une structure atomique. Nous avons donc dans un premier temps
comparé plusieurs logiciels de calcul de l’intensité de diffusion I(q) et optimisé les
paramètres ajustables. Le calcul de I(q) passe par le calcul de trois amplitudes de
diffusion : celle relative aux atomes de la macromolécule étudiée, celle relative au
volume de solvant exclu par la présence de la macromolécule dans la solution, et
celle relative à l’excès de la densité de solvant dans la couche d’hydratation par
rapport au solvant dans le "bulk". En ce qui concerne cette troisième quantité, il
existe deux types d’approches, les méthodes dites avec le solvant implicite et les
méthodes avec le solvant explicite (voir Tab. 1 de la Référence. [153] pour une liste
des principaux logiciels). Les approches avec le solvant explicite prennent géné-
ralement beaucoup de temps et sont donc difficiles à appliquer à un très grand
nombre de structures atomiques si l’on ne dispose pas de très bons moyens de
calcul. Les logiciels basés sur les modèles implicites de solvatation réduisent les
coûts de calcul, mais nécessitent de fixer des paramètres ajustables, en particu-
lier la densité de la couche d’hydratation du soluté. De plus, comme indiqué par
Grudinin et al. (Voir Tab. 9 de la Réf. [130]), ces paramètres ont généralement été
optimisés en ajustant les courbes calculées aux courbes mesurées sur des pro-
téines bien structurées adoptant une seule conformation. Le défi consiste donc à
trouver une valeur optimale pour la densité de la couche d’hydratation du domaine
V de N-WASP intrinsèquement désordonné, qui peut adopter une grande variété
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de conformations. Nous avons ainsi décidé de déterminer la valeur de la densité
de l’eau dans la couche d’hydratation, à introduire dans les logiciels avec solvant
implicite, en faisant une comparaison avec les courbes calculées par un logiciel
avec solvant explicite, qui ne nécessite pas d’ajustement de ce paramètre.

Deuxièmement, nous avons également identifié les champs de force les plus
appropriés pour les simulations de DM pour cette IDP. En effet, puisque les champs
de force et les modèles d’eau ont d’abord été développés pour les protéines glo-
bulaires (ayant leurs résidus hydrophobes à l’intérieur de la protéine) et au vu des
études bibliographiques, il semble que de récents champs de force soient plus
adaptés pour les IDPs. C’est pourquoi, nous avons voulu savoir si pour le do-
maine V de N-WASP, il existait un ou plusieurs champs de force susceptibles de
reproduire dans un premier temps une information globale, le rayon de giration.

Une fois déterminés les paramètres d’ajustement ainsi que les champs de
force les plus appropriés pour notre système, des ensembles conformationnels de
cette IDP ont été crés par de multiples simulations de dynamiques moléculaires, et
comparés avec les données locales de RMN et globales de SAXS. Vous trouverez
le détail des résultats dans ce chapitre.

L’étape suivante pour caractériser l’ensemble conformationnel d’une IDP, dé-
taillée dans la revue [30], consiste à obtenir celui qui reproduit au plus près les
données expérimentales. Comme indiqué dans la revue, il existe deux grands
types d’approches pour sélectionner cet ensemble : i) les méthodes utilisant le
principe de maximum d’entropie qui, soit génèrent des conformations en incor-
porant directement les données expérimentales dans les simulations, soit fonc-
tionnent a posteriori en pondérant chaque conformation de l’ensemble confor-
mationnel obtenu par dynamique moléculaire, afin de reproduire les données
expérimentales (les logiciels les plus utilisés dans ce cas étant EROS [295],
COPER [195], ENSEMBLE [62]) ; ii) les méthodes inspirées du principe du ra-
soir d’Ockham, aussi appelé principe du maximum de parcimonie, qui cherchent
à obtenir le minimum de conformations permettant de reproduire les data (par
exemple, les logiciels EOM [20, 343], ASTEROID [245], BSS-SAXS [320]). Nous
avons utilisé le programme COPER [195] et le programme GAJOE de EOM [20,
343] pour ces deux approches, respectivement.
Le logiciel COPER est basé sur une approche de maximum d’entropie qui pon-
dère les conformations individuelles de l’ensemble conformationnel de dépar,t
pour que la moyenne des valeurs théoriques de RMN, RDC ou 3J-coupling re-
produise les valeurs expérimentales. Les auteurs indiquent dans leur article qu’il
est possible de l’utiliser en y introduisant les données de SAXS. C’est pourquoi,
plusieurs tests ont été effectués avec le logiciel COPER, avec le même nombre de
valeurs du vecteur de diffusion q que pour GAJOE (853), en réduisant ce nombre
de points (853 à 100 puis 35 points), en réduisant le nombre de conformations
(100 000 à 40 000 puis 5 000 conformations), en mettant toutes les intensités
théoriques à la même échelle que l’intensité expérimentale, puis en utilisant les
données de RMN (SSP puis RDC). Malgré tous ces tests, et malgré l’aide du dé-
veloppeur du programme COPER, Alvin Leung, nous n’avons pas réussi à com-
prendre pourquoi la sélection par "maximum entropy" ne fonctionne pas avec ce
logiciel sur mon ensemble conformationnel.
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Par contre, je montre dans ce chapitre, que la sélection par "maximum parsi-
mony", avec le programme GAJOE, permet d’obtenir un sous-ensemble de confor-
mations qui reproduit parfaitement les données de SAXS. Toutefois, ce sous-
ensemble ne semble pas parfaitement adéquat pour reproduire parfaitement les
données de RMN. La question que l’on peut se poser est de savoir si l’ensemble
de conformations créées par dynamique moléculaire est suffisamment exhaustif.

Ce chapitre est une adaptation de notre article "Structural Characterization of
N-WASP Domain V Using MD Simulations with NMR and SAXS Data", Chan-
Yao-Chong, M. and Deville, C. and Pinet, L. and van Heijenoort, C. and Du-
rand, D. and Ha-Duong, T., Biophysical Journal 2019, 116 : 1216-1227 (doi :
10.1016/j.bpj.2019.02.015). La description des considérations expérimentales ainsi
que les figures de la partie "Supplementary Information" ont été réintégrées dans
le corps du texte pour une lecture plus fluide du chapitre.
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Introduction

Intrinsically disordered proteins (IDPs) are characterized by one or several re-
gions (longer than 30 consecutive residues) which lack stable secondary and ter-
tiary structure in their unbound state under physiological conditions [89, 91, 96,
133, 372]. IDPs are common proteins in all domains of life (Bacteria, Archaea, and
Eukaryota), and presumably represent more than 30% of proteins in eukaryotic
cells [88, 191, 365]. They are also involved in many human diseases as shown
by Uversky et al. who estimated that about 65% of proteins involved in cancer
and diabetes, 55% of those in cardiovascular diseases, and 50% of those in neu-
rodegenerative diseases are IDPs [351]. IDPs frequently play important roles in
the regulation of biological processes, including cell growth, cell signalling, and
cell survival [374]. To exert their functions, IDPs often interact with several bio-
molecular partners, thanks to the large flexibility of their intrinsically disordered
regions (IDRs), and are generally considered as important hub in protein-protein
interaction networks.

Mechanisms of IDP association to protein partner are very diverse [117, 253,
355]. Upon binding, IDRs can retain complete or partial disordered states, or can
adopt an intricate binding mechanism giving rise to ”fuzzy” complexes [119, 318,
335]. Nevertheless, in almost 30% of IDP-protein complexes, it is observed that re-
gions, which are disordered in the unbound state, adopt well structured conforma-
tions in the bound state [391]. Regions that undergo a disorder-to-order transition
upon binding are called Molecular Recognition Features (MoRFs) [59, 91, 193,
234, 252, 352]. Their formation can follow two limiting mechanisms, not neces-
sarily exclusive [170] : In the first one, named ”induced fit”, the disordered region
binds to the protein partner and folded into an ordered structure on its surface.
In the second one, referred to as ”conformational selection”, the folded structure
preexist in the conformational ensemble of the unbound IDP and are recognized
by the protein partner. To better understand the mechanisms of formation of IDP-
protein complexes and how their interactions are modulated by the IDP structure
and dynamics, it is thus crucial to explore the conformational ensemble of IDPs.

However, due to their large conformational heterogeneity, the structural cha-
racterization of IDPs is very challenging using classical X-ray crystallography or
NMR NOE analysis. Nevertheless, secondary chemical shifts and residual dipolar
couplings from NMR experiments can provide local information about the propen-
sity of each residue to form transient secondary structures [161]. On the other
hand, small-angle X-ray scattering (SAXS) can deliver global information about
IDP structures in terms of average size and shape [21]. But, in order to infer a
detailed conformational ensemble from these NMR and SAXS data, it is most
often necessary to use complementary in silico approaches to generate struc-
tures at the atomic scale, such as statistical coil generator or molecular dynamics
(MD) simulations [280, 312]. At this stage, the combination of experimental data
and in silico techniques can be performed in three different ways : conformation
ensembles can be generated using experimental data as input restraints, confor-
mational ensembles can be generated by selection of structures fitting the experi-
mental data, or conformational ensembles can simply be validated (or not) against
experimental data [12, 30]. In the present study, we applied two of these combined
approaches to the fully disordered verprolin homology domain (V) of the Neural
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Wiskott-Aldrick Syndrome Protein (N-WASP). Principally, we assessed the ability
of MD simulations to generate a consistent conformational ensemble of N-WASP
domain V by validation against both NMR and SAXS data. Notably, we raised
the question of whether physics-based modeling can account for the formation of
transient secondary structures and MoRFs even in the absence of experimental
data.

N-WASP is a 65 kDa protein dominantly expressed in the brain. Its sequence
shows about 50% homology to the WASP protein produced in hematopoietic cells
and implicated in the Wiskott-Aldrich Syndrome [77, 225]. Like the other WASP-
family proteins, N-WASP is a pivotal player in the regulation of actin cytoskeleton
dynamics and organization [258]. The human N-WASP sequence (505 residues)
can be decomposed into 7 domains : a primary WASP homology domain WH1
(segment 1-150), a basic domain B (186-200), a GTPase-binding domain GBD
(203-274), a proline-rich domain PRD (277-392), a verprolin homology domain V
(405-450), a cofilin homology domain C (451-485), and an acidic domain A (486-
505). It should be noted that domain V is composed of two secondary WASP
homology domains or motifs WH2, each of them being able to bind a monomer
of actin [80]. Indeed, Gaucher et al. demonstrated that, in presence of actins,
peptides constructed from N-WASP domain V or VC form 1 : 2 V-actin or VC-actin
complexes [125]. Data reported by Gaucher et al. indicate as well that the second
WH2 motif of N-WASP domain V has a higher binding affinity for actin than the first
one. This is also suggested by the crystallographic structure of N-WASP segment
VC (392-484) in complex with actin (PDB ID : 2VCP) [125], which only shows the
second WH2 motif bound to an actin monomer.

In the latter X-ray structure, it could be noted that the N-terminal part of the
bound WH2 motif (433-444) is folded into an amphiphilic α-helix located in the
cleft between actin subdomains 1 and 3, whereas its highly conserved sequence
LK[K-S]V (445-451) [60, 178] has a rather extended conformation. The absence
in the crystallographic structure of atomic coordinates for regions flanking the seg-
ment 433-451 indicates that they keep a disordered conformation upon binding to
actin. Thus, N-WASP domain V is a representative case of IDPs with a helical mo-
lecular recognition feature (MoRF) which binds a protein partner. To gain insight
into the mechanism and physical driving forces of IDP-protein complex formation,
we investigated the conformational ensemble of a 67 residues construct derived
from the N-WASP domain V (Fig. 3.1) using MD simulations validated with NMR
and SAXS data.

3.1 Materials and Methods

3.1.1 Protein preparation

A synthetic gene coding for N-WASP domain V of sequence GAMGTAGNKA
ALLDQIREGA QLKKVEQNSR PVSCSGRDAL LDQIRQGIQL KSVADGQEST PPT-
PAPT (residues 402 to 464 of human N-WASP) and optimized for expression in
bacteria was ordered from Eurofins MWG and inserted in a pETm11 vector with
an N-terminal hexahistidine tag and a TEV cleavage site. Transformed Escheri-
chia coli BL21 star (DE3) (invitrogen) cells were grown at 37 ◦C until the optical
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FIGURE 3.1 – Sequence alignment of N-WASP domain V crystal-
lized with actin by Gaucher et al. (2VCP_D) with the 67 residues
peptide used in the present study (DomainV). The upper amino
acid numbering comes from the human sequence. The solid line box
indicates the 19 residues of the second WH2 motif present in the X-
ray structure [125]. The dashed line box highlights the homologous

19 residues of the first WH2 motif.

density reached 0.6-0.8. For preparation of non isotopically labelled samples, pro-
tein expression was carried out for 1.5 hour at 37 ◦C after induction with 1 mM
isopropyl β-D-1-thiogalactopyranosid (IPTG). For preparation of NMR samples,
an additional step was required to transfer the cells to a minimal M9 medium
containing 15N-ammonium chloride and 13C-glucose as sole nitrogen and car-
bon sources [216]. Cells were then pelleted at 3000 g and 4 ◦C for 10 minutes.
The pellet was resuspended in 1 L of 15N- or 15N-13C-labeled M9 medium. The
culture was incubated for 1 hour at 37 ◦C and 180 rpm to get rid of the remaining
unlabelled nutrients. Protein expression was then carried out for 6 hours at 37 ◦C
after induction with 2.5 mM IPTG. Cells were harvested by centrifugation.

The soluble fraction of the lysate was purified by Ni2+ affinity chromatography.
The N-terminal tag was cleaved by TEV protease for 16 hours at 4 ◦C. The N-
terminal cleaved His-tag, uncleaved material and TEV protease, were removed by
reverse Ni2+ affinity chromatography and the protein was further purified by size
exclusion chromatography on a Superdex 75 column (50 mM Tris-HCl, 0.5 mM
CaCl2, 1 mM DTT, pH 7). The fractions containing N-WASP domain V were poo-
led, concentrated, frozen in liquid nitrogen, and stored at -20 ◦C until used.

3.1.2 NMR spectroscopy

Since N-WASP domain V tends to spontaneously dimerize due to a free cy-
steine in position 34, TCEP was added before NMR experiments. NMR spec-
tra were acquired at 278 K on Bruker avance III 600 and 950 MHz spectro-
meter equipped with a TCI cryoprobe with z-axis gradient. Resonance assign-
ments were obtained using conventional three-dimensional HNCO, HN(CA)CO,
HNCA, CBCA(CO)NH and CBCANH spectra acquired with non-uniform sampling
in the indirect dimensions, processing using the qMDD software and analysed in
CCPNMR Analysis 2.1.5 [359]. For RDC measurements, N-WASP domain V was
aligned in a dilute liquid crystalline phase of pentaethylene glycol mono-n-octyl
ether (C8E5) and 1-octanol. The NMR sample was mixed with 5% vol of C8E5
and 1-octanol was gradually added until the phase transition was observed giving
rise to a 2H quadrupole splitting of 30 Hz. 1DHN, 1DCAHA and 1DCOCA RDC
were measured using BEST-type pulse sequences [279] and RDC spectra were
processed and analysed using NMRPipe [76].
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3.1.3 SAXS experiments

Samples of N-WASP domain V were prepared at pH 7, in buffer including
1 mg/mL Tris(2-carboxyethyl)phosphine (TCEP), reducing agent, 50 mM Tris (hy-
droxymethyl)aminomethane (Tris-HCl), 0.5 mM calcium chloride (CaCl2) and 150 mM
sodium chloride (NaCl). The initial concentration of protein was 11.6 mg/mL.

SAXS experiments were carried out on the SWING beamline at SOLEIL syn-
chrotron. The sample-to-detector (Aviex CCD) distance was set to 1789 mm and
the wavelength λ to 1.0 Å, allowing useful data collection over the momentum
transfer range of 0.007 Å−1 < q < 0.5 Å−1. To use monodisperse solutions de-
void of aggregates or oligomers, the measurements were performed by injec-
ting the samples into a size exclusion HPLC column (Agilent BioSEC-3, 300 A,
4.6 x 300 mm) online with the SAXS measuring cell, a 1.5 mm diameter quartz
capillary contained in an evacuated vessel. The protein was eluted at a flow rate of
300 µL/min. Temperature of the SAXS measurements in the SAXS capillary and
in the column during elution was 15 ◦C. Successive frames of 0.75 s were recor-
ded and separated by a 0.25 s interval. Scattering of the elution buffer before void
volume was recorded and subtracted from all protein scattering curves. The scat-
tered intensities were displayed on an absolute scale using the scattering by water.
Data were first analyzed using Foxtrot, the Swing in-house software and then the
program package Primus (https ://www.embl-hamburg.de/biosaxs/primus.html) [179].

We present here the computational tools used for this study. Indeed, it is often
emphasized that comparisons and validations of results from simulations against
experimental data require robust and accurate methods to back-calculate experi-
mental observables from conformational ensembles. This section particularly sur-
veys several software for the back-calculation of SAXS intensities. It also des-
cribes the tested force fields and details of the MD simulations.

3.1.4 Back-calculation of NMR observables

Proton and heavy atom chemical shifts (CS) of a given protein structure can
be calculated using various software, such as SHIFTS [377, 380], SHIFTX [242],
SPARTA [321], or CAMSHIFT [177]. Then, structure-dependent CS can be ave-
raged over the protein conformational ensemble and directly compared with NMR
measurements. All these software were shown to be satisfactorily accurate and
sensitive [63, 64, 314, 322, 358]. In the present study, we chose the program
SHIFTS [377] to compute CS for each structure of N-WASP domain V generated
by in silico methods.

To identify transient secondary structures in IDPs, it is rather useful to analyze
secondary chemical shifts which are defined as variations of experimental chemi-
cal shifts relative to random coil values. Several sets of residue-specific random
coil values for each proton and heavy atom type are available in the literature,
such as the commonly used random coil shifts from Wishart et al. [370] or the
more recent RefDB from Zhang et al. [393]. We chose the latter for the present
study. Furthermore, instead of analyzing secondary chemical shifts from the dif-
ferent nuclei of the protein, we combined those of the Cα, Cβ, CO, and N atoms
into a residue-specific single secondary propensity score using the SSP software
from Marsh et al. [217] with the default settings. For a given residue, the SSP
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score is between -1 and 1, the positive and negative values indicating the pro-
portion of helical and extended structures in the protein conformational ensemble,
respectively.

When an IDP is weakly aligned in a slightly anisotropic environment, such as li-
quid crystalline or anisotropic gel phases, NMR measurements of residual dipolar
couplings (RDCs) also allow to detect transient local secondary structures [235].
To make direct comparisons with experimental values, the program PALES [399]
was applied to the sampled structures of N-WASP domain V to compute residue-
specific 1H-15N RDC theoretical values. It should be noted that RDCs from NMR
measurements were scaled uniformly by a factor of 1/3 to account for an experi-
mental 2H quadrupole splitting of 30 Hz instead of 10 Hz in the back-calculation
program.

3.1.5 Back-calculation of SAXS intensities

The scattering intensity of a protein, obtained as the scattering curve of the
solution of protein minus the scattering of the buffer, not only accounts for the pro-
tein electrons but also for those of solvent molecules in excess or in deficiency
at the protein surface with respect to the buffer electronic density. Thus, back-
calculations of the intensity scattered by a protein first imply to correctly calculate
the volume of solvent excluded by the protein, which is not straightforward. A se-
cond difficulty is to accurately estimate the scattering contribution from the protein
hydration layer [144, 153, 342]. Two types of approaches were developed to cal-
culate SAXS intensities from atomic structures, implicit solvent and explicit solvent
methods (see Tab. 1 of Ref. [153] for a list of the main software). Explicit solvent
approaches are generally time-consuming and thus difficult to be applied to very
large numbers of atomic structures. Software based on implicit models of solva-
tion reduce the calculation computational costs but require to fix free parameters,
in particular the solute hydration layer density, to best fit experimental data. Mo-
reover, as reported by Grudinin et al. (see Tab. 9 of Ref. [130]), parameters for
the hydration layer density, which were generally optimized by fitting calculated
curves on data obtained on crystallographic or NMR structures, vary significantly
from one protein to another. The challenge is thus to find an optimal value for
the hydration layer density of the intrinsically disordered N-WASP domain V which
can adopt a great variety of conformations. We thus decided to assess the hydra-
tion layer density of implicit solvent software by comparing to an explicit solvent
approach which does not require to adjust this parameter.

Among the recent freely available explicit solvent SAXS software, we chose
the program WAXSiS [55, 175] as a reference, similarly to two other recent stu-
dies [66, 144]. This approach performs short MD simulations (15-250 ps) of expli-
cit water molecules in the solute hydration layer (of 7 Å thickness). Protein scat-
tering intensities are then calculated by subtracting the buffer scattering which
is determined from MD simulations of pure solvent. Regarding implicit solvent
approaches, we applied in this work the most used software and tested several
parameters for the hydration layer density :

• CRYSOL [330].
The scattering contribution of the solute hydration layer can be tuned using a
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parameter ∆ρ which represents the excess of electron density in the hydra-
tion layer compared to the bulk (whose density is fixed to 0.336 e/Å3). We
tested here several values of ∆ρ ranging from 0.01 to 0.03 (default value)
e/Å3.

• FoXS [308, 309].
The hydration layer density is adjusted using a parameter -2.0 6 c2 6 4.0.
According to the original paper [308], the values c2 = -2.0, c2 = 0.0 (de-
fault) and c2 = 4.0 correspond to a hydration layer density of 0.307, 0.334,
and 0.388 e/Å3, respectively. We assessed several values of this parame-
ters between -2.0 and 1.0, corresponding to ∆ρ values varying from -0.027
to 0.014 e/Å3.

• CRYSOL3 [112].
Compared to the original version, the last CRYSOL enables to more finely
tune the solute hydration shell by using three parameters : c1 associated to
solvent in the vicinity of protein convex surface, c2 associated to solvent in
concave surface, and c3 associated to solvent trapped inside protein cavi-
ties. By default, c1 = c2 = 1.0 and c3 = 0.0. We tested several combinations
of these parameters with 0.0 6 c1 6 1.0, 0.6 6 c2 6 1.0, and 0.0 6 c3 6 1.0.
It should be noted that CRYSOL3 also allows to choose either spherical har-
monics or a cubic method to estimate the solvent excluded volume [103,
261]. These two options were included in our benchmark.

• Pepsi-SAXS [130].
In its new version (0.8) (https ://team.inria.fr/nano-d/software/pepsi-saxs),
Pepsi-SAXS allows to adjust the hydration shell contrast in percentage of
the bulk density (fixed to 0.334 e/Å3). We assessed several values of this
new parameter between 1.0 and 5.0% (default value), corresponding to ∆ρ

ranging from 0.0033 to 0.0167 e/Å3.

Comparisons between WAXSiS and implicit solvent approaches were perfor-
med by calculating and averaging SAXS intensities over a limited number of N-
WASP domain V structures representative of its conformational ensemble. These
latter were chosen among the conformations sampled by extended MD simu-
lations as follows : First, using the program Flexible-Meccano (see below sec-
tion 3.1.7 Flexible-Meccano), we generated ten thousands three-dimensional struc-
tures of N-WASP domain V and then selected 20 of them with radius of gyration
regularly incremented by 1 Å from 15 to 34 Å and without any secondary struc-
tures. Then each of these 20 conformations was submitted to 100 ns MD simu-
lations (see below section 3.1.6 Extended simulations and analyses). From each
of these 20 trajectories, we picked out the frames at times t = 0 ns (after 2 ns of
equilibration), t = 50 ns, and t = 100 ns, yielding an ensemble of 80 representative
conformations (after adding the 20 initial structures provided by FM). This "semi-
manual" procedure was used to build up a small pool of structures as diverse as
possible, in terms of compactness, for the SAXS software benchmark. The pool
distribution of radius of gyration has a bell shape centered around an average of
23.6 Å, close to the experimental value of 24.3 Å (Fig. 3.2). In comparison, the dis-
tributions of radius of gyration computed over two other pools of 80 conformations

53



Chapitre 3. Structural characterization of N-WASP domain V using MD
simulations with NMR and SAXS data

generated by FM, without or with constraints on secondary structure propensi-
ties (see below section 3.1.7 Flexible-Meccano), are shifted toward more compact
conformations, with average values of 20.9 and 21.7 Å, respectively (Fig. 3.2).

FIGURE 3.2 – Distributions of N-WASP domain V radius of gy-
ration computed on pools of 80 conformations, built up "semi-
manually" using FM and MD simulations (FM_MD) or entirely ge-
nerated by FM with (FM_ssp) or without (FM_nossp) constraints on
secondary structure propensity. The vertical black line indicates the
experimental value determined by SAXS. Purple, cyan, and orange
dashed lines indicate average values of FM_nossp, FM_ssp, and

FM_MD distributions, respectively.

SAXS intensities I(q) were calculated for N = 101 values of the scattering
vector q from 0.0 to 0.5 Å−1 and averaged over the previously selected 80 confor-
mations of N-WASP domain V. To quantify the agreement between the implicit
solvent SAXS intensities (IIm(q)) and the WAXSiS calculations (IWx(q)), we com-
puted and ranked χ2 values defined in Eq. (1). In the latter, σWx(q) denotes the
standard deviation of IWx(q) calculated by averaging individual profiles computed
from MD simulation frames between which protein side chains and water mole-
cules fluctuate whereas backbone atom positions are restrained (J. Hub, personal
communication, see also Ref. [55]).

χ2 =
1
N ∑

q
(

IIm(q) ∗ IWx(0)
IIm(0)

− IWx(q)

σWx(q)
)2 (3.1)

In Fig. 3.3 are plotted these χ2 values obtained for each software. It is first
observed that SAXS intensities calculated with the default parameters of the four
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tested software are not in good agreement with calculations using WAXSiS (sha-
ded bars of Fig. 3.3). But the fits can be significantly improved by changing the
values of these parameters : For the first version of CRYSOL, the best agreement
with WAXSiS is obtained with an excess density of ∆ρ = 0.013 e/Å3 instead of
0.03 e/Å3. The FoXS program provides best results with the parameter c2 = 0.1
(∆ρ = 0.001 e/Å3) compared to the default value c2 = 0.0. The best fit observed
with CRYSOL3 is obtained by using the cubic method with the parameters (c1,
c2, c3) = (1.0, 0.7, 0.0). Finally, Pepsi-SAXS yielded the best agreement with an
excess density of 2.2% (∆ρ = 0.0073 e/Å3) instead of 5%.

FIGURE 3.3 – Comparison between SAXS intensity back-
calculation software using implicit solvent models versus WAX-
SiS which uses an explicit solvent approach. Orange, green, blue,
and pink bars are results for CRYSOL, FoXS, CRYSOL3, and Pepsi-
SAXS, respectively. Shaded bars indicate results when using default

values for the hydration layer density.

To check if the above values depend on the number of conformations (80)
used in the hydration layer density optimization, we computed χ2 values between
WAXSiS and the two software CRYSOL and Pepsi-SAXS on various pools of size
ranging from 20 to 100 conformations. (For building the pool of 100 structures,
we additionally selected the 20 frames at time t = 20 ns of the 20 MD trajec-
tories). Results displayed in Fig. 3.4 show that χ2 values between WAXSiS and
both CRYSOL and Pepsi-SAXS weakly depend on the size of the pools when the
default parameters for the hydration layer density are used. When using optimized
parameters, χ2 rapidly converged, in all cases, to very small values.
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FIGURE 3.4 – χ2 values between SAXS intensities calculated by
WAXSiS and those calculated using CRYSOL or Pepsi-SAXS
with default (top) or optmized (bottom) parameters of the hydration
layer density, as a function of the number of conformations in the

pools used in benchmarks.

Strikingly, our tests confirmed that small differences in the excess density of
protein hydration layer between different programs, and even within a given one,
induced large variations of χ2 values [144]. To gain a better insight into the in-
fluence of ∆ρ values on scattering profiles, we displayed in Fig. 3.5 the SAXS
intensities calculated using CRYSOL and Pepsi-SAXS with the default and optimi-
zed parameters for the hydration layer density. As can be seen, both CRYSOL and
Pepsi-SAXS with default parameters overestimate scattering intensities at small
angles, and thus reflect an overly dense protein hydration layer. Nevertheless,
for both CRYSOL and Pepsi-SAXS, optimization of the hydration layer density re-
duces the disagreement with the explicit solvent SAXS calculations.

Comparing the four tested implicit solvent approaches, our results on N-WASP
domain V indicate that an excellent agreement with WAXSiS is obtained by using
CRYSOL with ∆ρ = 0.013 e/Å3, the recent software Pepsi-SAXS with a hydra-
tion layer contrast of 2.2%, or CRYSOL3 with parameters c1 = 1.0, c2 = 0.7, and
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FIGURE 3.5 – Average SAXS intensities computed using CRY-
SOL and Pepsi-SAXS with default or optimized parameters for the
hydration layer density, before rescaling by IWx(0)

IIm(0)
for calculating χ2

values with Eq. (3.1) (see above section 3.1.5 Back-calculation of
SAXS intensities).

c3 = 0.0. Besides, we observed that Pepsi-SAXS was significantly faster than the
other software, notably CRYSOL (0.01 s for Pepsi-SAXS versus 2 s for CRYSOL
on a single structure of N-WASP domain V). More importantly, Pepsi-SAXS takes
into account solvent densities in protein cavities and concave surfaces in a bet-
ter way than the original version of CRYSOL [130, 330]. For these reasons, we
decided to use Pepsi-SAXS thereafter for SAXS intensity back-calculations of N-
WASP domain V conformations generated by in silico techniques.
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3.1.6 MD simulations

General conditions

All molecular dynamics (MD) simulations were performed with the GROMACS
software (versions 5.0.2 and 2016.1) [3]. Each initial conformation of N-WASP do-
main V was put and solvated in a dodecahedral rhombic box of 14.0 nm edge, then
neutralized by adding 175 sodium and 176 chloride ions to reach the salt concen-
tration of 150 mM. The non-bonded interactions were treated using the smooth
PME method [99] for the electrostatic terms and a cutoff distance of 1.2 nm for the
van der Waals potentials. All solute and water covalent bond lengths were kept
constant using the LINCS [146] and SETTLE [230] algorithms, respectively, allo-
wing to integrate the equations of motion with a 2 fs time step. All simulations were
run in the NPT ensemble, at T = 310 K and P = 1 bar, using the Nose-Hoover and
Parrinello-Rahman algorithms [148, 247, 259] with the time coupling constants
τT = 0.5 ps and τP = 2.5 ps.

Protein force fields and water models

Historically, protein force fields were developed to simulate the conformational
dynamics of folded proteins which generally have their non-polar residues buried
in their core and protected from solvent. Recently, several force fields were im-
proved to properly generate conformational ensembles of IDPs which non-polar
residues are frequently exposed to solvent. This is generally achieved by using
a four-site water model which better accounts for the electric properties of water
molecule, and by accentuating the depth of the solute-solvent Lennard-Jones (LJ)
potentials to better solvate non-polar residues.

This improvement was first reported by Best et al. who proposed to rescale
by a factor γ = 1.1 the LJ parameters εOi between the water oxygen of model
TIP4P/2005 and the protein atoms of force field AMBER-03w [25]. (In order to
differentiate these modified water-solute interactions from those arising with the
original model TIP4P/2005 [1], we denoted this new water model TIP4P/2005s.
The combination of AMBER-03w with TIP4P/2005s is named A03ws [25]). In
the same spirit, Piana et al. derived from the model TIP4P/2005 another wa-
ter model, named TIP4P/D, characterized by an increased dispersion coefficient
c6 = 900 kcal/mol.Å6 instead of c6 = 736 kcal/mol.Å6, to better simulate the
protein disordered states [268]. Lastly, in the communication of their improved
force field CHARMM36m, Huang et al. alternatively suggested to increase the
LJ potential depth of the TIP3P hydrogen atoms, from εH = 0.046 kcal/mol to
εH = 0.10 kcal/mol, leaving the other LJ interactions unchanged [152]. (As pre-
viously, to differentiate these modified water-solute parameters from those arising
with the original model TIP3P [165], we denoted this new water model TIP3Pm,
and the combination of CHARMM-36m with TIP3Pm will be referred to as C36mm).

Since these force field developments were quite recent and probably no uni-
versal protein-water models will be valid for all IDPs, we first rapidly tested and
compared these new protein and water models along with classical ones, before
running long MD simulations of our IDP. Preliminary tests consisted in performing
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Force field code Protein model Water model

OPLS OPLS-AA [167] SPC/E [18]

A99sd AMBER-99sb-ildn [202] TIP4P/D [268]

A03ws AMBER-03w [24] TIP4P/2005s [25]

C22cd CHARMM-22-cmap [212] TIP4P/D [268]

C36m CHARMM-36m [152] TIP3P [165]

C36mm CHARMM-36m [152] TIP3Pm [152]

TABLE 3.1 – All-atom force fields for protein and water molecules
tested on N-WASP domain V.

short MD simulations (100 ns) with the six force fields listed in Tab. 3.1 from an ini-
tial conformation of N-WASP domain V with a radius of gyration equal to the one
determined from SAXS data (see below section 3.2.2 Results, SAXS informa-
tion on global shape). Then time evolutions of the protein radius of gyration were
analyzed and their deviations from the initial experimental value were compared.
Results of this test (Fig. 3.6) show that, with OPLS or C22cd force fields, N-WASP
domain V rapidly collapses into overly compact conformations, yielding an ave-
raged radius of gyration much lower than the experimental value. With A99sd or
C36m force fields, the averaged radii of gyration were closer to the experimental
value than with OPLS or C22cd, but populations of extended conformations remai-
ned largely minor. Actually, only the two force fields A03ws and C36mm allowed
to significantly sample both compact and extended conformations (with radius of
gyration below and above the experimental value), yielding average values in fair
agreement with SAXS data.

All together, despite the short time of these preliminary MD simulations, the
two force fields A03ws and C36mm seem to be more appropriate than the other
four to correctly explore the conformational space of N-WASP domain V. Because
of our limited computational resources, we thus decided to use only these two
force fields to run more extended MD simulations for more exhaustive sampling.

Extended simulations and analyses

Extended calculations consisted in running 20 independent MD simulations
starting from 20 different initial conformations of N-WASP domain V. To ensure
the diversity of the 20 initial structures, we took advantage of the Flexible-Meccano
program (see below section 3.1.7 Flexible-Meccano) which can rapidly build va-
rious statistical coil conformations of the protein : We first generated ten thousands
three-dimensional structures of N-WASP domain V and then selected 20 of them
with radius of gyration regularly incremented by 1 Å from 15 to 34 Å in the pool
provided by FM. It should be noted that none of the 20 selected initial conforma-
tions have any secondary structures.

Each of the 20 initial random coil conformations was submitted to 2 ns of equi-
libration followed by 100 ns of production within the general conditions previously
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FIGURE 3.6 – Time evolution of N-WASP domain V radius of gy-
ration computed from short MD simulations using 6 different
force fields. Horizontal coloured dashed lines and black solid lines
indicate average radii of gyration in simulations and in experiments,

respectively.

described, yielding an accumulated trajectory of 2 µs. It is worthy to noted that
running multiple MD simulations from diverse initial structures allows to efficiently
reach convergence of the IDP conformational sampling. To verify that, we compu-
ted the residue-specific SSP scores and RDCs over the four time windows 0-40,
20-60, 40-80, and 60-100 ns of the 20 MD trajectories of N-WASP domain V. As
displayed in Fig. 3.7, SSP profiles over the four time windows are very similar,
including the first 40 ns. Regarding RDCs, profiles averaged over the last two time
windows (40-80 and 60-100 ns) are slightly different from those calculated over
the first two periodes (0-40 and 20-60 ns), but appear quite close to each other.
This block analysis indicates that, using 20 MD simulations of 100 ns, the confor-
mational sampling seemed to have converged after few tens of nanoseconds.

To minimize the possible bias induced by our selection of initial conformations,
we only kept the last 80 ns of each MD simulation and collected data every 40 ps
yielding ensembles of 40 000 structures for subsequent analyses. Most of the
conformational analyses were performed using GROMACS tools. Nevertheless,
it should be emphasized that protein radii of gyration were not calculated with
the GROMACS tool gmx gyrate, but from the SAXS intensities using the Guinier
approximation Log[I(q)/I(0)] = −R2

gq2/3 when q→ 0 [132].
Finally, the software STRIDE [141] was used to assign secondary structure

elements to each residue of each protein conformation, based on hydrogen bond
criteria and backbone dihedral angle values. Then outputs from STRIDE were
used to compute the probabilities for each residue to be in α-helix or β-strand
within each conformational ensemble.
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FIGURE 3.7 – Residue-specific SSP scores (top) and RDCs (bot-
tom) averaged over the four time windows 0-40, 20-60, 40-80,
and 60-100 ns of the 20 MD simulations using the AMBER-03ws

force field.

3.1.7 Flexible-Meccano

In this study, we compared N-WASP domain V conformational ensembles de-
rived from MD simulations against those generated by a much faster statistical
coil generator, Flexible-Meccano (FM) [256] which is very popular within NMR
and SAXS communities. From a primary sequence, FM constructs protein three-
dimensional structures by linking consecutive residues with dihedral angles φ / ψ
randomly taken from a database of residues with only loop conformations [155,
207]. Residue-specific hard-spheres located at Cβ atoms (Cα for Gly) [196] are
used to avoid steric clashes between amino acids (if a steric clash occurs bet-
ween a newly added residue and the previously built polypeptide chain, another
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pair of dihedral angles φ / ψ is randomly chosen). No attractive potentials are ta-
ken into account during the generation process. Optionally, restrained conforma-
tional ensembles can be produced by specifying, in the FM inputs, fixed secondary
structure propensities for given fragments of the sequence (for these residues, the
dihedral angles φ / ψ are constrained to adopt standard α or β values) [256].

It could be noted that FM only generates structures of the protein backbone.
Thus, for each protein conformation, side chains were subsequently added using
the SCWRL4 program [185]. Finally, the complete atomic structures were genera-
ted by adding the lacking hydrogen atoms with the GROMACS tools pdb2gmx [3].
In this work, we used FM to generate two different pools of 40 000 conformations
of N-WASP domain V, one without constrained secondary structure propensity
and the other one by specifying two α-helical propensities of 13% and 31% for
segments 10-19 and 39-47, respectively, as suggested by NMR data (see below
section 3.2.1 Results, NMR information on local secondary structures).

3.1.8 Conformational sub-ensemble selection

When experimental data on the studied IDP are available, it is possible to filter
a given conformational ensemble and select a sub-ensemble that better agrees
with experiments [30]. In this work, we used the program GAJOE from the suite
EOM [20, 343] for selecting conformational sub-ensembles of N-WASP domain V
that better fit the SAXS intensities. It should be noted that GAJOE was not em-
ployed here in the conventional way : We did not search for a sub-ensemble with a
minimal number of conformations, as GAJOE usually does (maximum parsimony
principle). We rather wanted to have a large subset of structures to account for the
diversity of the disordered protein conformations (maximum entropy approach).
Thus, we asked GAJOE to perform 100 runs of genetic algorithm optimization of
the fit with experiments, and to save a subset of 50 optimal structures at the end
of each run, yielding a final sub-ensemble of 5000 selected conformations.

3.2 Results and discussion

We address here the question of whether conformational ensembles of N-
WASP domain V generated by MD simulations can yield average secondary struc-
ture propensities (SSP), residual dipolar couplings (RDC), and SAXS intensities
in agreement with experiments. More specifically, we assessed four ensembles,
each composed of 40 000 conformations : A first ensemble generated by FM wi-
thout constrained secondary structure propensity (FM_nossp), another one gene-
rated by FM with restrained α-helical propensities of 13% and 31% at positions
10-19 and 39-47, respectively (FM_ssp), a thrid one generated by MD simula-
tions with the C36mm force field (MD_C36mm), and a last one generated by MD
simulations with the A03ws model (MD_A03ws).
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3.2.1 NMR information on local secondary structures

We first compared residue-specific secondary propensity scores computed by
the SSP program [217] which combines chemical shifts (CS) of Cα, Cβ, CO,
and backbone N atoms either measured by NMR or calculated by the program
SHIFTS [377]. This score indicates protein regions having a propensity to form
α-helix (SSP score > 0) or β-strand / coil (SSP score < 0). This information on
protein local structures can also be retrieved from residue-specific N-H residual
dipolar couplings (RDCs) either measured by NMR or calculated by PALES [399].
As shown in Figs. 3.8A and 3.8C, SSP score and RDC profiles averaged over
the FM_ssp ensemble are in excellent agreement with NMR data, which is ex-
pected since this conformational ensemble was generated with appropriate input
restraints to best fit the NMR observations. It is interesting to note that, although
the N-WASP domain V helical probability profile has a well-defined crenellated
shape in both input and output of the FM_ssp run (Fig. 3.8E), the SSP profile ave-
raged over the FM_ssp ensemble has a rather smooth mountain shape (Fig 3.8A).
This is due to the fact that, by default, the SSP score of each residue i combines
the chemical shifts of residues i-2 to i+2, and thus does not exactly reflect the
probability per residue to adopt secondary structures.

Without restraints as input, FM generated structures mostly in random coil and
the FM_nossp ensemble SSP score and RDC profiles are rather flat and close to
zero (Figs. 3.8A and 3.8C). For the MD_C36mm ensemble, we can notice a slight
tendency for secondary structures in the SSP score profile (Fig. 3.8B). Strikingly,
its RDC profile is globally shifted toward negative values (Fig. 3.8D), suggesting
the presence of transient local extended structures (Fig. 3.8H). Nevertheless, one
should be cautious in this interpretation, since even in random coils, residue lo-
cal conformations are also rather extended, yielding overall negative values of
RDCs [235]. Comparatively, MD_A03ws SSP score and RDC profiles are more
contrasted and show similar marked deviations from the baseline as the NMR
curves (Figs. 3.8B and 3.8D). This notably indicates that, starting from 20 random
coil structures, MD simulations with A03ws force field can generate significantly
populated conformations with α-helices in the same regions as revealed by NMR.

The N-WASP domain V propensity to form local secondary structures was
directly quantified by applying the program STRIDE [141] upon the 40 000 confor-
mations of each ensemble (Figs. 3.8E to 3.8H). Regarding the FM_ssp ensemble,
this analysis confirms that regions 9-18 and 37-46 of N-WASP domain V really
have a propensity to form α-helix with probabilities very close to the input constraint
values (13% and 31%, respectively) (Fig. 3.8E). In contrast, probabilities to have
α-helices in these two regions are lower than 5% and 8% in the FM_nossp and
MD_C36mm conformational ensembles, respectively (Figs. 3.8E and 3.8F). Inter-
estingly, starting from entirely random coil conformations, MD simulations with the
A03ws force field is able to form transient α-helical structures in similar regions
of N-WASP domain V (residues 10-15 and 37-43) (Fig. 3.8F). However, the first
helix probability (up to 30%) is at the same level as that one of the second helix,
unlike observations made from the FM_ssp ensemble, and the numbers of conse-
cutive residues of the two helices are smaller than those in FM_ssp ensemble.
These shorter helices could represent intermediate states towards the more ex-
tended helices indicated by NMR data and FM_ssp ensemble but which were
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FIGURE 3.8 – Direct comparison of local information : Direct
comparison of SSP scores (A and B) and N-H RDCs (C and D)
averaged over FM_nossp, FM_ssp, MD_C36mm, and MD_A03ws
ensembles with NMR measurements. Probabilities for N-WASP do-
main V residues to be in α-helix (E and F) and β-strand (G and H)
structures computed from the FM_nossp, FM_ssp, MD_C36mm, and
MD_A03ws ensembles. Dashed and dotted brown vertical lines re-
present protein regions in α-helix (as indicated by the X-ray struc-
ture 2VCP [125]) and the highly conserved sequences LK[K-S]V [60,

178], respectively.

not sampled by MD simulations due to their arguably limited duration. This could
explain the discrepancies between NMR measurements and MD estimations of
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SSP scores and RDCs. Our simulations also detected two segments (31-34 and
46-51) flanking the helical region 37-43 with significant propensities for α-helix hi-
gher than 10% (Fig. 3.8F). These two additional helical segments were not found
around the α-helix of the first WH2 motif, which could contribute to differentiate
the conformation and binding affinity for actin of the two N-WASP domain V WH2
motifs.

Regarding local extended structures, the two ensembles generated by FM
have nearly none conformation with residues in β-strand (Fig. 3.8G). In contrast,
MD simulations sampled several structures with residues in β conformation (Fig. 3.8H).
This is notably the case for the MD_C36mm ensemble in which residues 20-22,
28-32, and 43-45 have β probabilities between 5 and 10% (Fig. 3.8). These slight
propensities could account for the global shifting toward negative values of RDC
profiles computed from the MD_C36mm and MD_A03ws ensembles. However it
should be reminded that, even in random coils, residue local conformations are
also rather extended, yielding also overall negative values of RDCs [235].

3.2.2 SAXS information on global shape

Primary data collected by SAXS experiments are plotted in Figs. 3.9A and
3.9B. Kratky curves present typical profiles of a fully disordered protein (Figs. 3.9C
and 3.9D) [171, 284]. From experimental data, the average radius of gyration Rg of
a conformational ensemble can be estimated by using the Guinier approximation,
Log[I(q)/I(0)] = −R2

gq2/3, which is valid for very small angles [132]. A linear fit
of the Log I(q) curve for qRg below 0.8, using the Primus package [179], yielded
an experimental average radius of gyration Rg = 24.30 ± 0.24 Å for N-WASP do-
main V. It could be noted that this value is quite close to the value expected from
the Flory’s theory which relates the average radius of gyration of polymer chains
to their number of monomeric units : Rg = R0Nν [110]. Using the appropriate pa-
rameters for IDPs (R0 = 2.54 Å and ν = 0.522) [21], a 67 residues polypeptide
chain should have a radius of gyration Rg = 22.81 Å. This confirms that N-WASP
domain V has a fully disordered nature. The slightly larger value of the experi-
mental radius of gyration (24.30 Å) compared to the Flory’s expected value might
indicate that N-WASP domain V adopts more extended conformations than those
expected from polymer theory.

Back-calculated SAXS intensities averaged over the four conformational en-
sembles FM_nossp, FM_ssp, MD_C36mm, and MD_A03ws were then directly
compared to experimental data (Figs. 3.9A and 3.9B). Overall, theoretical scat-
tering intensities have similar profile than in experiments. It could be noted that,
based on χ2 values computed between simulations and experimental data, the
scattering intensity calculated from the MD_A03ws ensemble (χ2 = 1.75) better
fits the SAXS curve than the three other ensembles (χ2 > 3). Nevertheless, for
q values above 0.2 Å−1, all Kratky plots are slightly below the experimental one,
indicating that in silico methods generated ensembles of conformations slightly
more compact than the one revealed by experiments (Figs. 3.9C and 3.9D). This
interpretation was confirmed by directly computing radius of gyration distributions
for the four theoretical ensembles (Figs. 3.9E and 3.9F). The obtained distributions
have Rg mean values equal to 22.68, 22.69, 23.59, and 23.38 Å for the FM_nossp,

65



Chapitre 3. Structural characterization of N-WASP domain V using MD
simulations with NMR and SAXS data

FIGURE 3.9 – Direct comparison of global information : Compa-
rison of SAXS intensities Log I(q) (A and B) and Kratky plots (C and
D) as a function of scattering vector q calculated from the FM_nossp,
FM_ssp, MD_C36mm, and MD_A03ws ensembles against experi-
mental data. Reduced residuals ∆/σ = [Icalc(q) − Iexp(q)]/σexp(q).
Probability of the N-WASP domain V radius of gyration (E and F)
computed for the F_nossp, FM_ssp, MD_C36mm, and MD_A03ws
conformational ensembles. Vertical black solid and coloured dashed
lines indicate radius of gyration measured by experiments and mean

values found in simulations, respectively.

FM_ssp, MD_C36mm, and MD_A03ws ensembles, respectively. To sum up, FM
generated conformational ensembles in moderate agreement with SAXS inten-
sities either with or without constraints on local secondary structures. Likewise,
MD simulations with C36mm or A03ws force field also yielded conformational en-
sembles that are fairly consistent with SAXS data. All together, it is noteworthy
that starting from 20 various conformations without any secondary structures, MD
simulations with the A03ws force field can generate a conformational ensemble
of N-WASP domain V which well reproduces both the local and global structural
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characteristics revealed by NMR and SAXS experiments, respectively.

3.2.3 Conformational sub-ensemble selection with GAJOE

Previous comparisons between experimental and in silico conformations of
N-WASP domain V showed that both FM_ssp and MD_A03ws approaches gene-
rated ensembles in fairly good agreement with both NMR and SAXS data. This
agreement can be improved by selecting conformational sub-ensembles that mi-
nimize the χ2 values between back-calculated and experimental data, particularly
SAXS intensities. To this aim, we performed 100 runs of genetic algorithm optimi-
zation with the program GAJOE [20, 343] yielding 5000 conformations of N-WASP
domain V that were subsequently analyzed.

It should be noted first that conformational sub-ensemble selections on the
criterion of SAXS intensity marginally changed the SSP profiles and their agree-
ment with NMR-derived data (Figs. 3.10A and 3.10B). Nevertheless, it is observed
that deviations between calculated RDCs and NMR measurements are slightly
larger for conformational sub-ensembles selected by GAJOE than for primary
ensembles, particularly in the case of the FM_ssp ensemble (Figs. 3.10C and
3.10D). These variations in RDC profiles are reflected by an overall increase (after
selection) in the relative populations of conformations having α-helical residues in
the regions 9-18 and 37-46 of N-WASP domain V (Figs. 3.10E and 3.10F), whe-
reas no significant change was observed for β-strand probabilities (Figs. 3.10G
and 3.10H).

In contrast, and as expected, conformational sub-ensemble selections signi-
ficantly improved agreements between back-calculated and experimental SAXS
intensities, as indicated by the reduced residuals randomly distributed around
zero (Figs. 3.11A and 3.11B). Distributions of the protein radius of gyration were
found shifted toward larger values (Figs. 3.11E and 3.11F) and more satisfac-
torily centered around the experimental value (Rg = 24.30 Å) after selection by
GAJOE than before (average values increasing from 22.69 to 24.57 Å and from
23.38 to 24.72 Å for FM_ssp and MD_A03ws, respectively). In summary, from
both FM_ssp and MD_A03ws conformational ensembles, GAJOE selected sub-
ensembles of structures that are in average slightly more extended than the initial
ensembles, consistently with SAXS data, but which have overall higher proba-
bilities to form α-helices than estimated by NMR measurements. Since confor-
mations with α-helices are statistically more extended that random coil ones, the
increase in helicity observed after GAJOE selection is probably an artefact of the
slightly imperfect prediction of SAXS profiles by the conformational ensembles.
This could be due to either a limited accuracy of the SAXS calculation software for
both compact and extended structures, or to the non fully exhaustive conformatio-
nal samplings, highlighting the difficulties to provide a conformational ensemble in
perfect agreement with both RDC measurements and SAXS intensities.
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FIGURE 3.10 – Comparison of local information before and after
selection by GAJOE : Comparison with NMR experiments of SSP
scores (A and B) and N-H RDCs (C and D) averaged over FM_ssp
and MD_A03ws ensembles, before and after selection by GAJOE.
Residue-specific probability to be in α-helix (E and F) or in β-strand
(G and H) calculated from the FM_ssp and MD_A03ws ensembles,

before and after selection by GAJOE.
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3.2. Results and discussion

FIGURE 3.11 – Comparison of global information before and af-
ter selection by GAJOE : Comparison with SAXS experiments of
Log I(q) (A and B) and Kratky plots (C and D) averaged over the
FM_ssp and MD_A03ws ensembles, before and after selection with
GAJOE. Reduced residuals ∆/σ = [Icalc(q)− Iexp(q)]/σexp(q). Pro-
bability of the N-WASP domain V radius of gyration (E and F) com-
puted for the FM_ssp and MD_A03ws conformational ensembles,

before and after selection by GAJOE.
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Chapitre 3. Structural characterization of N-WASP domain V using MD
simulations with NMR and SAXS data

Conclusion

Intrinsically disordered proteins generally play important roles in the regula-
tion of many biological processes and often constitute key hubs in protein-protein
interaction networks. However, the detailed characterization of their conformatio-
nal ensembles remains very challenging. Particularly, it is not straightforward to
have a correct description of both their local and global structures. In the present
report, we showed by validation against NMR and SAXS data that multiple mole-
cular dynamics simulations with the AMBER-03w force field and the TIP4P/2005s
water model are able to characterize the conformational ensemble of the 67 resi-
dues N-WASP domain V with satisfactory reliability, at both local and global level.
Simulations can reproduce at expected regions of the peptide sequence the for-
mation of transient helical structures which constitute the molecular recognition
features (MoRFs) of actin binding. They can also describe accurately the exten-
sion of the polypeptide chain which ensures the accessibility of these MoRFs by
actin.

These results are in line with several other MD studies of IDPs using the com-
bination of AMBER-03w and TIP4P/2005s models proposed by Best et al. [25].
The latter notably reported that the conformational ensemble sampled with the
A03ws force field of the activation domain (71 residues) of the activator for thyroid
hormone and retinoid receptor (ACTR) is consistent with both NMR and SAXS
measurements [25]. Other extensive simulations of shorter IDP, including an ar-
ginie/serine peptide (24 residues), two FG-nucleoporin peptides (16 and 50 resi-
dues) [281], the Histatin 5 (24 residues) [142], also showed that the A03ws force
field can generate conformational ensembles that are not overly compact in agree-
ment with both SAXS and NMR data. Lastly, a recent benchmark by Robustelli et
al. on 9 disordered proteins, including the NTAIL domain of the measles virus
nucleoprotein (125 residues) and the α-synuclein (140 residues), confirmed that
MD simulations with the A03ws force field performed quite well in terms of both
secondary structure propensity and radius of gyration [289].

Thus, although our study only focused on one intrinsically disordered protein,
the capability of the AMBER-03ws model to correctly reproduce the N-WASP do-
main V conformational ensemble seems not specific to this protein. This contri-
butes, with other studies on other IDPs, to identify the most appropriate force
fields for accurate MD simulations of IDP conformational ensembles. We believe
that this physics-based computational approach can be applied to other IDPs with
reasonable confidence, notably in the case where experimental data are lacking.

En conclusion de ce chapitre, nos résultats montrent que le champ de force
Amber03w avec le modèle d’eau Tip4p/2005s est le plus adapté pour reproduire
les informations locales et globales du domaine V de N-WASP. Il est important de
souligner qu’une simple dynamique moléculaire avec une seule conformation de
départ, même longue, n’est pas suffisante pour obtenir un ensemble de conforma-
tions diversifié et exhaustif. Il est nécessaire de réaliser de multiples dynamiques
moléculaires avec des points de départ très diversifiés pour obtenir un ensemble
conformationnel plus exhaustif.
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Chapitre 4

Investigation into early steps of
actin recognition by the intrinsically
disordered N-WASP domain V

Dans l’introduction (section 1.2 Rôles biologiques des IDPs), j’ai donné comme
exemple d’effecteur la protéine N-WASP, avec ses deux domaines déstructurés,
le domaine homologue à la verproline V et le domaine GBD, responsable du mé-
canisme d’auto-inhibition de N-WASP. Lorsque la région verproline n’est pas en
interaction avec le GBD (voir Fig. 1.3), chacun des deux motifs WH2 ("WASP-
homology 2") qu’elle contient peut se lier à un monomère d’actine et ainsi partici-
per à la polymérisation de l’actine.

Comme cela est exposé dans le chapitre précédent, nous avons réussi à créer
un ensemble conformationnel du domaine V de N-WASP contenant les deux mo-
tifs WH2, par de multiples dynamiques moléculaires, en bon accord avec les don-
nées locales de RMN et les informations globales de SAXS. Chacun de ces deux
motifs possède une succession de résidus apte à se structurer transitoirement en
hélice-α. On sait par ailleurs, que dans le cristal [125], le domaine V de N-WASP
donne un complexe 1 : 1 avec l’actine, où le deuxième domaine WH2 est une
hélice en interaction avec un monomère d’actine.

Nous nous sommes alors posée la question des premières étapes de la recon-
naissance du domaine V de N-WASP par l’actine. À l’aide de calculs d’ancrage et
de simulations de dynamique moléculaire, nous avons étudié la reconnaissance
par un monomère d’actine du tandem WH2 mais également les possibilités d’in-
teraction entre un dimère longitudinal d’actine et le tandem WH2.

Ce chapitre est une adaptation de notre article "Investigation into early steps
of actin recognition by the intrinsically disordered N-WASP domain V ", Chan-Yao-
Chong, M. and Durand, D. and Ha-Duong, T., International Journal of Molecular
Sciences, section Molecular Biophysics, dans le numéro spécial Functionally Re-
levant Macromolecular Interactions of Disordered Proteins 2019, 2019, 20 : 4493
(doi :10.3390/ijms20184493). Les tables et figures de la partie "Supplementary
Materials" ont été réintégrées dans le corps du texte pour une lecture plus fluide
du chapitre
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Chapitre 4. Investigation into early steps of actin recognition by the intrinsically
disordered N-WASP domain V

Introduction

Intrinsically disordered proteins (IDPs) play important roles in the regulation of
many biological processes, such as cell growth, cell signaling, and cell survival.
To exert these functions, their intrinsically disordered regions (IDRs) often bind to
different proteins with high specificity and low affinity [89, 91, 96, 372]. In many
cases, it is observed that IDRs adopt well structured conformations when bound
to their partners [391]. Segments that undergo such a disorder-to-order transition
upon binding are frequently called Molecular Recognition Features (MoRFs) in the
literature [59, 91, 193, 234, 252, 352].

A typical IDR with a MoRF is the WASP-homology 2 (WH2) motif, which is
found in about 50 proteins [43]. WH2 motifs are actin-binding modules of about
30-50 residues that are key players in regulation of the cytoskeleton actin polyme-
rization, dynamics, and organization [43, 77, 258]. Proteins of the WH2 family can
contain one to four WH2 motifs, each being able to bind one G-actin monomer
(Tab. 4.1). In unbound state, WH2 motifs are intrinsically disordered, and, in com-
plex with actin, they all share a similar binding mode : their N-terminal part folds
into an α-helix which interacts with the barbed face of actin, between subdomains
1 and 3, while their central consensus sequence ”LKKV” has an extended confor-
mation which lies on the actin surface, between subdomains 1 and 2 [43, 60, 286]
(Fig. 4.5B). Although these actin-WH2 motif structures were determined by X-ray
diffraction, the common folding of different WH2 motifs upon binding to actin indi-
cates, with reasonable confidence, that it is probably similar to the one adopted in
solution. It should be noted that, when a WH2 motif or a peptide construct encom-
passing a WH2 motif is co-crystallized with actin, only the coordinates of about 20
residues, generally from the beginning of the helical segment to the consensus se-
quence ”LKKV”, were resolved in most crystallographic complexes (Tab. 4.1). Only
the crystallographic structures 2A41, 2D1K, and 5YPU contain almost all residue
coordinates of the co-crystallized WH2 motifs. The absence in most crystallogra-
phic structures of atomic coordinates for regions after the consensus sequence
”LKKV” indicates that they probably keep a highly flexible and disordered confor-
mation upon binding to actin, forming so-called fuzzy complexes. Questions that
could be raised here are : What is the conformational dynamics of these invisible
regions ? Are they interacting with actin, and, if so, with which residues ?

A more general and still debated question regarding IDRs concerns the me-
chanism of their specific binding to their partners. The formation of IDP-protein
complexes can indeed follow a pathway between two possible mechanisms [170] :
the ”induced fit” pathway, in which the disordered region binds to its partner and
folds into an ordered structure on its surface, and the ”conformational selection”
mechanism, in which the folded structure preexists among the ensemble of confor-
mations of the unbound IDP and is recognized by the protein partner. However,
the observation of preexisting structured segments in IDRs does not necessarily
prove that the binding proceeds by a direct conformational selection [205]. For
example, an alternative mechanism could be that the protein partner first binds to
any IDR region and slides to the specific binding site which has the correct com-
plementary conformation [182]. Thus, closer investigations are required to gain
insight into the early events and pathways of the IDP-protein recognition mecha-
nism.
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Chapitre 4. Investigation into early steps of actin recognition by the intrinsically
disordered N-WASP domain V

In this report, we address these issues in the case of the verprolin homology
domain (V) of the Neural Wiskott-Aldrich Syndrome Protein (N-WASP) which has
two WH2 motifs. With the Arp2/3 complex, N-WASP stimulates actin filament bran-
ching and the formation of dendritic networks of filaments that shape or deform cell
membranes in several cellular processes, such as cell motility or endocytosis [273,
332]. The 505-residue sequence of the human N-WASP can be decomposed into
seven domains : a primary WASP homology domain WH1 (segment 1-150), a
basic domain B (186-200), a GTPase-binding domain GBD (203-274), a proline-
rich domain PRD (277-392), a verprolin homology domain V (405-450), a cofilin
homology domain C (451-485), and an acidic domain A (486-505) [225, 274]. N-
WASP domain V binds and recruits G-actin monomers, while domains CA are
attached to the Arp2/3 complex. These associations allow the nucleation of new
branch filaments [102, 208, 273]. N-WASP domain V is composed of two WH2
motifs (Tab. 4.1), each being able to bind one G-actin [80, 125, 283]. Interestingly,
the presence of two WH2 motifs in N-WASP domain V induces more rapid actin
polymerization than the other proteins of the WASP family which have only one
WH2 motif [386]. However, the structural mechanism by which a tandem of WH2
motifs binds two actin monomers and accelerates polymerization and branching
is not completely elucidated.

Two crystallographic structures of the N-WASP WH2 tandem in complex with
actin are available in the Protein Data Bank : a 1 : 1 actin-domain VC (2VCP [125])
and a 2 : 1 actin-WH2 tandem (3M3N [283]). Nevertheless, in both 2VCP and
3M3N structures, we emphasize again that only about 20 residues of each WH2
motif, from the helical N-terminal part to the consensus sequence ”LKKV”, could
be resolved by X-ray experiments (Tab. 4.1). It should be noted that the actin di-
mer in 3M3N complex has an overall longitudinal arrangement similar to that one
in actin filament [283]. This suggests that N-WASP domain V might favor the for-
mation of actin dimers in a longitudinal filament-like conformation, which might
accelerate actin polymerization. However, to confirm this scenario, a detailed des-
cription of the formation of the 1 : 1 and 2 : 1 actin-domain V complexes in solution
is required.

Previously, we structurally characterized the unbound state of a construct en-
compassing N-WASP domain V (Fig. 3.1) by combining various biophysical tech-
niques [48]. Multiple molecular dynamics (MD) simulations allowed generating a
conformational ensemble of this construct (which we continue to call ”N-WASP
domain V” for simplicity) in very good agreement with both NMR chemical shifts
and SAXS intensity measurements. In this ensemble, several conformations were
identified with transient α-helices in the WH2 motifs, suggesting that these se-
condary structures might be selected by actin during the recognition process. We
query here the validity of this hypothesis and, more generally, investigate the early
events of actin recognition by these α-MoRFs, using protein-protein docking calcu-
lations and multiple MD simulations. In addition, since N-WASP has a tandem of
WH2 motifs, we examine the possible molecular pathways leading to the ternary
complex of domain V with two actins.
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4.1. Methods

FIGURE 4.1 – Alignment of the construct sequence used in the
present study (DOMAIN_V) with those of N-WASP domain VC
co-crystallized with one actin (2VCP_D) by Gaucher et al. [125]
and of a WH2 tandem co-crystallized with a longitudinal actin
dimer (3M3N_W) by Rebowski et al. [283]. Orange and magenta
solid box indicate the helical region and the consensus sequence
”LKKV” of the second WH2 motif present in the X-ray structure 2VCP.
Orange and magenta dashed box indicate the homologous regions

in the first WH2 motif.

4.1 Methods

4.1.1 Conformational clustering

The conformational ensemble of the studied construct encompassing N-WASP
domain V and previously generated by MD simulations with the Amber-03ws force
field [48] was clustered with the GROMACS tool gmx cluster using the gromos
method [72] and a RMSD cutoff of 0.5 nm (computed over the mainchain atoms).
We obtained 2467 clusters and decided, for subsequent protein-protein docking
calculations, to keep only the 527 most populated ones, which represent 50% of
the 40 000 conformations sampled by MD simulations. To verify that the 527 clus-
ters are representative of the overall conformational ensemble, we compared the
residue probabilities to be in α-helix and the distributions of gyration averaged over
the 40,000 conformations or the 527 cluster structures. As shown in Fig. 4.2, the
probabilities to form α-helices of the 527 clusters and of the whole conformatio-
nal ensemble are almost identical, and the protein radius of gyration has similar
distributions when computed over the sub-ensemble of representative structures
or over the 40 000 conformations. This indicates that the selected 527 conformers
are locally and globally representative of the whole conformational ensemble of
N-WASP domain V.

4.1.2 Protein-protein docking

The 527 representative conformations of N-WASP domain V were docked into
two crystallographic structures of actin (PDB ID : 2VCP [125] and 3M3N [283]),
using the molecular modeling library PTools [298]. This toolbox performs rigid-
body docking of coarse-grained proteins by multiple energy minimizations, starting
from regularly distributed initial positions and orientations of the ligand around the
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Chapitre 4. Investigation into early steps of actin recognition by the intrinsically
disordered N-WASP domain V

FIGURE 4.2 – Comparison of N-WASP domain V residue proba-
bilities to be in α-helix (bottom) and distributions of gyration
(top) between the ensemble of initial 40 000 conformations (red), the
527 cluster representative structures (violet), and the 7 030 confor-
mations in the most probable 1 : 1 actin-domain V complexes (green).
Vertical dashed lines indicate average values of radius of gyration for

the three conformational ensembles.
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4.1. Methods

receptor surface. It should be emphasized that no conformational change was allo-
wed during these docking calculations for both protein partners, notably the intrin-
sically disordered domain V. The energy function minimized here is the physics-
based pairwise protein-protein interaction energy SCORPION [13, 14]. Then, to
better discriminate the near-native interface between actin and domain V, the com-
plexes previously generated with PTools were rescored using a knowledge-based
scoring function which additionally takes into account three-body interactions. We
used in this study the 2/3Bbest InterEvScore, without any evolutionary information
from the actin or N-WASP domain V sequences [7].

The performance of 2/3Bbest InterEvScore was positively evaluated on an en-
semble of 131 protein-protein complexes which, as far as we know, did not in-
clude IDP case [7]. Thus, to assess the validity of our approach to study the
actin-domain V recognition, we performed the redocking of the folded segment
433-451 of N-WASP domain V into actin structure 2VCP [125] and checked if
the X-ray structure of the complex can be retrieved. The results of this test are
reported in Fig. 4.3, which displays the actin-ligand interaction 2/3Bbest score as a
function of the RMSD relative to the peptide conformation in the crystallographic
structure. It can be seen that the coarse-grained protein-protein redocking is able
to retrieve the experimental structure with a RMSD calculated over the Cα atoms
of only 0.5 Å. In this particular case, the modeled complex structure, which is the
closest to the experimental one is ranked first (the higher is the score, the more
native-like is the interface). This benchmark led us to adopt this two-step approach
consisting in generating complex structures with PTools and rescoring them with
InterEvScore.

FIGURE 4.3 – Rescoring of docking with 2/3Bbest score InterEvS-
core : 2/3Bbest score (best 2- and 3-body InterEvScore without in-
clusion of evolutionary information) of N-WASP segment 433-451 re-
docked into actin as a function of the ligand RMSD relative to the

conformation found in X-ray structure 2VCP.
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4.1.3 MD simulations

From the docking results, several probable structures of the actin-domain V
complex were selected and submitted to extensive MD simulations performed
with the GROMACS software (versions 5.0.2 and 2016.1) [3]. Each selected com-
plex initial conformation was put and solvated in a dodecahedral rhombic box of
14.0 nm edge, then neutralized by adding 175 sodium and 176 chloride ions to
reach the salt concentration of 150 mM. The non-bonded interactions were trea-
ted using the smooth PME method [99] for the electrostatic terms and a cutoff
distance of 1.2 nm for the van der Waals potentials. The solute and water covalent
bond lengths were kept constant using the LINCS [146] and SETTLE [230] algo-
rithms, respectively, allowing to integrate the equations of motion with a 2 fs time
step. All simulations were run in the NPT ensemble, at T = 310 K and P = 1 bar,
using the Nose-Hoover and Parrinello-Rahman algorithms [148, 247, 259] with
the time coupling constants τT = 0.5 ps and τP = 2.5 ps.

In our previous study of the free state N-WASP domain V, short preliminary
MD simulations indicated that the force field AMBER-03w [24] combined with the
modified water model TIP4P/2005s [25] (a combination referred to as A03ws) al-
lowed correctly exploring the protein conformational space. For consistency, we
kept this force field for the study of its complex with actin. Each selected complex
was submitted to about 350 ns MD simulations within the general conditions pre-
viously described. Data collected every 20 ps were kept for subsequent analyses.
The latter were made using mostly the GROMACS tools, such as gmx mindist
or gmx cluster for computing specific distances or structural clusters, respecti-
vely. The program STRIDE [141] was used to assign secondary structures to the
protein residues.

4.2 Results

NMR experiments and MD simulations previously showed that unbound N-
WASP domain V has two transient α-helical structures (one per WH2 domain) at
regions 10-15 and 37-43 corresponding to residues 407-412 and 434-440 in the
whole protein sequence (Fig. 4.1) [48].

4.2.1 Monomeric actin-domain V encounter complexes gene-
rated by docking calculations

To examine whether these two helical MoRFs are preferential recognition sites
for actin, we blindly docked the 527 most populated clusters of N-WASP domain
V conformational ensemble (derived from MD simulations with the A03ws force
field [48]) onto the actin chain B extracted from the PDB structure 2VCP [125].
Each docking generated about 1 300 different poses of domain V on actin, yielding
a total number of 702 920 encounter complexes. The likeliness of these complexes
was evaluated with the scoring function 2/3Bbest InterEvScore [7]. We delineated
the 1% of complexes (i.e., 7 030 conformers) having the highest 2/3Bbest score as
the most probable actin-domain V structures. It could be noted that, when compa-
red to the 527 cluster representative structures, the domain V conformations that
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4.2. Results

are retrieved in the 7 030 most probable complexes are sightly more compact, as
indicated by the radius of gyration distributions (Fig. 4.2), indicating that extended
conformations of domain V did not particularly favor their binding to actin. At the
local level, the difference in probability for residues to be in α-helix, between the
two ensembles of 527 clusters and of 7 030 ligands, appears quite small and may
not be significant (Fig. 4.2).

FIGURE 4.4 – Probability of the N-WASP domain V residues to be
distant by less than 4 Å from actin. Orange and magenta dashed
lines indicate the protein regions in α-helix (as revealed by the X-ray
structure 2VCP [125]) and the consensus sequences ”LKKV” [60,

178], respectively.

We first analyzed the residues at the protein-protein interface in the 7 030 most
probable complex structures. The probability of N-WASP domain V residues to be
in contact with actin was computed, as plotted in Fig. 4.4. Clearly, it can be ob-
served that actin preferentially recognizes two regions of domain V which can
be delimited by residues 8-18 and 37-50. The first binding site is shorter than
the second one, which might be related to the difference in propensity of the two
WH2 motifs to form α-helical structures (Fig. 4.2). Nevertheless, when the two
regions with high probability to be contacted by actin are compared, a consen-
sus sequence can be identified as the most probable recognition site for actin :
9KAALLDQIRE18 and 37RDALLDQIRQ46 in the first and second WH2 motif, res-
pectively. It is worth noting that both recognition segments exhibit a similar pattern
in which a positively charged residue (K9 or R37) precedes two moderate probabi-
lity residues (A10-A11 or D38-A39), followed by two high probability hydrophobic
residues (L12-L13 or L40-L41) and again two moderate probability ones (D14-
Q15 or D42-Q43), before two other high probability residues (I16-R17 or I44-R45).
This pattern suggests that the domain V recognized regions are rather α-helical
structures than short linear motifs (SLiMs) in coil or extended conformations. The
chemical nature of the mentioned residues also indicates that the central parts of
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the recognized segments are amphiphilic helices with their hydrophobic faces in
contact with actin.

Besides, it could be noted that, among the most probable complexes, the
conserved residues 22LKKV25 and 50LKSV53 have significantly lower probability
to be in contact with actin than the two previous binding sites (Fig. 4.4). This sug-
gests that, after the recognition of regions 9-18 or 37-46 by actin, the N-WASP
consensus sequences ”LKKV” should move and anchor to the actin’s surface in
a second step. This scenario was further examined using MD simulations, as pre-
sented in the next section.

Before that, we investigated the preferential location of the two N-WASP re-
gions 9-18 and 37-46 on actin’s surface. To that end, the probability that actin
residues are contacted by one of these two segments was computed over the
7 030 most probable complexes predicted by docking, as plotted in Fig. 4.5A.
Among the actin residues which are frequently contacted by regions 9-18 and
37-46, we retrieved those (Y143, G146, T148, G168, Y169, L349, T351, M355,
and F375) which make contacts with the N-WASP segment 37-46 in structure
2VCP [125]. However, we also observed that segments 9-18 or 37-46 can bind
to other patches of the actin’s surface with high probability, notably residues 171-
173 and 283-290, which are not close to the cognate binding site (Fig. 4.5). These
observations could arise from various factors, including limitations of the rigid-
body docking procedure and imperfections of the coarse-grained scoring function.
This could be also related to the fact that, in most selected conformations of N-
WASP domain V used in docking calculations, segments 9-18 and 37-46 were
not fully helical, unlike in the crystallographic complex (Fig. 4.2). This might fa-
vor the binding to pockets of the actin’s surface with no particular shape, to the
detriment of the groove that is expected to accommodate the WH2 motif helices.
In these cases, the conformational transition of these N-WASP regions toward full
α-helices might not lead to stable complexes. Besides, it could be noted that these
non-specific binding sites on actin monomer also extend over the actin-actin in-
terface in longitudinal dimers and, therefore, might be less observed in such actin
assemblies.

Overall, docking calculations of representative conformations of free domain
V on actin monomer yielded many encounter complexes in which N-WASP seg-
ments 9-18 and 37-46 are preferentially bound to actin, but to both specific and
non-specific sites. In these encounter complexes, consensus sequences ”LKKV”
have low probability to be in contact with actin, whereas they are found attached to
actin in all available crystallographic complex structures. This suggests a two-step
association mechanism involving large conformational rearrangements of domain
V after the formation of a productive encounter complex with either segment 9-18
or 37-46 in cognate binding site of actin.

4.2.2 Identification and MD simulations of productive actin-
domain V encounter complexes

The binding mechanism of N-WASP domain V to actin was further investigated
using MD simulations of productive encounter complexes selected on the basis of
the position and orientation of regions 9-18 or 37-46 in the cognate actin binding
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FIGURE 4.5 – Probability of actin residues to be distant to be dis-
tant by less than 4 Å from helical regions of domain V : (A) Pro-
bability of actin residues to be distant by less than 4 Å from domain
V regions 9-18 or 37-46. Red dashed lines indicate actin residues
in contact with N-WASP helical segment in structure 2VCP [125].
(B) Views of actin’s surface colored proportionally to previous proba-
bilities. Blue, white, and red colors indicate actin residues with low,
intermediate, and high probabilities to be contacted by domain V,
respectively. As a reference, yellow and green ribbons represent the
second WH2 motif helical region and conserved sequence LKSV as

observed in 2VCP [125].

groove. More specifically, among the 7 030 most probable complexes generated
by docking, we identified those with residues 9-18 or 37-46 contacting at least
six actin residues over the nine observed in contact with the N-WASP region 37-
46 in the X-ray structure (Y143, G146, T148, G168, Y169, L349, T351, M355, and
F375). We found a total of 194 complexes which have one of the two recognized
segments in contact with at least six of the nine actin hot-spot residues. However,
in a large number of these complexes, the segment 9-18 or 37-46 is oriented in the
opposite direction of the crystallographic helix, so that the consensus sequence
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”LKKV” would not be able to reach its cognate binding site. Thus, we further filte-
red the 194 complexes based on the angle between the principal axis of segment
9-18 or 37-46 and that one of the helical region 37-46 in crystal. We obtained 16
and 18 complexes in which this angle is lower than 30◦ for N-WASP regions 9-18
and 37-46, respectively (Tab. 4.2 and 4.3).
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In these 34 productive actin-domain V encounter complexes, the recognized
regions 9-18 and 37-46 are surprisingly not completely folded in α-helix, but can
have various local conformations with 0-6 over 10 residues in helical structures.
Nevertheless, it should be noted that the lack of helical residues is often balanced
by several residues with a turn motif. This is notably the case for four over the five
complexes which have region 9-18 or 37-46 RMSD lower than 5 Å relative to the
crystallographic structure (Tab. 4.2 and 4.3). In the 34 actin-domain V complexes,
the consensus segments ”LKKV” are variously far off from their cognate binding
site on actin, as indicated by their RMSD values ranging from 8.7 to 37.7 Å. To
study the complete association process of N-WASP WH2 motifs, we performed
MD simulations of actin-bound domain V conformational changes starting from
the two structures which have region 9-18 or 37-46 with the lowest RMSD relative
the structure 2VCP (Fig. 4.6). These selected productive encounter complexes
are hereafter denoted CplxA and CplxB.

FIGURE 4.6 – Side view of the two best encounters of 1 : 1
actin-domain V encounter complexes with N-WASP segment 9-
18 (left) or 37-46 (right) located and oriented as in structure
2VCP. Black balls are N-terminal Cα-atoms of domain V. Red and
magenta ribbons represent its regions 9-18 or 37-46 and consensus
sequences ”LKKV”, respectively. As a reference, yellow and green
ribbons indicate the helical and 50LKSV53 region of domain VC in

2VCP.

For each selected encounter complex, two MD simulations of about 350 ns
were performed from the same coordinates but with different initial velocities.
These four simulations will be referred to as CplxA_MD1, CplxA_MD2, CplxB_MD1,
and CplxB_MD2. In all complex trajectories, the actin tertiary structure remains
stable, with RSMD relative to structure 2VCP fluctuating below 5.2 Å (Fig. 4.7).
Regarding the N-WASP regions 9-18 and 37-46 (which are bound to actin in
CplxA and CplxB, respectively), their position and orientation are maintained in
the actin binding site in three over four simulations (CplxA_MD1, CplxA_MD2, and
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CplxB_MD1), as indicated by their average RMSD values relative to the complex
2VCP (4.4, 4.4, and 2.7 Å, respectively). A visual inspection of the CplxB_MD2
trajectory showed that segment 37-46 slid toward the bottom of actin, explaining
its higher RMSD (8.2 Å on average). For the three other simulations, the N-WASP
regions 9-18 and 37-46 remain attached to their binding site after the formation of
productive encounter complexes.

FIGURE 4.7 – Time evolutions of RMSD relative to structure
2VCP, after fitting MD trajectories on crystallographic actin, for
actin (black) and segments 9-18 (orange) and 37-46 (cyan) of N-

WASP domain V.

Next, we monitored the dynamics of residues 22LKKV25 and 50LKSV53 relative
to their cognate binding site on actin. As shown in Fig. 4.8, segments 22LKKV25

and 50LKSV53 had large amplitude motions in all four simulations, without reaching
stable bound positions on actin. Strikingly, the minimal distance to actin of these
residues and their RMSD relative to structure 2VCP seem to be highly correlated,
which can be explained as follows : Once N-WASP domain V helical region 9-18
or 37-46 is correctly positioned and oriented in its cognate binding site, if segment
22LKKV25 or 50LKSV53 is detached from actin’s surface, it is largely free to move in
solvent, accounting for large RMSD values. However, when it is bound to actin, its
accessible space is narrowed down to a region close to the cognate site on actin,
decreasing the RMSD relative to X-ray structure. However, in none of simula-
tions, these segments were observed to persistently bind to their cognate binding
site : In simulations CplxB_MD1 and CplxB_MD2, RMSD of residues 50LKSV53

relative to the crystallographic structure never decreased below 13.8 Å. The ob-
served large RMSD values are mainly due to the fact that segment 50LKSV53 is,
most of the time, detached from actin’s surface in simulations of CplxB. In simula-
tions of CplxA, segment 22LKKV25 was able to reach its cognate site, with minimal
RMSD of 2.4 and 4.3 Å in CplxA_MD1 and CplxA_MD2, respectively, but these
associations were only transient (Fig. 4.8). Overall, in three over four simulations,
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residues 22LKKV25 or 50LKSV53 were observed to bind the actin’s surface during
quite long periods, but not necessarily at their cognate locations, confirming that
these N-WASP segments are not primary recognition sites for actin. Finally, we
should point out that the auto-correlation functions of minimal distances to actin
of residues 22LKKV25 or 50LKSV53 are characterized by relaxation times of 102,
126, 164, and 133 ns for simulations CplxA_MD1, CplxA_MD2, CplxB_MD1, and
CplxB_MD2, respectively. This notably indicates that the two short simulations of
CplxA still provide reliable information about the dynamics of segment 22LKKV25.

FIGURE 4.8 – Time evolutions of minimal distance to actin of
segments 22LKKV25 (black) and 50LKSV53 (brown) of N-WASP do-
main V. RMSD relative to structure 2VCP, after fitting trajectories
on actin, are also displayed as a function of time for segments

22LKKV25 (orange) and 50LKSV53 (cyan).

The actin residues that have high probabilities to be contacted by these seg-
ments are shown in Fig. 4.9. In both simulations of CplxA, segment 22LKKV25 was
found in contact with several actin residues close to the cognate binding site. In
contrast, due to the sliding of region 37-46 toward the bottom of actin in simulation
CplxB_MD2, the segment 50LKSV53 is too far to reach and bind its cognate site on
actin. All together, despite their limited number and length, our simulations sug-
gest that CplxA (which has the N-WASP helical region 9-18 recognized by actin)
is likely a productive encounter complex that can lead to a subsequent binding of
segment 22LKKV25 to its specific site on actin. In contrast, simulations of CplxB
suggest that the complete binding of N-WASP second WH2 motif is less favorable
than for the first WH2 motif. Beyond the limited statistics, this could result from
the fact that segment 50LKSV53 is less positively charged than 22LKKV25, whereas
their cognate binding site on actin has two negatively charged residues (D24 and
D25). Another possible explanation is that N-WASP region 37-46 has a higher
propensity to form α-helices than segment 9-18. This would increase the stiffness
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of the second WH2 motif that might restrict the motion of residues 50LKSV53 and
their ability to reach their cognate binding site on actin.

Finally, we studied the dynamics of domain V regions 28NSRPVS33 and 56GQESTP61

following the conserved sequences 22LKKV25 and 50LKSV53, respectively. Indeed,
as mentioned in the introduction, most crystallographic structures of actin-WH2
motif lack atomic coordinates for regions after the consensus sequence ”LKKV”,
indicating that they are highly flexible in their bound state. We thus characteri-
zed the preferential location of these two regions on actin’s surface in our MD
simulations. Fig. 4.10 plots the minimal distance of regions 28NSRPVS33 and
56GQESTP61 to actin as a function of time in CplxA and CplxB simulations, respec-
tively. It can be observed that these two regions mostly contact the actin’s surface
when the preceding conserved sequences 22LKKV25 or 50LKSV53 are already at-
tached to actin, except in CplxB_MD1. In the latter, residues 56GQESTP61 make
frequent contacts with actin when segment 50LKSV53 is not bound to actin.

The actin residues that have high probabilities to be contacted by regions
28NSRPVS33 and 56GQESTP61 are displayed in Fig. 4.11. In both simulations of
CplxB, segment 56GQESTP61 was mostly found in contact with residues of the ac-
tin subdomain 3. In CplxB_MD1, this might be the reason the conserved segment
50LKSV53 cannot reach its cognate binding site on actin. In CplxB_MD2, this is
probably because the helix 37-46 slid toward the bottom of actin and that segment
50LKSV53 is improperly located between actin subdomains 1 and 3 (Fig. 4.9). Stri-
kingly, in simulations of CplxA in which the helical segment 9-18 and conserved
sequence 22LKKV25 are both satisfactorily positioned on actin’s surface, the region
28NSRPVS33 is observed to contact several separated patches on actin’s surface,
mainly located on subdomains 2 and 4. This might explain why these disordered
regions cannot crystallize in one homogeneous conformation and, therefore, are
not visible in most crystallographic actin-WH2 complexes.

4.2.3 Dimeric actin-domain V encounter complexes generated
by docking calculations

As reported in the literature, a tandem of WH2 motifs, such as N-WASP domain
V, can form a ternary complex with two actin molecules [57, 283]. Rebowski et al.
notably reported a 2 : 1 actin-domain V complex, in which two actins are assem-
bled into a longitudinal filament-like dimer (PDB structure 3M3N) [283]. In this
section, we investigate the early steps of formation of these ternary encounter
complexes. As for actin monomer, we blindly docked the 527 most populated clus-
ters of the MD-derived N-WASP domain V conformational ensemble [48], but here,
onto the longitudinal actin dimer structure extracted from the PDB file 3M3N [283].
It should be noted that each chain of the 3M3N dimer is structurally very similar
to actin in 2VCP (RMSD over Cα atoms being equal to 0.99 and 0.66 Å for chain
A and B, respectively). Moreover, unlike in 2VCP structure, both chains of actin
dimer 3M3N lack the coordinates of their last residue F375. A total number of
754,118 complex structures were generated. The likeliness of these complexes
was evaluated with the scoring function 2/3Bbest InterEvScore [7]. We delineated
the 1% complexes (that is 7 540 conformers) having the highest 2/3Bbest score as
the most probable actin dimer-domain V structures. As for actin monomer, when
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FIGURE 4.9 – Probability of actin residues to be distant by
less than 4 Å from consensus segments ”LKKV”(A) Probabi-
lity of actin residues to be distant by less than 4 Å from N-WASP
segments 22LKKV25 or 50LKSV53 in CplxA_MD1 (red), CplxA_MD2
(orange), CplxB_MD1 (cyan), and CplxB_MD2 (blue). Brown dashed
lines indicate the actin residues (G23, D24, D25, R28, and S344) in
contact with N-WASP segment 50LKSV53 in structure 2VCP [125]).
(B-D) Front views of the actin’s surface colored proportionally to
the previous probabilities. Red, orange, and blue colors indicate
actin residues with high probabilities to be contacted by N-WASP
segments 22LKKV25 or 50LKSV53 in simulations CplxA_MD1 (B),
CplxA_MD2 (C), and CplxB_MD2 (D), respectively. As a reference,
yellow and green ribbons represent the helical region and the conser-
ved sequence LKSV of the second WH2 motif observed in structure

2VCP [125].
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FIGURE 4.10 – Time evolutions of minimal distances between
actin and segment 28NSRPVS33 in simulations of CplxA (red and
orange lines) and segment 56GQESTP61 in simulations of CplxB
(cyan and blue lines). For comparison, time evolutions of minimal
distances between actin and segments 22LKKV25 and 50LKSV53 are

displayed with black and brown lines, respectively
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FIGURE 4.11 – Actin residues distant by less than 4 Å from
N-WASP segments 28NSRPVS33 or 56GQESTP61 in CplxA_MD1
(red), CplxA_MD2 (orange), CplxB_MD1 (cyan), and CplxB_MD2
(blue). As a reference, yellow and green ribbons represent the he-
lical region and the conserved sequence LKSV of the second WH2

motif observed in structure 2VCP [125].
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compared to the 527 cluster representative structures, the domain V conforma-
tions that are retrieved in the most probable complexes with actin dimer are in ave-
rage more compact as indicated by the radius of gyration distributions (Fig. 4.12).
The dimeric state of actin did not favor the binding of extended conformations of
domain V.

FIGURE 4.12 – Comparison of N-WASP domain V residue pro-
babilities to be in α-helix (bottom) and distributions of gyration
(top) between the ensemble of initial 40 000 conformations (red), the
527 cluster representative structures (violet), and the 7 540 confor-
mers in the most probable 2 : 1 actin-domain V complexes (green).
Vertical dashed lines indicate average values of radius of gyration for

the three conformational ensembles.

We then analyzed the probability of domain V residues to be in contact with
each chain of actin dimer. We observed again that actin preferentially recognizes
the domain V regions 9KAALLDQIRE18 and 37RDALLDQIRQ46, with a similar pat-
tern as for actin monomer (compare Fig. 4.13 with Fig. 4.4), indicating that the
N-WASP recognized regions are rather in (partial) α-helical structures. It is also
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confirmed that the conserved sequences 22LKKV25 and 50LKSV53 have low proba-
bility to be contacted by actin dimer in the encounter complexes, suggesting again
that they should move and anchor to the actin’s surface after the recognition of the
previously mentioned regions 9-18 and 37-46.

FIGURE 4.13 – Probability of the N-WASP domain V residues to
be distant by less than 4 Å from actin dimer. Orange and magenta
dashed lines indicate the N-WASP regions in α-helix (as revealed
by the X-ray structure 2VCP [125]) and the consensus sequences

”LKKV” [60, 178], respectively.

Finally, we determined the preferential location of the domain V regions 9-18
and 37-46 on actin dimer surface by computing over the 7540 most probable com-
plexes the probability that actin residues are contacted by one of these segments
(Fig. 4.14). The N-WASP regions 9-18 and 37-46 can be retrieved in the cognate
binding site of actin chain A but not of chain B. The presence of chain A at the bot-
tom of chain B probably hinders the approach and accommodation of domain V in
the binding site of chain B. As for actin monomer, we also observed that N-WASP
segments 9-18 and 37-46 can bind to other patches of the actin’s surface with high
probability, notably at residues K191, E195, R256 and F266 which are located at
the top of the back of actin dimer (Fig. 4.14). It is not clear for us if these non-
productive associations are artifacts or not. Nevertheless, since the consensus
sequences ”LKKV” have low probabilities to contact actin, large conformational
changes of domain V are likely to occur after the formation of the encounter com-
plexes. Only a productive encounter complex in which the cognate binding site
of actin accommodates N-WASP segment 9-18 or 37-46 will be able to form the
correct quaternary structure.

These productive actin-domain V encounter complexes were identified among
the 7 540 most probable complexes as those with segment 9-18 or 37-46 making
contacts to at least 6 over the 8 hot-spot residues of 3M3N actin chain A (Y143,
G146, T148, G168, Y169, L349, T351, and M355), and correctly oriented so that
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FIGURE 4.14 – Probability of actin dimer to be distant to be
distant by less than 4 Å from helical regions of domain V :
(A) Residue-specific probability of actin dimer chain A (bottom) and
chain B (top) to be distant by less than 4 Å from N-WASP domain
V regions 9-18 or 37-46 in the ensemble of 7 540 ternary complexes
generated by docking. Red dashed lines indicate the actin residues
in contact with the N-WASP helical segment in the X-ray structure
2VCP [125]. (B,C) Back and front views of the actin dimer surface co-
lored proportionally to the previous probabilities. Blue, white, and red
colors indicate actin residues with low, intermediate, and high proba-
bilities to be contacted by N-WASP domain V regions 9-18 or 37-46,
respectively. As a reference, yellow and green ribbons represent heli-
cal regions and consensus sequences ”LKKV” of the two WH2 motifs

observed in the X-ray structure 3M3N [283].
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the conserved sequence 22LKKV25 or 50LKSV53 can reach their cognate binding
site. We found 10 and 13 productive encounter complexes in which N-WASP seg-
ments 9-18 and 37-46 are bound to actin chain A, respectively (Tab. 4.4 and 4.5).
The two complexes for which the regions 9-18 or 37-46 have the lowest RMSD
relative to structure 3M3N are displayed in Fig. 4.15. In all found productive en-
counter complexes, regions 22LKKV25 or 50LKSV53 are detached from actin, and
actin chain B is not contacted by other parts of N-WASP domain V. The presence
of chain B in the actin dimer does not seem to influence the recognition of N-
WASP segments 9-18 or 37-46 by actin chain A. Besides, several representative
structures of domain V conformational ensemble (clusters 105, 145, 230, 333,
407, and 411) were retrieved in the most probable encounter complexes on both
the monomeric (2VCP) and dimeric (3M3N) states of actin. Nevertheless, as pre-
viously seen, the subsequent binding of residues 22LKKV25 or 50LKSV53 to actin
was not persistent in our MD simulation of complexes with actin monomer, but this
association might be stabilized by the presence of a second chain in complexes
with actin dimer. This hypothesis can be assessed using extensive MD simula-
tions. Unfortunately, our limited computational resources for this project did not
allow us to perform these calculations.

FIGURE 4.15 – Side view of the two best 2 : 1 actin-domain V
encounter complexes with N-WASP segment 9-18 (left) or 37-
46 (right) located and oriented as in structure 3M3N. Black balls
are N-terminal Cα-atoms of domain V. Red and magenta ribbons re-
present its regions 9-18 or 37-46 and consensus sequences ”LKKV”,
respectively. As a reference, yellow and green ribbons indicate the

helical and LKKV regions of domain V in 3M3N
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Conclusion

The characterization of the early events of protein-protein recognitions invol-
ving intrinsically disordered proteins is important for better understanding the mo-
lecular bases of regulation and signaling processes occurring in cells. This task is
very challenging using current experimental techniques and can be fruitfully com-
plemented by molecular modeling. However, MD simulations of encounter com-
plexes starting from separated proteins are computationally very demanding and
require extremely long trajectories in cases of IDPs. In this study, we propose
a less expensive approach consisting, first, in discretizing the IDP large confor-
mational ensemble into representative structures of the most populated clusters ;
secondly, in generating the protein-protein encounter complexes by rigid coarse-
grained protein-protein docking ; and, finally, in performing MD calculations of few
selected productive complex conformations.

This approach was used to study the recognition by actin of the two WH2 mo-
tifs of N-WASP domain V, which is largely disordered in free state. Several crys-
tallographic structures of actin-WH2 motif complexes show that the WH2 motif
N-terminal part is folded into an amphiphilic α-helix located in a cleft at the bottom
of actin, and that its consensus sequence “LKKV” has a rather extended confor-
mation lying on the actin front surface (Fig. 4.5 and 4.9). The pathway leading to
these bound states remains largely unknown, especially in the case of tandems
of WH2 motifs which bind two actins.

Previously, we identified several structures with transient α-helices at regions
9-18 and 37-46 in the unbound domain V conformational ensemble [48]. Our
present docking calculations showed that these two regions are effectively pre-
ferential binding sites for actin (Fig. 4.4). Our results also suggest that conforma-
tions with regions 9-18 or 37-46 completely structured in α-helix are not preferably
recognized, but less folded conformations can be equally accommodated in the
cognate binding site on actin (Tab. 4.2, 4.3, 4.4, and 4.5). Knowing the binding
location on actin’s surface of the conserved segments 22LKKV25 or 50LKSV53, it is
apparent that non-specific association and orientation of regions 9-18 and 37-46
on actin’s surface cannot produce the observed quaternary structure of actin-WH2
motif complexes. Our MD simulations of a productive encounter complex even
showed that, when the recognized helical region 37-46 of N-WASP is initially cor-
rectly located and oriented in the actin cognate binding site, a slight displacement
of this region toward the bottom of actin prevents the segment 50LKSV53 to reach
and bind its specific site on actin (simulation CplxB_MD2).

In our modeling procedure, it could be noted that only the 7030 encounter com-
plexes with the highest 2/3Bbest score among the 702,920 generated by docking
were deemed as probable and subsequently analyzed. Although this limited num-
ber could lead to possible missed relevant structures, it is much larger than the
number of docking solutions that are usually analyzed to find near-native protein-
protein interfaces (up to 1000) [7]. This provides reasonable confidence that our
modeling generated relevant quaternary structures. Besides, the 7030 analyzed
structures can be considered as representative of both the productive and non-
productive encounter complexes (Fig. 4.5), as they probably appear in vitro or in
vivo. Strikingly, in all productive encounter complexes, the consensus sequence
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“LKKV” of WH2 motifs is found distant from actin’s surface (Fig. 4.6). This indi-
cates that large amplitude motions of these segments are likely to occur in a se-
cond step to enable the formation of the final quaternary structure, as illustrated in
our MD simulations of CplxA (Fig. 4.8 and 4.10). Thus, we think that our modeling
study has allowed going beyond the prediction of the actin-N-WASP complex qua-
ternary structure and has also gained insight into its mechanism of formation. To
sum up, our study of actin monomer recognition by N-WASP domain V indicates
that actin first binds domain V regions 9-18 or 37-46 which are partially folded
into amphiphilic helical structures, mainly through hydrophobic interactions. Then,
the charged segments 22LKKV25 or 50LKSV53, driven by electrostatic forces, move
and attach to their cognate site on actin’s surface.

FIGURE 4.16 – Possible pathways toward the formation of a 2 : 1
actin-domain V complex with a longitudinal actin dimer as ob-
served in 3M3N. Starting from two actin chains and one N-WASP
domain V (state I), three possible binary complex encounters can be
formed (states II-a, II-b, and II-c), leading to three possible interme-
diate ternary complexes (states III-a, III-b, and III-c) just before the
final structure (state IV). Cyan and red arrows indicate the binding of
the N-WASP first and second WH2 motif to actin chain A and B, res-
pectively. Dark grey arrows represent the binding of two actins into a

longitudinal dimer.

When the binding of domain V to a longitudinal actin dimer was considered,
our docking calculations showed that N-WASP helical regions 9-18 and 37-46 can
bind their cognate binding sites, but preferentially on actin chain A, the access
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of the specific binding site on chain B being more restricted (Fig. 4.14). Never-
theless, this result might depend on the quaternary structure of the actin dimer,
particularly on the actin-actin interface, which can significantly vary, as observed in
various crystallographic structures of actin oligomers (3M3N [283], 4JHD [57], and
6FHL [223]). All together, our results allow us to propose the following model for
the early events of association of N-WASP domain V to two actins and the forma-
tion of a ternary complex with a longitudinal filament-like actin dimer, as observed
in structure 3M3N (Fig. 4.16) : From isolated actin chains and N-WASP domain
V, three possible binary complexes can be formed (States II-a, II-b, and II-c). In
State II-a, the second WH2 motif attached to actin chain B prevents the approach
and binding of chain A [43, 145, 286] and thus disfavors the formation of interme-
diate State III-a. When the actin dimer is already formed, our docking calculations
indicate that the binding of N-WASP second WH2 motif to actin chain B is not fa-
vorable. Thus, the direct formation of the ternary State III-a from a preformed actin
dimer or the evolution of intermediate State III-b toward the final complex are very
unlikely. These considerations imply that the final state is likely formed through
an intermediate ternary complex in which the two WH2 motifs are bound to two
loosely interacting actin chains (State III-c). Then, this highly flexible assembly
evolves toward the final state through the association of the two actin chains into
a longitudinal dimer. This model suggests that the binding of N-WASP domain V
to an actin dimer would not be a cooperative process, in line with fluorescence
titration experiments reported by Gaucher et al. [125].

During this process, it is not clear whether the binding of the conserved se-
quences 22LKKV25 and 50LKSV53 to their cognate sites occurs before the forma-
tion of the longitudinal dimer. In crystallographic structure 2VCP, the four residues
50LKSV53 are found attached to the actin’s surface, but our MD simulations in
explicit water indicate that this binding is rather transient in 1 : 1 actin-domain V
complexes. We speculate that the interactions between the consensus sequences
and actin might guide the dynamics of dimerization into longitudinal assemblies.
All together, our model for the early events of domain V association to two actins
might explain how the two WH2 motifs of N-WASP favor the formation of longitudi-
nal filament-like conformation of actin dimer and why they induce more rapid actin
polymerization than proteins of the WASP family with only one WH2 motif [386].
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Chapitre 5

Structural characterization of
VcDciA using MD simulations and
SAXS data

Ce chapitre, détaillé dans la suite sous forme d’un article, est consacré à la
protéine DciA de la bactérie Vibrio cholerae (VcDciA). Cette protéine a été dé-
couverte récemment (en 2016) par Jean-Luc Férat (I2BC, Gif-Sur-Yvette) grâce à
une étude phylogénétique [35]. Elle est présente majoritairement dans le monde
bactérien et serait responsable du recrutement et du chargement de l’hélicase ré-
plicative bactérienne (DnaB) sur l’ADN simple brin. Sa fonction est essentielle à
la vie des bactéries.
D’un point de vue structural [218], VcDciA a la particularité de posséder deux do-
maines distincts : un domaine KH2 globulaire en N-terminal (résidus 1 à 111) dont
la structure a été résolue par RMN-3D (Jessica Andreani et Françoise Ochsen-
bein, I2BC CEA Saclay) et récemment par cristallographie (Sophie Cheruel, Ines
Gallay, Hélène Walbott : I2BC Orsay et Pierre Legrand : Synchrotron SOLEIL),
et une extension C-terminale (résidus 112-157) intrinsèquement désordonnée, ce
qui est démontré par les études de SAXS et de RMN-2D.

Dans un premier temps, nous nous sommes posée la question du rôle biolo-
gique de la partie intrinsèquement désordonnée, est-elle importante ou non pour
l’interaction avec DnaB et plus spécifiquement pour son chargement sur l’ADN ?
Sous la supervision de Sophie Quevillon-Cheruel et de Stéphanie Marsin, nous
avons produit et purifié la protéine VcDciA entière ou tronquée (VcDciA[1−111]) et
réalisé des expériences de résonance plasmonique de surface (SPR) pour com-
prendre les interactions entre VcDnaB, VcDciA et l’ADN.

Dans un second temps, nous avons voulu déterminer l’ensemble conforma-
tionnel de VcDciA entière, seule en solution, pour anticiper le rôle que pourrait
jouer le désordre structural du domaine C-terminal quand VcDciA interagit avec
ses partenaires. Pour cela, j’ai réalisé de multiples simulations de dynamiques
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moléculaires de structures reconstruites à partir du domaine KH2 et de conforma-
tions générées par Flexible-Meccano (FM) pour la partie intrinsèquement désor-
donnée. Cet ensemble conformationnel a ensuite validé au niveau global (exten-
sion ou compacité) grâce à des expériences de SAXS et au niveau local avec
l’aide de prédicteurs de désordre, de prédicteurs de structures secondaires et
d’expériences de dichroïsme circulaire (CD).

Les résultats de nos études sont décrits dans ce dernier chapitre de thèse.
Celui-ci a été rédigé sous la forme d’un article en anglais car il constitue pour
nous une première ébauche de ma contribution à un futur manuscrit sur le rôle
de la partie déstructurée de VcDciA dans ses interactions avec l’hélicase DnaB.
Je suis néanmoins bien consciente que le texte qui suit, avec comme titre "struc-
tural characterization of VcDciA using MD simulations and SAXS data" doit être
complété par d’autres études et il devra fortement évoluer avant de pouvoir être
soumis en fonction de nos résultats.

Pour une meilleure compréhension, en guise d’introduction à ce chapitre, il faut
apporter un certain nombre d’informations qui portent à la fois sur la réplication
de l’ADN bactérien et sur les différents résultats qui ont été faits au laboratoire
de l’I2BC et qui seront soumis prochainement dans l’article "DciA-chaperones
helicases self-load on DNA", Stéphanie Marsin, Yazid Adam, Jessica Andreani,
Sonia Baconnais, Pierre Legrand, Ines Gallay-Li de la Sierra, Claire Cargemel,
Hélène Walbott, Christophe Possoz, Adeline Humbert, Magali Aumont-Nicaise,
Christophe Velours, Françoise Ochsenbein, Dominique Durand, Eric Le Cam, So-
phie Quevillon-Cheruel, et Jean-Luc Ferat [218].
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La réplication de l’ADN
La réplication de l’ADN est une étape essentielle dans le monde du vivant

qui permet à une cellule de dupliquer son génome avant de se diviser et de pro-
duire deux cellules filles. Les bactéries étant des organismes unicellulaires, elles
dépendent de ce mécanisme pour coloniser un milieu ou bien y maintenir la po-
pulation bactérienne. Le génome des bactéries est organisé le plus souvent sous
la forme d’un chromosome circulaire, souvent unique.

FIGURE 5.1 – Représentation shématique du chromosome cir-
culaire chez Escherichia coli : les sites de l’origine de réplication
"oriC" ainsi que les signaux de terminaisons de la réplication "Ter "

sont montrés dans cette figure (extraite de la Fig.4 [379]).

La réplication repose sur l’assemblage d’un complexe multiprotéique, le répli-
some, sur le locus oriC (origine de réplication du chromosome) (Fig. 5.1). C’est
à cet endroit que le facteur d’initiation, la protéine DnaA, va se fixer et polyméri-
ser, ce qui va entraîner un désappariement local de la double hélice d’ADN pour
permettre à deux hélicases DnaB de se charger "tête-bèche" sur l’ADN simple
brin. L’ensemble du réplisome est ensuite assemblé pour permettre de répliquer
le chromosome. Les protéines qui constituent le réplisome sont représentées sur
la figure (Fig. 5.2).

Chez les bactéries, deux fourches de réplications commencent au même point
d’origine ("oriC") (Fig. 5.1) et la réplication, qui est bidirectionnelle, se termine
lorsque les deux fourches de réplication rencontrent un ou des signaux de termi-
naison (appelé "Ter") (Fig. 5.1). Au niveau de chacune des fourches de réplication,
la synthèse d’ADN ne se fait pas de la même façon sur les deux brins. Le nouveau
brin croît toujours de 5’ vers 3’. Pour le brin parental orienté 3’ vers 5’, la réplica-
tion se fait de façon continue, directement en progressant de 5’ vers 3’ c’est le brin
direct ou brin précoce ("leading strand"). Mais pour l’autre brin parental orienté 5’
vers 3’, des fragments de quelques centaines de bases (appelés fragments d’Oka-
saki), sont nécessaires pour la copie de l’ADN sur le brin indirect ou brin retard
("lagging strand") (Fig. 5.2). Un autre type de protéines, les protéines de liaison à
l’ADN simple brin (SSB) interviennent pour le maintien de l’ADN du brin parental
indirect sous la forme d’un simple brin, et pour sa protection contre la dégradation
par les nucléases. Ces protéines sont présentes sur ce brin jusqu’à l’arrivée de la
primase (qui synthétise les amorces ARN des fragments d’Okazaki) et de l’ADN
polymérase (qui apparie les nucléotides complémentaires), des nucléases (qui
enlèvent les amorces d’ARN des fragments d’Okazaki) et puis de l’ADN ligase
(qui suture ensuite ces fragments d’Okazaki).
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FIGURE 5.2 – La replication de l’ADN : L’ADN, l’hélicase DnaB (qui
sépare les deux brins de l’ADN à répliquer) et la primase DnaG (qui
synthétise les amorces ARN des fragments d’Okazaki) s’associent
pour former un primosome. Le primosome s’associe à deux enzymes
ADN polymérase (l’une synthétise le brin continu ou brin précoce ou
"leading strand", et l’autre le brin discontinu ou brin tardif ou "lag-
ging strand"), un chargeur de clamp (CLC) et les deux clamps (fac-
teur de processivité des ADN polymérase pour augmenter la vitesse
de synthèse de l’ADN) pour former un réplisome. D’autres protéines
peuvent être en interaction avec le réplisome comme la protéine de
liaison à l’ADN simple brin ("single-strand binding protein" ou SSB)

(extraite de la Fig.2 [379]).

Il existe d’autres enzymes, comme les topoisomérases, les polymérases, mais
également des protéines utiles au bon fonctionnement de la réplication.
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La structure 3D de DciA
Avant ce travail d’analyse sur DciA entier, des expériences de RMN ont permis

de construire un modèle 3D de la région structurée 1-111 de DciA à partir des dé-
placements chimiques de la chaîne principale (étude faite par Jessica Andreani et
Françoise Ochsenbein, I2BC) (Fig. 5.3). Il a ainsi pu être montré que DciA adopte
un repliement de type KH2-fold, qui est fréquemment choisi par des protéines qui
fixent les acides nucléiques. Ce domaine se retrouve également de façon très in-
téressante dans le domaine I de la protéine d’initiation DnaA (PDB ID : 2W58) et
dans le domaine C-terminal de DnaX (PDB ID : 2AYA), sous-unité du chargeur
de clamp du réplisome. Il a été montré qu’il intervenait dans l’interaction entre
DnaA et DnaB. Dans les quelques bactéries qui ne codent pas pour DciA, DnaB
est chargée et activée sur l’origine de réplication par DnaC, qui a été très étudiée
chez E. coli. DciA et DnaC n’ont aucune homologie structurale.

FIGURE 5.3 – Un modèle 3D de la région structurée de DciA :
ce modèle est construit à partir des déplacements chimiques de la

chaîne principale [218].

Une autre étude préliminaire a été faite en HSQC mesuré par RMN sur la pro-
téine entière. Ces spectres montrent clairement que la région 112-157 est désor-
donnée. Malheureusement, ce désordre conduit à une détérioration de la qualité
des spectres (les tâches de corrélation associées aux déplacements chimiques
des zones destructurées sont rassemblées au centre du spectre et quasiment
superposées), et aucune attribution n’a pu être faite (Fig. 5.4).
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FIGURE 5.4 – Spectre HSQC de la protéine DciA entière
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Les structures cristallographiques
Pendant le travail d’analyse sur DciA, des cristaux de l’hélicase VcDnaB seule,

avec ou sans nucléotide, ainsi que d’un complexe de l’hélicase DnaB en interac-
tion avec DciA ou en interaction avec l’ADN ont été obtenus par Sophie Cheruel et
Claire Cargemel (étudiante de M2). Les mesures par diffraction ont été réalisées
sur les lignes PX1 et PX2 du synchrotron SOLEIL (Gif-Sur-Yvette) et les struc-
tures ont été résolues par Hélène Walbott et Inès Gallay de l’équipe FAAM (I2BC)
et par Pierre Legrand (synchrotron SOLEIL). Elles sont décrites dans le papier
"DciA-chaperones helicases self-load on DNA", et sont en cours de soumission à
la PDB.

Elles ont permis de faire l’hypothèse que l’anneau hexamérique de VcDnaB,
contrairement à celui de EcDnaB (DnaB de la bactérie Escherichia coli), est mo-
bile. La structure sans nucléotide est composée d’un trimère de dimères (Fig. 5.5,
A), alors que celle avec nucléotide (GDP-AlF4) est hexamérique mais légère-
ment ouverte et torsadée (Fig. 5.5, B), ce qui a permis de comprendre pourquoi
VcDnaB est capable de se charger seule sur l’ADN, contrairement à EcDnaB. La
structure avec l’ADN intégré au centre de l’hexamère a également été résolue,
elle est très semblable à celles d’autres hélicases de bactéries.

FIGURE 5.5 – Structure cristallographique de VcDnaB sans ou
avec nucléotide : A. La structure de l’anneau hexamérique de
VcDnaB sans nucléotide est un trimère de dimères. Les pointillés
délimitent les trimères. B. La structure de VcDnaB en présence d’un
nucléotide (représenté par les sphères orangées) est une structure
ouverte et torsadée. La flèche rouge indique la position de l’ouver-

ture de l’hexamère.
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La structure du complexe avec DciA a été la plus surprenante. Contrairement
à celle du complexe entre EcDnaB et EcDnaC (le chargeur chez E. coli), qui est
largement ouverte et helicoidale, celle du complexe VcDnaB :VcDciA est plane
et fermée. Seulement 3 DciA se fixent à l’hexamère de VcDnaB, à la charnière
entre 2 monomères (Fig. 5.6). Le site d’interaction est composé de 2 hélices de
DnaB : l’une correspondant au "linker " reliant les domaines N- et C-terminaux de
l’hélicase, l’autre, anti-parallèle, appartenant au monomère voisin. L’extension C-
terminale de DciA, flexible et désordonnée, adopte une forme repliée en 2 petites
hélices alpha au contact de DnaB (Fig. 5.7). Une vingtaine de résidus, entre le
domaine structuré de type KH2 et cette "épingle" formée des deux petites hélices,
ne sont pas résolus (en pointillés sur la figure 5.7)

FIGURE 5.6 – Structure cristallographique du complexe VcDnaB
avec VcDciA : la structure du complexe est plane et fermée.

FIGURE 5.7 – Structure cristallographique du complexe VcDnaB
avec VcDciA : avec un zoom sur VcDciA et son interaction avec

VcDnaB.
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Introduction

In the bacteria domain, the replication of the circular chromosome is a very
complex mechanism involving a multi-protein complex named replisome. How the
replication is controlled and in particular how it is initiated is crucial for correct
duplication of the chromosome and then for bacterial division. Briefly, DNA repli-
cation initiation occurs at the replication origin oriC, a specific sequence recogni-
zed by the initiator protein DnaA. The binding of DnaA leads to the unwinding of
DNA double helix, and the replicative helicase loading can occur. The helicase is
further associated both with the primase and with the core polymerase, allowing
DNA replication.

Bacterial helicase (a homo-hexamer of the DnaB protein) is loaded on the
single-stranded DNA with the loading protein DnaC in Escherichia coli, DnaI in
Bacillus subtilis, and then, is translocated on the lagging strand in the 5’ to 3’
direction to open the double strand of DNA.

However, the majority of bacterial species are devoid of the DnaC or DnaI loa-
ding proteins. In 2016, researchers discovered that the DnaC and DnaI genes
were acquired by domestication during evolution, to the detriment of an ancestral
gene called DciA [35, 36]. This gene persists in most bacteria, including in many
pathogens such as Vibrio cholerae, Yesinia pestis, Mycobactyerium tuberculosis
or Pseudomonas aeruginosa. Since the proliferation of bacteria in human is deter-
mined by the bacterial chromosome replication, it becomes interesting to develop
some antibiotic targeting the initiation of bacterial replication, notably the DciA pro-
tein. However, the whole characterization of its structure and its interactions with
DnaB, DnaA or DNA still remains unknown.

Previous studies have demonstated that the knock-out of DciA gene in Pseu-
domonas aeruginosa (PaDciA) leads to the blocking of the replication initiation [35,
218]. In addition, DciA was shown to interact directly with DnaB helicase and to
increase recruitment and loading on ssDNA.
From a structural point of view, Nuclear Magnetic Resonance (NMR) experiments
have shown that Vibrio cholerae DciA (VcDciA) is composed of two domains :
the N-terminal domain which is well folded (segment 1-111 residues) and the C-
terminal domain which is presumed strongly disordered (segment 112-157 resi-
dues) (Fig. 5.8) [218]. The structure of the N-terminal domain of VcDciA is different
from that of the loading proteins DnaC and DnaI but similar to that of the intiator
protein DnaA which interacts with DnaB helicase [315]. However, one question re-
mains regarding the function of the C-terminal intrinsically disordered region (IDR)
of DciA protein, especially the interactions between VcDciA and DnaB helicase.

The predictors of disorder and of secondary structures seem to prove that
the C-terminal of VcDciA is not well structured but contains some local secon-
dary structure elements. In this study, we propose to address the following ques-
tions : Does the C-terminal have transient secondary structures in α-helices or
in β-strands in unbound state ? Where do they appear ? And are these MoRFs
recognized by the DnaB helicase ?

Before characterizing the conformational ensemble of VcDciA unbound state,
we have first investigated the role of the IDR domain in the association of VcDciA
with DnaB helicase using Surface Plasmon Resonance (SPR) experiments. Then,
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FIGURE 5.8 – Sequence of VcDciA protein (UniProt ID :
Q9KPH3) : The secondary structure elements observed by the NMR
structure of the N-ter domain of VcDciA (1-111) are highlighted. The
blue, cyan, and red boxes indicate the α-helices, the possible α-

helices, and the β-sheet, respectively [218].

we characterized the conformations of the whole DciA in solution by combining
SAXS data and multiple molecular dynamics (MD) simulations.

5.1 Methods

5.1.1 Protein sample preparation

Cloning of VcDnaB, VcDciA[1−111] and VcDciA was performed using genomic
DNA from Vibrio cholerae as template for polymerase chain reaction (PCR). Six
histidine codons were added at the 3’ end of DnaB constructs and at the 5’ end
of DciA, during the PCR process, as it is frequently used for purification by affinity
chromatography of proteins synthesized by genetic engineering.

Over-expression of the various constructs was performed in BL21 (DE3) gold
strain at 15◦C, after induction with 0.5 mM IPTG from Sigma and coexpression of
protein chaperones in the case of VcDnaB [244]. Cells were harvested by centri-
fugation, resuspended in buffer A (200 mM NaCl, 20 mM Tris-HCl at pH 7.5) for all
constructs. The cells were stored overnight at –20◦C. Cell lyses were completed
by sonication.

After centrifugation, a Ni-NTA column allows to retain our protein of interest,
thanks to the affinity of His-tag with the nickel metal ions contained in the resin
of the column. To remove proteins that do not carry polyhistidine residues, the
resin was eluted with imidazole, in buffer A in presence of ethanol to avoid the
bacterial proliferation. In the case of DnaB helicase, 1 mM ATP and 3 mM MgCl2
were added to stimulate the hexamer formation.

To increase their purification, VcDciA and VcDciA[1−111] were loaded onto a
Heparin column (MonoS column size-exclusion) in a phosphate buffer 20 mM,
100 mM NaCl (pH 5.8) and eluted with a gradient of 100 to 1 000 mM NaCl. Then,
only VcDciA was loaded onto a Superdex TM75 column (size-exclusion, 75 kDa),
equilibrated against 200 mM NaCl, 20 mM Tris-HCl (pH 7.5). The helicase was
loaded onto a Superdex TM200 column, equilibrated against 100 mM NaCl, 1 mM
ATP, 3 mM MgCl2 and 20 mM Tris-HCl (pH 8.8). Their purification was comple-
ted with a MonoQ column in 20 mM Tris-HCl (pH 8.8) and a gradient of 100 to
1 000 mM NaCl. Then, their purity was evaluated by SDS-PAGE.
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Proteins were concentrated using centrifugal concentrators (Vivascience) with
cut-offs of 5kDa for DciA or 50kDa for DnaB. The final concentration of the samples
was calculated using the Nanodrop technology at 280nm.

Finally, a construction of DciA was cloned, without the six-histidine tag, espe-
cially for the SAXS experiments. The purification of this protein was made using
a MonoQ column in 20 mM Tris-HCl (pH 8.8) and a gradient of 100 to 1 000 mM
NaCl.

5.1.2 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) experiments were performed using a Pro-
teon XPR36 instrument (Bio-Rad). The measurements were done at 30◦C to avoid
non-specific binding of DciA in Phosphate Buffered Saline (PBS) with 0.01 %
of Tween 20 (PBST), Tween is a nonionic detergent to avoid also aspecific liai-
son, and with or without ATP 0.5 mM. NLC sensor chips were used to immobilize
the different DNA through their biotin-tag. For immobilization, DNA was diluted in
PBST and attached to the chip in such a way as to obtain 50 Resonance Unit (RU)
in different orientations (3’ or 5’).

In each experiment, proteins were injected in PBST with 0.5 mM ATP at 50 µL/min,
during 240 seconds, and dissociation was run during 900 s with only PBST and
0.5 mM ATP without proteins. Then proteins were injected a second time during
240 s in PBST with 0.5 mM ATP and a second dissociation was run during 900 s.

In all experiments, proteins were injected at the indicated concentrations. After
each interaction test, the chip was regenerated using 0.5 % of SDS. After cor-
rection by substraction of the uncoated reference channel, the sensorgrams were
analyzed and compared.

5.1.3 Circular Dichroism

The circular dichroism (CD) spectra of wild type VcDciA were measured using
JASCO J-810 spectrometer. Samples of VcDciA were prepared at pH 7.5, in buffer
including 20 mM of Tris-HCl and 50 mM sodium chloride. The initial concentration
of protein was 1.39 g/L and 0.60 g/L for VcDciA and VcDciA[1−111], respectively.
Samples were recorded from 260-190 nm wavelengths for each scan. The CD
spectra were processed using CONTIN to esimate the α-helical content of pro-
teins.

5.1.4 Small Angle X-ray Scattering

Experiment description

SAXS experiments were performed on the SWING beamline at the synchro-
tron SOLEIL, St-Aubin, France. The sample-to-detector (Eiger 4M Dectris) dis-
tance was set to 1789 mm and the wavelength to 1.0 Å, allowing useful data
collection over the scattering vector of 0.005 Å−1 < q < 0.5 Å−1. In order to avoid
the contribution due to aggregates, SAXS data were collected directly after elution
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of the protein through the online size-exclusion high-performance liquid chroma-
tography column (Superdex increase 200, 5x150) equilibrated in 20 mM Tris-HCl
(pH 7.5), 200 mM NaCl. 50 µL of protein sample was injected at 15◦C at an
initial concentration close to 2 mg/mL. The protein was eluted at a flow rate of
0.3 ml/min, the frame duration was 0.99 s and the dead time between frames was
0.01 s. Scattering of the elution buffer before void volume was recorded and sub-
tracted from all protein scattering curves. The scattered intensities were displayed
on an absolute scale using water scattering.

For each frame, the protein concentration (≈ 0.4 mg/ml at the top of elution
peak) was estimated from UV absorption at 280 nm using a spectrometer located
immediately upstream of the SAXS measuring cell. Data were first analyzed using
Foxtrot, the Swing in-house software, and then using the US-SOMO HPLC mo-
dule [37]. This program provides for each SAXS frame the value of the scattering
intensity I(0) and of the radius of gyration (Rg) by applying the Guinier analysis
(eq. 5.1) [132].

Log[
I(q)
I(0)

] = −q2Rg2

3
(5.1)

Identical frames under the main elution peak were selected using Cormap [113]
and averaged for further analysis.

Back-calculation of SAXS intensities

The validation of molecular dynamics using SAXS data requires robust and
accurate methods to back-calculate SAXS intensities from conformational en-
sembles. It should be reminded that the scattering intensity of a protein, obtained
as the scattering curve of the protein solution minus the scattering of the buffer,
not only accounts for the protein electrons but also for those of solvent molecules
in excess or in deficiency at the protein surface with respect to the buffer electron
density. Back-calculations of the intensity scattered by a protein first imply to cor-
rectly calculate the volume of solvent excluded by the protein and secondly to ac-
curately estimate the scattering contribution from the protein hydration layer [144,
153, 342].

In a previous study, we assessed different software to back-calculate the SAXS
intensity of a fully intrinsically disorder protein (N-WASP domain V) using efficient
implicit solvent [48]. Our tests indicated that the Pepsi-SAXS software with an
excess density of 2.2% (∆ρ = 0.0073 e/Å3) is appropriate and notably very fast for
back-calculating SAXS intensity of N-WASP domain V. We decided, here, to use
the same software and parameters for the study of VcDciA.

5.1.5 Disorder and secondary structure predictions

First, we used bioinformatics tools to predict the degree of disorder and the
possible secondary structure content of VcDciA as a function of its primary se-
quence.
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All of the used predictors are listed in the legend of Fig. 5.10, 5.11 and, 5.12.
An average of all the different predictions was made to obtain the probability of
disorder (Fig. 5.10) and secondary structures propensity scores (Fig. 5.12, 5.11).

5.1.6 Molecular Dynamics simulations

Initial conformations of VcDciA

The NMR structure of VcDciA N-terminal domain (VcDciA[1−111]) [218] was
used as a basis for building the initial structures of the whole protein. However,
the segment 98-111 had uncertainties about the presence of two α-helices, at the
position 98-102 and 104-110. Thus, we decided to build two initial models, the first
one having the two α-helices and the second one in fully random coil.

Conformations of the C-terminal domain of VcDciA were generated using the
statistical coil generator software, Flexible-Meccano (FM) [256]. Two ensembles of
5 000 conformations were generated, one for region 112-157 and one for segment
98-157. One should note that FM only generates structures of protein backbones.
Thus, for each protein conformation, side chains were subsequently added using
the SCWRL4 program [185].

Then, the NMR structure of the N-terminal domain was joined to each FM
structure of the C-terminus to obtain the whole protein VcDciA. After removing all
conformations with steric clashes, we selected 24 structures in each of the two
pools, with radius of gyration regularly incremented by 1 Å, from 17 to 40 Å, and
19 to 42 Å, for the pool containing the two α-helices in segment 98-111 and the
pool without secondary structure propensity in this region, respectively. In all these
48 selected initial conformations, no secondary structure was detected within in
the disordered region.

Finally, the complete atomic structures were generated by adding the missing
hydrogen atoms with the GROMACS tools pdb2gmx [3].

MD general conditions

All molecular dynamics (MD) simulations were performed with the GROMACS
software (versions 5.0.2 and 2016.1) [3]. Each initial conformation of VcDciA was
put and solvated in a dodecahedral rhombic box of 14.0 nm edge, then neutrali-
zed by adding 234 sodium and 243 chloride ions to reach the salt concentration
of 200 mM. The non-bonded interactions were treated using the smooth PME me-
thod [99] for the electrostatic terms and a cutoff distance of 1.2 nm for the van der
Waals potentials. All solute and water covalent bond lengths were kept constant
using the LINCS [146] and SETTLE [230] algorithms, respectively, allowing to in-
tegrate the equations of motion with a 2 fs time step. All simulations were run
in the NPT ensemble, at T = 310 K and P = 1 bar, using the Nose-Hoover and
Parrinello-Rahman algorithms [148, 247, 259] with the time coupling constants
τT = 0.1 ps and τP = 0.5 ps.

Each of the 48 initial conformations was submitted to 2 ns of equilibration fol-
lowed by 100 ns of production yielding an accumulated trajectory of 4.8 µs. It is
worthy to note that running multiple MD simulations from various initial structures
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enable to achieve more efficiently the completeness of IDP conformational sam-
pling than one single and long MD simulation from one starting structure.

Protein force field and water model

As reported in various publications [42, 47, 94], several force fields for protein
and water model were improved to accuratly generate conformational ensembles
of IDPs. This is generally achieved by using a four-site water model which better
accounts for the polar properties of water, and by accentuating the depth of the
solute-solvent Lennard-Jones (LJ) potentials to better solvate non-polar residues.

In our previous article [48], we have tested some of these improved force fields,
and found that the use of AMBER-03w and TIP4P/2005s proposed by Best et
al. [25] can satisfactorly reproduce both NMR and SAXS data obtained on N-
WASP domain V, an intrinsically disordered protein with 67 residues.
For this new study, we decided to use the same combination of proteins and water
models to perform independent MD simulations of VcDciA, starting from the 48
different initial conformations previously built.

MD analysis

To minimize the possible bias induced by our selection of initial conformations,
we only kept the last 80 ns of each MD simulation for subsequent analyses. We
collected data every 40 ps yielding an ensemble of 96 048 structures for VcDciA.
Most of the conformational analyses were performed using GROMACS tools and
in-house python scripts. Nevertheless, it should be noted that protein radii of gyra-
tion were not calculated with the GROMACS tool gmx gyrate, but from the SAXS
intensities using the Guinier approximation (5.1) when q→ 0 [132].

Secondary structure propensity scores were computed by using SSP pro-
gram [217], which combines chemical shifts of Cα, Cβ, CO, and backbone N atoms
calculated by the program SHIFTS [377].

The software STRIDE [141] was also used to assign secondary structure ele-
ments to each residue of each protein conformation, based on hydrogen bond
criteria and backbone dihedral angle values.

5.2 Results and discussion

Our interest is focused on the role of the VcDciA C-terminal domain (112-157
segment) in the loading of DnaB helicase on DNA. We first used the SPR ex-
perimental technique to investigate whether this disordered domain is involved
in DnaB loading. Then, in order to detect if some transient structures preexis-
ting within VcDciA could be important for VcDnaB recognition, we generated a
conformational ensemble of full-length VcDciA by multiple MD simulations using
the model A03ws (MD_A03ws). This ensemble was compared to the results given
by the predictors and validated by SAXS and CD results.
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5.2.1 Importance of the C-ter IDR for the VcDciA loading func-
tion

We compared here SPR experiments of DnaB loading on ssDNA in presence
of truncated DciA[1−111] or of full-length DciA protein.
First, SPR analysis showed that the binding to ssDNA of DnaB alone and the bin-
ding to ssDNA of DnaB in the presence of DciA[1−111] (Fig. 5.9, the pink and purple
curves, respectively) are quite similar. This means that truncated DciA[1−111] could
not load additional DnaB on the DNA (around 150 or 200 Resonance Unit (RU)).

FIGURE 5.9 – SPR experiments of VcDnaB on DNA, in presence
of VcDciA[1−111] or VcDciA : In all SPR experiences, a first injec-
tion is made with buffer and different proteins, then a buffer passage
is used to clean up the excess protein (with only PBST and ATP).
Then a second injection is made, and finally a second buffer passage
is used to clean up the excess protein. Different proteins injections
were used for the first and the second passage : the control (no pro-
tein) (orange curve), VcDnaB alone and nothing for the second pas-
sage (pink curve), VcDnaB with Vc_DciA[1−111] and nothing for the
second passage (purple curve), VcDnaB with Vc_DciA and nothing
for the second passage (cyan curve), VcDnaB with Vc_DciA and
Vc_DciA[1−111] for the second passage (green curve), and VcDnaB
with Vc_DciA and Vc_DciA for the second passage (blue curve). The

single strand of DNA is attached on the 5’.

On the contrary, as expected from previous SPR experiments [218], the full-
length protein DciA stimulates and increases the loading of DnaB on DNA (cyan,
green and blue curves in Fig. 5.9), as shown by the signal increase up to 500
or 600 RU occuring after the initial injection of proteins. The buffer is then injec-
ted and a biphasic dissociation is observed. In the first step, there is a significant
reduction in the amount of protein bound to the DNA, corresponding to a signal
decrease of about 100 RU. From the previous study [218], we know that this re-
duction originates from the release of the VcDciA protein, while DnaB hangs on
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DNA. In a second step, the slope is slight and continuous, which corresponds to
the slow dissociation of DnaB (cyan, green and blue curves in Fig. 5.9).

Bearing in mind the work of Ioannou et al. [158] did with DnaI and DnaB on
Bacillus subtilis, we wondered if DciA or DciA[1−111] could reload a second time
DnaB on the ss_DNA. We thus made a second injection of these proteins (Fig. 5.9,
re-injection arrow). During the second injection, again, only full-length DciA could
reload DnaB helicase on the ssDNA (blue curve in Fig. 5.9). The corresponding
signal increase (about 100 RU) - which represents the supplementary quantity of
DciA interacting with DnaB/DNA - is approximately equal to the signal decrease
during the first passage of the buffer. It confirms that the rapid dissociation is due
to the release of VcDciA.
All together SPR experiences showed the importance of the IDR of VcDciA in the
loading of DnaB helicase on DNA, and then for bacterial DNA replication.
This work was complemented by ITC experiments (data not shown here) that
evidenced the absence of interaction between VcDnaB and VcDciA[1−111]. This
indicates that the C-ter IDR of VcDciA is directly involved in the interaction with
VcDnaB.

Therefore, we then focused our attention on the conformational ensemble of
entire VcDciA protein, especially on the possible transient structures within intrin-
sically disordered region for which no information is known.

5.2.2 Structural characterization of VcDciA

Prediction of disorder and secondary structures in VcDciA

First, we applied several disorder predictors, listed in the legend of the fi-
gure 5.10, and we have made the average over all the results to obtain the disor-
der probabilities per residue. It is important to note that all predictors give similar
results, although they use different algorithms. The main feature is that the C-
terminus is predicted to be significantly disordered, but residues 120 to 148 could
contain structured elements (Fig. 5.10).

Concerning the secondary structure of VcDciA, we compared three different
approaches for estimating the amino acid propensity to form α-helices or β-strands :
predictors based on the analysis of the protein sequence, calculations from physics-
based MD simulations, and NMR chemical shifts measurements, when available.
For the two latter, we computed the residue-specific secondary structure propen-
sion score (SSP) from the Cα, Cβ, CO, and backbone N chemical shifts, either
measured by NMR experiments (for VcDciA[1−111]), or calculated over the MD-
derived conformational ensemble. As shown in Fig. 5.11, all these approaches
provide similar results regarding the N-terminal domain.

It is interesting to note that the long 8-38 helix observed by NMR is predicted
by the secondary structure predictors to be cut in two parts near residues 14-18,
demonstrating the limitations of these methods. Regarding the C-ter region, for
which no NMR information was available, the secondary structure predictors sho-
wed two α-helices for segments 122-134 and 137-148. In contrast, the propensity
to find α-helices calculated from the MD conformational ensemble is less marked
which is in favour of substantial disorder in the C-terminal domain. Nevertheless,
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FIGURE 5.10 – Average prediction of disordered nature of
each residue of VcDciA : Predictions were generated using Di-
sEMBL [200], DisProt [249, 250, 262, 263, 360], ESpritz [361],
FELLS [270], IUPreD [81, 82], MFDp2 [231–233], PONDR [123, 198,
263, 290, 292, 345, 382], SCRATCH [58], SPOT-disorder [137–140].
Score below and above 0.5 (horizontal ligne) indicates order and di-
sorder, respectively. Vertical lignes showed the limits between order

and disorder regions.

FIGURE 5.11 – Prediction of α-helix, β-sheet or coil secon-
dary structure of each residue of VcDciA : The blue curve
correspond to propensity of VcDciA to form secondary structure
corresponding to SSP score from NMR data (data from Jessica
Andreani and Françoise Ochsenbein). The red curve is the SSP
score averaged over MD ensemble of the whole DciA protein. For
each amino acid of the sequence, predictors attribute H, E or C
which were transformed in score 1, -1 or 0 and which corres-
ponded to helix, strand or coil structures, respectively. The black
curve is the average of predictions by the most popular predic-
tors (FELLS [270], JPRED4 [68, 84], MFDp2 [231–233], NetSurfP-
2.0 [174], PSIPRED [220], SCRATCH [58], SPOT-disorder [137, 139,

140]).

118



5.2. Results and discussion

the presence of three transient α-helices can be observed at segments 118-125,
130-141, and 144-154.

A slightly different evaluation of secondary structure content can be performed
by directly comparing the probabilities of each residue to be in α-helix or β-sheet,
either computed by predictors, observed in NMR 3D structures, or computed from
the MD-ensemble using the program STRIDE.
Overall, Fig. 5.12 confirms the observations made for the folded N-terminal do-
main in Fig. 5.11. Nevertheless, it is noted that a short helix appeared at segment
42-48 in MD simulations, whereas it was not present in the NMR structure and
therefore in the initial conformations used for MD. In the intermediate region 98-
111, the three analyses consistently detected a transient helix at residues 98-104.
A second short helix at position 104-112 can also be observed by predictors and
MD simulations, but it is not seen in the NMR structures, maybe because the NMR
structure was performed on the truncated protein 1-111.

FIGURE 5.12 – Probability of VcDciA residues to form α-helix
(A) and β-strand (B) : Probabilities for computed from predictors
and MD ensemble are shown in black and red curves, respecti-
vely. The predictors used here are FELLS [270], JPRED4 [68, 84],
NetSurfP-2.0 [174], PSIPRED [220], SPOT-disorder [137, 139, 140]
and s2D [328]. The presences of α-helix (A) and β-strands (B) in the

NMR structure indicated with blues lines [218].

Regarding the C-terminal domain, we noticed again that two α-helices were
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predicted by the predictors whereas three α-helices were generated by MD simu-
lations, but with a lower probability. These results can be compared with circular
dichroism data obtained for His-tagged proteins VcDciA and VcDciA[1−111] which
contains 163 and 117 residues, respectively. The helical content was estimated
to about 36 ± 2 % and 42 ± 2 %, respectively. Thus we deduce from CD expe-
riments that about 7-8 residues of the 112-157 segment could be structured in
α-helix. This corresponds to a probability of α-helix of about 15 % in this region,
in relatively good agreement with the total probability in the range 112-157 de-
duced from the MD simulations (see the red curve in Fig 5.12 a, which gives a
total probability of 9 %), and much lower than the value (57 %) deduced from the
secondary structure predictors.

The last point to discuss is the apparent number of helices (3) observed by MD
in the range 112-157. It is very important to notice that the probabilites shown in
Fig. 5.12 result from averaging on all 96 000 conformations of the MD simulations.
In fact, it seems that only one or two helices appear and slide with in the 112-
157 region (Fig. 5.13). Most importantly, the second of the three apparent helices
appears at a position (130-141) that matches the region in between the two helices
predicted by secondary structure predictors. A possible explanation could be that
the two helices forseen by predictors are not present in DciA free state but appear
upon binding to DnaB.

5.2.3 Information on global shape and size of VcDciA

Scattering curve I(q) collected by SAXS is plotted in Fig. 5.15A (black dots).
The value of the radius of gyration estimated by using the Guinier approximation
is 26.9 Å, strongly higher than the expected value for a globular protein of 157
residues (Rg of the order of 16-17 Å). The distance distribution function P(r) cal-
culated from I(q) is highly dissymetric, with an extension towards larger r-values
(Fig. 5.14). The maximal extension Dmax is of the order of 110 Å, higher than the
Dmax ≈ 50 Å of the structured part of the protein (1-111) as determined using
NMR.

Dimensionless Kratky representation of I(q) (Fig. 5.15B) presents a smooth
peak strongly off the position (

√
3, 1.1) expected for a globular protein, which

suggests that the protein contains both folded and unstructured regions.
Back-calculated SAXS intensities averaged over the conformational ensemble

of VcDciA was then directly compared to experimental data (Fig. 5.15A and B).
We observed that the average I(q) curve has similar profile as in experiments, the
χ2 value computed between simulation and experimental data being χ2 = 1.48.
This indicates that our MD-derived ensemble of conformations gives a satisfactory
description of VcDciA in solution.

Nevertheless, the agreement is not perfect in the small-q range. When compu-
ting the distribution of radius of gyration for the conformational ensemble (Fig. 5.16),
one obtains an average Rg value (28.9 Å) slightly higher than the experimental va-
lue (26.9 Å).

120



5.2. Results and discussion

FIGURE 5.13 – Examples of two MD simulations illustrating the
disorder-order transition within the C-ter domain of VcDciA :
Here are frames taken every 8 ns from the twentieth ns. The starting
points of the simulations shown on Fig. A and Fig. B are different :
Rg = 21 and 29 Å, respectively. The regions 120-126, 128-141, and

144-154 are colored in cyan, violet and pink, respectively.
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FIGURE 5.14 – Distance distribution function P(r) : of VcDciA

FIGURE 5.15 – Comparison of SAXS intensities :
Black dots : experimental values

Red curve : calculated curve averaged on all conformations of the
MD_A03ws ensembles

Reduced residuals ∆/σ = [Icalc(q)− Iexp(q)]/σexp(q) are also shown
in the middle figure.
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FIGURE 5.16 – Distribution of VcDciA Rg Probability of VcDciA ra-
dius of gyration computed for the MD_A03ws. Vertical black and red
dashed lines indicate radius of gyration measured by experiments

and mean values found in simulation, respectively.

Conclusion and perspective

The protein DciA from Vibrio cholerae (VcDciA) is a recently discovered pro-
tein which is ancestral to the DnaB-loaders DnaC and DnaI. These proteins are
involved in the replication of the bacterial circular chromosome and therefore in
the proliferation of bacteria in human infection disease. The initial hypothesis is
that VcDciA have the same function of DnaB loader onto DNA, as DnaC and
DnaI. Nevertheless, DciA has no sequence similarity with DnaC/I which was ac-
quired late during the evolution thanks to horizontal gene transfer from phages.
Little is known about DciA-structural conformations and mechanism of interaction
with DnaB.

In this study, we showed by SPR experiments that the disordered C-terminal
domain of VcDciA (residues 112-157) is important for the loading of DnaB he-
licase on the DNA single strand. This seems that this domain of DciA probably
interacts with DnaB. During this study, our collegues from I2BC confirmed by crys-
tal structure analysis that the DnaB/DciA complex is composed of an hexamer of
DnaB and three DciA.

In the crystal structure, only the folded N-terminal KH2 domain of VcDciA is
well visible in electron density. Nevertheless, two α-helices in hairpin were refined
in interaction with the two protomers of VcDnaB but the sequence of this α-hairpin
was not unambiguously attributed. The authors of this study made the hypothesis
that these two helices belong to the IDR region of VcDciA (Fig. 5.17).

We believe that the MD-derived conformational ensemble of unbound VcDciA
could help to propose some hypothesis about the mechanism of association of
DciA with DnaB.

Indeed, the difference between the propensity of the C-terminal domain to
form α-helices obtained using knowledge-based predictors and that obtained by
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FIGURE 5.17 – Complex between a dimer of VcDnaB with the
folded KH2-region and the α-hairpin from the C-terminal domain
of VcDciA : Dimer of DnaB (brown) binding to folded KH2-region of

DciA (blue) and α-hairpin (cyan) (extracted from [218]).

physics-based simulations could indicate that the disordered region folds upon
binding following an "induced fit" mechanism. In the future work, conformations
as those shown in Fig. 5.13 could be reasonable starting structures for further in-
vestigation of the dynamics of association using, for instance, targeted-MD [306],
Interactive-MD [74] or steered-MD [159] .
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Dans le cadre de la recherche de nouvelles stratégies pour explorer et carac-
tériser l’ensemble conformationnel de protéines intrinsèquement désordonnées
(IDPs) au niveau structural et atomique, cette thèse avait pour objectif d’utili-
ser plusieurs techniques complémentaires, notamment des simulations de dyna-
mique moléculaire (DM) et la diffusion des rayons X aux petits angles (SAXS).

La question de départ était de savoir si des simulations de dynamique molé-
culaire pouvaient permettre de prédire l’existence, transitoire ou non, d’éléments
de structures secondaires présents dans une IDP seule en solution, et/ou suscep-
tibles de se former lors de l’interaction avec un ligand. Ces éléments de structures
secondaires, appelés MoRFs, jouent un rôle important dans la reconnaissance et
l’association d’une IDP avec son ligand. De plus, les IDPs sont impliquées dans de
très nombreuses fonctions biologiques pouvant entraîner diverses pathologies hu-
maines. Anticiper et connaître ces MoRFs, au sein des différentes conformations
que peuvent adopter une IDP, permettrait de comprendre le mécanisme d’action,
d’anticiper le rôle fonctionnel, et ainsi de bloquer l’interaction de l’IDP avec son
partenaire. Cela ouvrirait ainsi la possibilité de développer de nouvelles molécules
thérapeutiques.

En premier lieu, il faut s’assurer que l’ensemble conformationnel généré par
dynamique moléculaire est exhaustif et qu’il décrit au mieux les différentes confor-
mations possibles d’une IDP en solution. Il est donc nécessaire de tester et valider
cet ensemble conformationnel théorique avec des données expérimentales, pro-
duisant aussi bien des informations globales (extension ou compacité) que des
informations locales au niveau de chaque résidu (notamment la propension à for-
mer localement des structures secondaires) [311]. Le premier type d’informations
peut être fourni par le SAXS, qui a l’avantage d’être une technique très simple à
mettre en place, et qui permet d’obtenir des informations sur la forme et la taille
moyennes des objets en solution. La technique de RMN est un bon outil pour
fournir le second type d’information, c’est une technique très précise pour obtenir
des informations structurales pour chaque résidu mais elle peut être un peu plus
difficile à mettre en place et à interpréter.

Dans le but de développer une méthodologie, j’ai utilisé dans la première partie
de ma thèse une petite protéine intrinsèquement désordonnée composée de 67
résidus, le domaine Verproline de la protéine neuronale du syndrome de Wiskott-
Aldrich (N-WASP) qui contient deux motifs WH2 (région homologue 2 de la pro-
téine du syndrome de Wiskott-Aldrich), et pour laquelle la purification avait été
optimisée et l’étude par RMN faite par Célia Deville (équipe de Carine van Heije-
noort, ICSN).
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La validation de l’ensemble conformationnel généré par des simulations de dy-
namique moléculaire en utilisant les résultats des expériences de SAXS passe par
le calcul de l’intensité de diffusion de chacune des conformations de l’ensemble
conformationnel. De nombreuses équipes de chercheurs développent des logi-
ciels pour calculer l’intensité de diffusion à partir d’une conformation 3D d’une pro-
téine. Actuellement, une vingtaine de ces logiciels sont disponibles en téléchar-
gement ou en ligne (ils sont recensés en Table 1 de la revue de Hub, 2018 [153]).
Ils diffèrent essentiellement dans la méthode de calcul de la contribution à la dif-
fusion de la couche d’hydratation de la protéine, et du calcul du volume exclu
(volume de solvant déplacé par le soluté). Il existe deux types de logiciels :

1. les logiciels dits avec solvant implicite. Pour ce type de logiciels, qui sont
nombreux, on ajuste différents paramètres tels que la densité de la couche
d’hydratation ou le volume déplacé par chaque atome. Ces approches sont
très rapides et donc bien adaptées pour un ensemble conformationnel consti-
tué de centaines de milliers de conformations, mais l’ajustement des para-
mètres introduit de nombreuses incertitudes. De plus les éventuelles fluc-
tuations des atomes ou groupes d’atomes ne sont pas prises en compte.

2. les logiciels dits avec solvant explicite, avec ou sans dynamique moléculaire,
qui, en particulier, prennent mieux en compte la couche d’hydratation. Mais
ces logiciels sont très onéreux en termes de temps de calcul.

Le point à souligner ici est que, pour une protéine donnée, dont on connaît la
structure cristallographique, le calcul de la courbe de diffusion avec les différents
logiciels peut donner des résultats extrêmement différents, l’amplitude des diffé-
rences dépendant de la forme de la protéine. Une collaboration mondiale est en
cours pour avancer sur ce problème.

Pour notre système, il aurait été optimal d’utiliser le logiciel avec solvant expli-
cite WAXSiS pour l’integralité des conformations. Malheureusement, étant donné
mes moyens de calcul et puisque WAXSiS crée une petite DM pour chacune des
conformations, il était impossible de l’utiliser pour des centaines de milliers de
structures 3D. Donc, la question était de trouver le logiciel avec solvant implicite,
avec les paramètres adéquats, adapté à mon problème.

Pour répondre à cette question, nous avons comparé le logiciel WAXSiS avec
les logiciels les plus populaires et les plus récents utilisant le solvant implicite et
nous avons optimisé leurs paramètres. Nos résultats, obtenus pour une centaine
de conformations du domaine V de N-WASP, ont mis en évidence que les logiciels
CRYSOL et Pepsi-SAXS, avec un excès de densité de solvant dans la couche
d’hydratation de respectivement 0,013 et 0,0073 e/Å3, étaient les meilleurs pour
calculer théoriquement les intensités de diffusion. Nous avons décidé d’utiliser
Pepsi-SAXS pour des raisons de rapidité, et puisque Pepsi-SAXS prend mieux
en compte la couche d’hydratation dans les cavités protéiques et les surfaces
concaves.

Ensuite, la deuxième question était de savoir quel champ de force utiliser pour
une IDP. Ces dernières années, de grands progrès ont été faits pour améliorer et
adapter aux IDPs les champs de force tout-atome, développés initialement pour
les protéines globulaires [26, 47]. En particulier, le champ de force Amber03 a été
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modifié pour les IDPs en Amber03w en 2010 par Best [24]. Des améliorations ont
été faites pour mieux prendre en compte le potentiel d’énergie du squelette de la
protéine ainsi que les angles dièdres, dans le but de mieux reproduire les propen-
sions des polypeptides à former des structures secondaires (ceci en comparant
et validant les données calculées théoriquement avec les données observées par
RMN). Cependant, plusieurs études ont noté une autre limitation des champs de
force actuels, qui est de produire généralement des conformations trop compactes
pour les IDPs. La principale raison en est maintenant bien comprise : cela provient
du modèle de solvatation qui sous-estiment la force des interactions entre la pro-
téine et les molécules d’eau. Best et al. ont proposé d’adapter le modèle d’eau
Tip4p/2005 avec le champ de force Amber03w en redimensionnant par un facteur
γ = 1,10 la profondeur du puits de Lennard-Jones εOi relatif à l’interaction entre
les oxygènes des molécules d’eau et les atomes de la protéine (Amber03ws) [25].

Il fallait finalement résoudre le problème de l’échantillonnage. Partir d’une
unique conformation, générer une très longue DM ne permet pas d’échantillon-
ner le plus largement possible le paysage énergétique d’une IDP. C’est pourquoi,
compte tenu de nos moyens de calcul, la méthode utilisée s’est basée sur de mul-
tiples DM partant de conformations de départ très variées, du point de vue de la
compacité (de compact à très étendu).

Ma méthodologie, appliquée au domaine V de la protéine N-WASP, a donc
été :

1. de construire à l’aide du logiciel Flexible-Meccano 20 conformations de dé-
part totalement désordonnées du domaine V de N-WASP, avec des rayons
de giration allant de 15 Å à 34 Å.

2. de produire à partir de chacune de ces 20 conformations une dynamique
moléculaire de 100 ns, soit un total de 2 µs de simulation, ce qui a permis
de générer un ensemble conformationnel de 40 000 conformations.

3. d’utiliser le champ de force Amber03w et le modèle d’eau Tip4p/2005s, mais
aussi d’autres champs de force, afin de les comparer.

Les ensembles conformationnels ainsi créés ont ensuite été confrontés aux
résultats expérimentaux, de SAXS et de RMN. Le premier point à souligner est
que les autres champs de force donnent de moins bons résultats que le champ
de force Amber03w avec le modèle d’eau Tip4p/2005s, c’est donc le champ de
force adapté au domaine V de N-WASP. La courbe de diffusion moyenne calculée
sur l’ensemble des conformations avec Pepsi-SAXS est en accord relativement
satisfaisant avec la courbe de diffusion expérimentale. De plus, c’était une de
nos motivations de départ, cette méthodologie permet de prédire les éléments
de structures secondaires transitoires : deux régions sont prédites en hélices,
10-15 et 37-43 par l’ensemble conformationnel, une dans chaque motif WH2, à
comparer avec deux régions en hélice 9-18 et 37-46 déduites des expériences de
RMN.

Afin d’ajuster parfaitement la courbe de diffusion calculée à la courbe expéri-
mentale, il a été possible d’optimiser l’ensemble conformationnel en sélectionnant
un sous-ensemble de 5 000 conformations à l’aide du logiciel GAJOE. Malheu-
reusement, ce sous-ensemble ne permet pas d’obtenir un meilleur ajustement

127



CONCLUSION GÉNÉRALE

en ce qui concerne les données de RMN. Ceci peut avoir essentiellement deux
causes : 1) la non-exhaustivité de l’ensemble conformationnel et/ou 2) l’imperfec-
tion du processus de sélection.

1. En ce qui concerne la première cause, on peut évoquer la durée trop faible
de nos simulations, qui auraient dû être allongées à plusieurs centaines de
nanosecondes voire quelques microsecondes. Mais d’autres pistes d’amé-
lioration peuvent être envisagées.
Pour échantillonner plus largement l’ensemble conformationnel, il existe plu-
sieurs techniques connues et qui ont été répertoriées récemment dans la
revue de Bhattacharya et al. [26].
Pour faciliter l’échantillonnage du paysage énergétique des IDPs, les algo-
rithmes de DM sont généralement associés à des méthodes d’échantillon-
nage avancées (également connues sous le nom de "generalized-ensemble
algorithms" [199, 227]), telles que l’échange de répliques ("Replica-exchange
molecular dynamics", REMD) [329], la méthode TCW ("temperature cool
walking") [39, 199], ou la méthode BEMD (bias-exchange metadynamics),
qui est une variante de la méthode REMD [269].
La REMD consiste à générer plusieurs simulations de DM (répliques) du
même système en parallèle à différentes températures, avec des échanges
fréquents entre les répliques. Seule la réplique à température physiologique
est récupérée et analysée.
Dans TCW, les simulations sont effectuées à deux températures différentes,
la température cible et une température plus élevée avec des transitions
entre les deux températures facilitées par un recuit simulé.
Une méthode prometteuse pour simuler la dynamique des IDPs est la mé-
thode dynamique de torsion généralisée dite GNEIMO ("generalizd Newton-
Euler inverse mass operator ") [353]. GNEIMO est capable de simuler des
transitions à grande échelle temporelle, puisque pendant la dynamique, il est
possible de contraindre les degrés de liberté de torsion, d’angle et de liaison
pour certaines régions. Ceci est très intéressant pour une protéine possé-
dant des IDRs, puisqu’il est possible de figer le squelette et les chaînes
latérales de la partie structurée et de simuler par une DM la région désor-
donnée tout en tenant compte de l’environnement de la partie structurée.
Ainsi, de nouvelles techniques de dynamique moléculaire se développent
pour les IDPs en combinant plusieurs approches informatiques mais il faut
être conscient que les méthodes mentionnées ci-dessus, tout-atome et avec
solvant explicite, demandent beaucoup de ressources de calcul et que c’est
souvent le facteur limitant. Une alternative est d’utiliser des méthodes de
gros grain et/ou des méthodes de solvant implicite, mais il est nécessaire de
les adapter aux IDPs [188, 333].

2. En ce qui concerne la sélection d’un sous-ensemble conformationnel, nous
avons utilisé une seule méthode (logiciel GAJOE), dite de maximum de par-
cimonie, qui vise à déterminer le nombre minimal de structures pouvant ex-
pliquer les données expérimentales. Ceci n’est pas forcément bien adapté
pour une IDP, qui adopte au contraire un très grand nombre de conforma-
tions. Il existe d’autres techniques de sélection [30] :
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- les méthodes de maximum d’entropie : qui pondèrent toutes les confor-
mations de l’ensemble conformationnel initial, en intégrant des données ex-
périmentales. Nous aurions pu par exemple utiliser le logiciel ENSEMBLE,
qui intègre les données de SAXS et également les données de RMN pour
la sélection du nouvel ensemble conformationnel [186]. Mais il aurait fallu
l’adapter, pour y intégrer notamment le calcul des intensités avec le logiciel
Pepsi-SAXS (ENSEMBLE utilisant CRYSOL).
- les méthodes d’inférence bayésienne, qui intègrent de multiples données
expérimentales, en prenant en compte les erreurs sur ces données. Cer-
taines sont inspirées des méthodes du maximum de parcimonie, d’autres
des méthodes de maximum d’entropie, comme c’est le cas par exemple
pour deux méthodes récentes, la méthode "Bayesian ensemble refinement"
développée par Hummer et al. [154], et la méthode "metainference" déve-
loppée par Bonomi et al. [29] et disponible dans la bibliothèque open-source
PLUMED [31]. Dans ces deux approches, pour augmenter l’ensemble confor-
mationnel de départ, un ensemble de N répliques sont simulées, et un terme
d’énergie est ajouté pour tenir compte des données expérimentales.

En résumé du travail sur le domaine V de N-WASP, nous avons pu mettre en
évidence qu’il pré-existe, quand la protéine est seule en solution, deux éléments
de structures secondaires transitoires. Nous avons ensuite décidé d’étudier les
premiers pas de la reconnaissance entre ces éléments et la protéine partenaire
de N-WASP, l’actine. Grâce à des études d’amarrage moléculaire ("docking"), nos
résultats ont montré que c’était bien au niveau des régions en hélices transitoires
que l’association se fait. Cependant, il est à noter que pour la plupart des confor-
mations reconnues, la région en interaction avec l’actine n’est pas en hélice mais
formerait plutôt des débuts d’hélice. Il semble que ces premiers résultats sur l’as-
sociation entre le domaine V de N-WASP et un monomère d’actine montrent une
combinaison entre le mécanisme de sélection conformationnelle et d’ajustement
induit. En effet, les éléments de structures secondaires pré-formés se lient en pre-
mier à l’actine (mécanisme de sélection conformationnelle), puis il se produirait
par un repliement complet de ces deux hélices (mécanisme d’ajustement induit),
ce changement de structure étant facilité par l’environnement de l’actine.

Pour aller plus loin, nous avons commencé à étudier l’interaction entre le do-
maine V de N-WASP et un dimère d’actine. Cette étude nous a permis de pro-
poser un mécanisme où la région en hélice de chacun des deux motifs WH2 se
lierait avec un monomère d’actine. La flexibilité de la région entre les deux hélices
permettrait ensuite la rencontre entre les deux monomères d’actine et la formation
d’un dimère longitudinal.

La dernière partie de ma thèse a été consacrée à la protéine VcDciA, par-
tenaire de l’hélicase réplicative VcDnaB. Au début de ma thèse, en 2016, cette
protéine venait tout juste d’être découverte par J.-L.Ferat (I2BC) et ses collabo-
rateurs (S. Cheruel, FAAM, I2BC). Son rôle exact, ainsi que sa structure, étaient
totalement inconnus. Du point de vue structural, seul l’examen de la séquence
permettait de dire que cette protéine possédait une partie structurée, qui pou-
vait être un domaine de type KH2 (trouvé dans d’autres protéines intervenant
dans l’initiation de la réplication) et une partie C-terminale d’une cinquantaine de
résidus, contenant une forte proportion de désordre. C’est pourquoi nous nous
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sommes intéressés à cette protéine, et nous avons pensé que ce pouvait être un
bon candidat pour appliquer la méthodologie en cours de développement sur le
domaine V de N-WASP.

Très rapidement, les expériences de SAXS ont démontré que la protéine seule
en solution contenait effectivement une partie structurée et une partie déstructu-
rée. Puis la structure du domaine N-terminal a été résolue par RMN par J. An-
dreani et F. Ochsenbein, confirmant qu’il s’agissait d’un domaine de type KH2.
Ceci m’a permis de construire un ensemble conformationnel de VcDciA, avec le
même type de méthodologie que pour le domaine V de N-WASP, en introduisant
la structure RMN dans les conformations ainsi créées. Cet ensemble conforma-
tionnel a été raisonnablement validé par la courbe de diffusion aux petits angles,
même si certains ajustements restent encore à faire. L’énorme satisfaction a été
d’observer au cours des simulations de dynamique moléculaire, la grande flexibi-
lité de la partie C-terminale, et d’y voir apparaitre des hélices. En moyenne sur les
différentes conformations de l’ensemble, trois segments de la partie C-terminale
ont une propension non négligeable à se structurer en hélices. Néanmoins, les
simulations de DM montrent au plus deux hélices simultanées dans la région C-
terminale, susceptibles de glisser le long de cette région.

L’importance de cette partie flexible, avec sa structuration transitoire en hé-
lices, a été prouvée exactement au même moment par deux types de résultats
expérimentaux :
i) des expériences de SPR réalisées, avec S. Marsin (FAAM, I2BC), en utilisant
la protéine VcDciA entière et la protéine VcDciA sans sa partie C-terminale. Elles
ont montré que VcDciA stimulait le chargement de VcDnaB sur l’ADN, unique-
ment si la protéine VcDciA possédait sa partie déstructurée ;
ii) la résolution de la structure cristallographique du complexe VcDnaB-VcDciA
par l’équipe du groupe FAAM de l’I2BC. Cette structure est un hexamère de
VcDnaB, avec trois molécules de DciA, chacune à la jonction de deux molécules
de VcDnaB. Dans cette interaction 2 VcDnaB : 1 VcDciA, la partie C-terminale de
VcDciA vient se « clipser » à la jonction des deux monomères de VcDnaB, grâce
à deux hélices formant une épingle à cheveux ("hairpin").

On en conclut que la partie C-terminale flexible de VcDciA avec ses régions
susceptibles de se mettre en hélice, que les simulations de dynamique molé-
culaire permettent de mettre au jour, jouent un rôle crucial dans la fonction de
VcDciA, conjointement avec celle de son partenaire VcDnaB.

On comprend bien qu’un énorme travail reste à faire, notamment du point de
vue des simulations de dynamique moléculaire, sur cette protéine. Dans un pre-
mier temps, il faut pouvoir quantifier les hélices dans la partie déstructurée par
une étude statistique. Cela nous permettra de savoir si les trois hélices sont pré-
sentes en même temps ou plutôt deux voire une et de savoir dans quelle(s) sous-
région(s). Il faudra également identifier les conformations possédant une structure
en "hairpin" au niveau de la région déstructurée proches de la structure cristallo-
graphique. Dans un deuxième temps, il faudra analyser le mécanisme d’associa-
tion entre un monomère de VcDciA et un dimère de VcDnaB. Différentes tech-
niques pourront être utilisées comme par exemple : un amarrage rigide, un amar-
rage gros grain [13, 14], un amarrage flexible ou une "steered-MD" [74, 159, 306].
Certaines techniques demandent une préparation initiale importante et longue
(comme avec la steered-MD), des temps de calcul longs (comme avec l’amarrage
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rigide) ou même risque d’être compliqué à utiliser si le dimère de VcDnaB avec
VcDciA doivent être totalement flexibles (comme avec l’amarrage flexible).

En conclusion générale, l’intérêt de ce travail est le suivant : il arrive qu’il soit
impossible de produire et de purifier une IDP. Dans ce cas, il est impossible d’avoir
des données expérimentales. Ou alors, même s’il est possible d’avoir l’IDP puri-
fiée, il est impossible de mettre en place ou d’analyser les données expérimen-
tales. Grâce à notre méthodologie par de multiples simulations de DM et en utili-
sant le champ de force Amber03ws, il est possible d’obtenir un ensemble confor-
mationnel assez représentatif des différentes conformations en solution de l’IDP.
La connaissance de cet ensemble conformationnel permet notamment d’anticiper
les liaisons que l’IDP pourra engager avec des partenaires et ainsi de bloquer ces
conformations à l’aide de ligands, peptides ou peptido-mimétiques qui pourront
devenir de nouvelles molécules thérapeutiques.

La validation par différentes techniques expérimentales, quand elle est pos-
sible, est évidemment souhaitable. Il est très intéressant de combiner différents
résultats expérimentaux, notamment de RMN, qui apportent des informations sur
la structure locale et la dynamique de l’IDP ; de SAXS, qui permet d’obtenir des
informations globales sur la moyenne des conformations adoptées par la protéine
en solution ; de FRET (méthode non utilisée ici), qui permet d’avoir des infor-
mations sur les interactions à long distances entre des régions éloignées de la
protéine, et entre l’IDP et ses éventuels ligands.
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Annexe A

Généralités sur la structure des
protéines

Les protéines sont constituées d’acides aminés (AAs) reliés entre eux par des
liaisons peptidiques. Dans le monde du vivant, il existe plus de 500 acides aminés
mais seulement 22 acides aminés sont protéinogènes dont deux acides aminés
(pyrrolysine et sélénocystéine) sont très rares et non standards car non encodés
directement par le code génétique (Fig. A.7). L’enchaînement de ces différents
acides aminés le long de la chaîne polypeptidique est appelé séquence ou struc-
ture primaire. Pour chaque protéine, l’enchaînement des AAs peut adopter locale-
ment des structures secondaires bien précises en forme d’hélice-α, de feuillet-β,
de coude ou de boucle. La conformation spatiale globale adoptée par la chaîne
peptidique est appelée structure tertiaire ou plus simplement structure de la pro-
téine. La structure quaternaire correspond à l’assemblage de plusieurs chaînes
polypeptidiques.

Structure primaire

Un acide aminé (AA) (Fig. A.1) est une molécule qui possède une structure de
base composée d’une fonction amine (-NH2) et d’une fonction acide carboxylique
(-COOH) ainsi que d’un groupement d’atomes, appelé radical R, qui diffère selon
les acides aminés.

FIGURE A.1 – Structure de base d’un acide L-α-aminé : consti-
tuant la chaîne principale d’une protéine. La chaîne latérale est re-
présentée ici par le symbole "R" = Radical. (Figure extraite de wiki-

pédia, [4] créé par Benjah en 2007)

Les acides aminés sont classés selon les propriétés physico-chimiques de
leur chaîne latérale (acide ou basique, hydrophobe ou hydrophile (corrélé par la
polarité), taille, charge) (Fig. A.2).
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FIGURE A.2 – Diagramme de Venn : classe les acides aminés
(code à une lettre (Fig. A.7)) en fonction de leurs propriétés physico-

chimiques (Figure extraite de [206])

Parmi les 20 principaux acides aminés, 11 (alanine, arginine, asparagine, acide
aspartique, cystéine, glutamine, acide glutamique, glycine, proline, sérine, tyro-
sine) peuvent être fabriqués par le corps humain et les 9 autres (leucine, isoleu-
cine, histidine, lysine, méthionine, phénylalanine, thréonine, tryptophane, valine)
sont dits essentiels, car l’organisme est incapable de les synthétiser en quantité
suffisante pour satisfaire ses besoins. Ces acides aminés doivent par conséquent
être apportés par l’alimentation.

La séquence d’acides aminés s’écrit et se lit de l’extrémité N-terminale (ex-
trémité amine libre d’un AA) vers le C-terminale (extrémité acide carboxylique
libre d’un autre AA). La liaison peptidique est une liaison covalente entre 2 acides
aminés, qui entraîne une élimination d’une molécule d’eau. La succession de plu-
sieurs liaisons peptidiques va permettre la formation d’une chaîne polypeptidique
(Fig. A.3).

FIGURE A.3 – Liaison peptidique : condensation d’une amine et
d’un acide carboxylique avec une élimination d’une molécule d’eau
(Figure extraite du cours "Protéines, peptides et acides aminés" sou-

mis par [9])

La liaison peptidique est considérée rigide puisqu’elle peut partiellement for-
mer une double liaison grâce à la paire d’électrons du carbonyle et le doublet non
liant de l’azote. Cette liaison peptidique est plane et l’angle dièdre, nommé angle
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omega (ω), entre le carbone et l’azote de la liaison peptidique, adopte préféren-
tiellement la conformation trans avec une valeur de 180 ◦.

Les plans peptidiques sont articulés entre eux autour des carbones α par libre
rotation entre les liaisons N-Cα (angle Phi (φ)) et Cα-C (angle Psi (ψ)) (Fig. A.4).

FIGURE A.4 – Les 2 plans peptidiques d’un acide aminé : sont re-
présentés en gris. Représentation des angles φ et ψ (Figure extraite

du cours [49])

Structure secondaire

Une structure secondaire (Fig. A.6) est une conformation que peut prendre
localement le squelette polypeptidique ou chaîne principale de la protéine.

Les valeurs d’angles φ et ψ sont limitées par l’encombrement stérique des
chaînes latérales des résidus et du squelette peptidique. Le diagramme de Ra-
machandran (Fig. A.5) permet de distinguer les conformations dites "autorisées"
et "interdites" des angles φ et ψ ([278]).

1. Hélice-α :
L’hélice-α forme des liaisons hydrogène entre le carbonyle (-CO) du résidu i
et l’hydrogène de l’amine (-NH) du résidu i + 4 (Fig. A.6). Il s’agit de la forme
la plus courante d’hélice et l’une des plus stables.Ces liaisons hydrogène
sont parallèles à l’axe de l’hélice et sont intra-chaînes. Les chaînes latérales
des acides aminés sont localisées en périphérie de l’hélice et pointent vers
l’extérieur.
Il existe cependant deux autres formes d’hélices, π et 310, qui forment des
liaisons hydrogène entre les résidus i et i + 5 ou i et i + 3, respectivement.

2. Feuillet-β :
Les brins-β sont des structures étendues qui peuvent faire des liaisons hy-
drogène entre eux pour former des feuillets-β (Fig. A.6). La liaison hydro-
gène est perpendiculaire à l’axe du feuillet. Elle peut être intra-chaîne ou
bien se faire entre deux chaînes polypeptidiques. Les brins s’associent de
façon parallèle, c’est-à-dire avec leurs extrémités N-terminale et C-terminale
du même côté, ou anti-parallèle, c’est-à-dire avec les extrémités inversées.

3. Coude :
Un coude est constitué de 3 ou 4 acides aminés généralement hydrophiles
(le plus souvent glycine ou proline). C’est une jonction entre deux parties
structurées, hélice ou feuillet. Il forme une épingle à cheveux et est stabilisé
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FIGURE A.5 – Diagramme de Ramachandran : les régions en vert
représentent les conformations dites «autorisées» du squelette pep-
tidique. Les régions en blanc représentent donc les conformations
dites «interdites». Les cercles indiquent les paires d’angles φ, ψ des
structures secondaires répétitives. Définitions des symboles : II et C,
β twist qui correspond à un feuillet-β qui est en torsion et qui tourne
généralement vers la droite ; α, hélice alpha droite ; α L, hélice alpha

gauche ; π, hélice pi ; 3, hélice 310 (Figure extraite du [50])

par une liaison hydrogène. On y retrouve souvent des sites de phosphoryla-
tion, de glycosylation.

4. Boucle :
Les boucles sont des formes du squelette polypeptidique qui ne sont ni des
hélices, ni des brins-β, ni des coudes.

Structure tertiaire

La structure tertiaire ou structure tridimensionnelle (3D) (Fig. A.6) correspond
à l’arrangement spatial des éléments de structure secondaire les uns par rap-
port aux autres. La structure tertiaire est stabilisée par une variété d’interaction
intramoléculaire entre les acides aminés de la chaîne polypeptidique.

• Interaction non covalente :

— Interaction hydrophobe entre deux groupes non polaires. Ils se re-
groupent entre eux et ont tendance à se replier au coeur de la protéine
pour ne pas avoir de contact avec les molécules d’eau qui entourent la
molécule.

— Liaison ionique ou pont salin entre deux groupes de charges oppo-
sées. On rencontrera, par exemple, ces liaisons entre le groupe car-
boxylique d’un AA acide (glutamate ou aspartate) et le groupe azoté
d’un AA basique (lysine, histidine, arginine). Ces liaisons sont dépen-
dantes du pH.
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— Liaison hydrogène entre atomes polaires des chaînes latérales, du
squelette peptidique ou de molécules d’eau (entre un hétéroatome por-
teur d’un doublet électronique non liant et un hydrogène lié à un atome
très électronégatif).

— Interactions de Van-Der-Waals sont des interactions faibles, répul-
sives entre moments dipolaires.

— Liaison π-π ou cation-π entre cycles aromatiques des résidus. C’est
la délocalisation des électrons au sein de ces cycles aromatiques qui
permet des interactions de π-stacking. C’est une liaison électrostatique
et non covalente.

• Interaction covalente :

— Pont disulfure entre les atomes de soufres de deux cystéines proches
dans l’espace.

FIGURE A.6 – Représentation des différentes structures secon-
daires, tertiaires et quaternaires d’une protéine. Figure extraite

du cours "Protéines, peptides et acides aminés" soumis par [9]

Structure quaternaire

On appelle structure quaternaire (Figure A.6) d’une protéine (dite oligomé-
rique) l’association par des liaisons non covalentes de plusieurs chaînes pro-
téiques.
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FIGURE A.7 – Les vingts différents acides aminés Structures chi-
miques des 20 acides aminés constituants des protéines représen-
tées selon la projection de Fischer (la fonction carboxyle se position
en haut et la fonction radicale en bas ; suivant le type dénantiomière
L ou D la fonction se situe à gauche ou à droite). Le code 3 lettres
des acides aminés est entre parenthèse. Il existe un autre code à une
lettre : Alanine Ala (A), Arginine Arg (R), Asparagine Asn (N), Acide
aspartique Asp (D), Cystéine Cys (C), Glutamine Gln (Q), Acide glu-
taminique Glu (E), Glycine Gly (G), Histidine His (H), Isoleucine Ile
(I), Leucine Leu (L), Lysine Lys (K), Méthionine Met (M), Phénila-
lanine Phe (F), Proline Pro (P), Sérine Ser (S), Thréonine Thr (T),
Tryptophane Trp (W), Tyrosine Tyr (Y) et Valine Val (V). (Figure ex-

traite du cours de seconde SVT de C. Bantegnies )
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Résumé : Le travail de thèse consistera à
explorer et caractériser l’ensemble conforma-
tionnel de protéines intrinsèquement désor-
données (IDPs) en utilisant plusieurs tech-
niques complémentaires, notamment des si-
mulations avancées de dynamique molécu-
laire et la diffusion des rayons X aux petits
angles (SAXS). Les IDPs sont des protéines
possédant une ou plusieurs régions n’ayant
pas de structures secondaires stables lors-
qu’elles sont isolées, mais pouvant en adop-
ter lors de leur association avec de multiples

autres protéines. La question, à laquelle ce
travail souhaite répondre dans le cas de deux
IDPs, est de savoir si ces éléments de struc-
tures secondaires, formés à l’interfaces des
complexes protéine-protéine, pré-existent de
façon transitoire, ou non, à l’état non-lié des
IDPs en solution. S’il est possible d’identifier
et de caractériser ces éléments de reconnais-
sance moléculaire dans les IDPs isolées, alors
les résultats de ce travail permettront de gui-
der par la suite la détermination des structures
de complexes protéiques impliquant des IDPs.
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Abstract : The PhD work will consist in ex-
ploring and characterizing the conformational
ensemble of intrinsically disordered proteins
(IDPs), by using several complementary me-
thods, including enhanced molecular dyna-
mics simulations and small angle X-ray scat-
tering (SAXS). IDPs are proteins having one
or several regions that lack stable secondary
structures in the unbound state, but which can
adopt various structured conformations to bind
other proteins. In the case of two IDPs, the

project aims to answer the question of whe-
ther these secondary structures formed at the
protein-protein interfaces transiently pre-exist
or not in the unbound state of solvated IDPs.
If it is possible to identify and characterize
these molecular recognition features (MoRFs)
in the IDP unbound state, then the results of
this work will subsequently help to determine
the structures of protein complexes involving
IDPs.
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