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RESUME

Les protéines amyloides sont impliquées dans les maladies neurodégénératives comme
Alzheimer, Parkinson et les maladies a prions et forment des structures complexes, les
fibres amyloides. Le mécanisme de formation de ces fibres est un processus complexe
qui implique plusieurs especes d’agrégats intermédiaires. Parmi ces especes, des petits
agrégats, les oligomeres, sont reconnus comme étant I’espece amyloide toxique, mais
leur mécanisme de toxicité et d’agrégation sont mal compris. Cette these présente les
résultats d’une étude numérique des premieres étapes d’oligomérisation d’un peptide
modele GNNQQNY, issu d’une protéine prion, pour des systemes allant du trimere au
50-mere, par le biais de simulations de dynamique moléculaire couplée au potentiel gros-
grain OPEP. Nous trouvons que le mécanisme d’agrégation du peptide GNNQQNY suit
un processus complexe de nucléation, tel qu’observé expérimentalement pour plusieurs
protéines amyloides. Nous observons aussi que plusieurs chemins de formation sont ac-
cessibles a I’échelle du 20-mere et du 50-mere, ce qui confere aux structures un certain
degré de polymorphisme et nous sommes capable de reproduire, dans nos simulations,
des oligomeres protofibrillaires qui présentent des caractéristiques structurelles obser-
vées expérimentalement chez les fibres amyloides.

Mots clés: fibres amyloides, prion, GNNQQNY, agrégation de protéines, nucléa-

tion, polymorphisme, oligomeres, protofibres.



ABSTRACT

Amyloid proteins are involved in neurodegenerative diseases such as Alzheimer’s, Par-
kinson’s and prion diseases and form complex structures called amyloid fibrils. The
fibril formation mechanism is a complex process, which involves several intermediary
species. Among these species, small early aggregates, called oligomers, are thought to
be the toxic amyloid species but their toxicity and aggregation mechanisms are poorly
understood. This thesis aims at presenting the results of a numerical study of the first
oligomerization steps of the model peptide GNNQQNY, from a prion protein, for sys-
tem sizes ranging from the trimer to the 50-mer, via molecular dynamics simulations
using the OPEP coarse-grained potential. We find that GNNQQNY’s assembly follows
a complex nucleation process, as observed experimentally for numerous amyloid pro-
teins. We also observe that the 20-mer and 50-mer systems form polymorphic structures
that are the byproducts of different formation pathways. We further report the spon-
taneous formation of protofibrillar oligomers with structural characteristics typical of
experimentally determined amyloid fibril structures.

Keywords: amyloid fibrils, prion, GNNQQNY, protein aggregation, nucleation,

polymorphism, oligomers, protofibrils.
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INTRODUCTION

Une protéine, chalne polypeptidique composée d’acides aminés, doit se replier cor-
rectement afin d’adopter une forme spécifique déterminée qui lui confere sa fonction cel-
lulaire normale. Si la forme adoptée par une protéine dévie de sa forme fonctionnelle, la
protéine mal repliée, ou mépliée, fonctionne anormalement et peut alors avoir des effets
toxiques sur la cellule. Une classe de protéines mépliées, les protéines amyloides, sont
impliquées dans des maladies neurodégénératives comme les maladies d’ Alzheimer, de
Parkinson et les maladies a prions [1]] et sont ainsi la cible de nombreuses études expéri-
mentales et numériques en quéte d’une solution thérapeutique. Sous certaines conditions
physiologiques, les protéines amyloides forment, par un processus d’auto-assemblage,
des macrostructures filamenteuses complexes, appelées fibres amyloides, tres résistantes
face aux protéaseﬂ dont la présence est associée a une détérioration de la communica-
tion interneuronale qui entraine la mort des cellules neuronales. Ces fibres présentent
une grande diversité morphologique, ou polymorphisme, issue de possibilités mécanis-
tiques de formation diverses pour une méme protéine [2-5], mais possedent toutes un
élément structurel commun, la structure cross-ﬁﬂ qui leur confere leur grande stabilité
en agissant au niveau du maintient de la structure fibrillaire. Des études expérimentales
ont aussi montré que toutes les protéines auraient la propriété intrinseque de former des
fibres amyloides [6-8]], ce qui aggrave le probleme de controle cellulaire de ces agrégats.

La cinétique d’agrégation des protéines amyloides en fibres, ou polymérisation, a
été observée comme étant un phénomene complexe de croissance par nucléation décrit,
dans certains cas, par la théorie classique physique de la nucléation. En effet, lorsque la
concentration de protéines mépliées est suffisamment élevée, on observe un assemblage
autocatalytique spontané des protéines qui dépend de la formation de noyaux métasta-
bles ayant surmonté une barriere d’énergie libre permettant par la suite une croissance ir-
réversible en fibres polymériques. De nombreux modeles expérimentaux révelent cepen-

dant que la théorie classique de la nucléation ne suffit pas a elle seule a reproduire le

ILes protéases font partie d’un mécanisme de défense et de controle de la cellule face aux structures
anormales comme les fibres amyloides.
ZVue plus en détails dans le chapitre 1.



phénomene d’agrégation des protéines amyloides en fibres et d’autres facteurs impor-
tants doivent étre pris en compte comme la présence d’agrégats de tailles intermédiaires
lors de la formation de fibres ou comme la nature biochimique méme des protéines en
jeu tel leur degré d’hydrophobicité, leur charge, la présence de cycles aromatiques ou
la présence de motifs alternant acides aminés hydrophobes et hydrophiles. Il se peut
aussi que dans certains cas, un processus de nucléation secondaire ait lieu qui accelere
la vitesse de polymérisation des fibres, compléxifiant ainsi le processus d’agrégation et
facilitant la formation de fibres. Aussi, la propriété la plus extraordinaire des protéines
amyloides, leur diversité de possibilités mécanistiques de formation pour une méme pro-
téine, est une cause supplémentaire de la compléxité de leur cinétique d’agrégation et de
la coexistence de nombreux intermédiaires amyloides, sur le chemin de formation des
fibres, comme les protofibres et les oligomeres. Les protofibres sont de jeunes agrégats
ordonnés, précédant la fibre, qui jouent un rdle mécanistique important dans la ciné-
tique d’agrégation. Les oligomeres, quant a eux, sont des petits agrégats désordonnés
reconnus comme étant I’espece responsable de la toxicité amyloide [9, [10], ¢’est-a-dire
de la mort cellulaire. Leur mécanisme de toxicité est cependant mal compris mais des
propriétés communes a tous les oligomeres ont été identifiées et laissent penser qu’ils
operent selon un mécanisme universel, indépendamment de la séquence en acides am-
inés [9, [11]].

Les grandes questions qui émergent sont donc: 1) Est-ce que les oligomeres sont sur
le chemin de formation des fibres ou sont-ils une espece indépendante? 2) Comment
operent-ils pour détruire la cellule? 3) Comment peut-on mieux caractériser leur struc-
ture afin de concevoir une stratégie de recherche d’inhibiteurs? 4) Que peut-on apprendre
de leur processus d’agrégation? 5) Peut-on caractériser et reproduire la formation des
protofibres? 6) Peut-on reproduire la formation de la structure cross-f3, élément struc-
turel caractéristique des fibres amyloides?

Dans cette these, nous tentons d’apporter une réponse aux questions 1), 3), 4), 5)

et 6) par I’étude numérique du court fragment amyloide GNNQQN issu d’une pro-

3Les lettres G, N, Q et Y étant les symboles des acides aminés Glycine, Asparagine, Glutamine et
Tyrosine.



téine prion de levure, systeme tres étudié expérimentalement depuis plus d’une vingtaine
d’années de par sa facilité a former des fibres amyloides. Par le biais de I’étude de ce pep-
tide, nous espérons améliorer notre compréhension globale du mécanisme de formation
des fibres amyloides et sa courte longueur de sept acides aminés nous permet d’accéder
numériquement a des tailles d’oligomeres conséquemment plus grandes. Nos objectifs
de recherche sont de caractériser les premieres étapes d’agrégation de ce peptide amy-
loide par la caractérisation des structures accessibles a des tailles de syteme allant du
trimere au 50-mere (Chapitres 4 et 6) et par la caractérisation du processus cinétique
d’assemblage (Chapitre 5) afin d’apporter de nouveaux éléments pouvant servir a mieux
comprendre les protéines et peptides amyloides en général.

La méthode numérique que nous utilisons (détaillée dans le Chapitre 2) est la dy-
namique moléculaire couplée a un potentiel gros-grain, OPEP, et a des méthodes d’échan-
tillonnage accéléré. Cette méthode nous permet de simuler, a une résolution quasi atom-
ique, des systemes de tailles considérables et pour des temps pertinents d’un point de
vue expérimental, comparé a la plupart des études numériques disponibles dans la lit-
térature. Il existe plusieurs études numériques des toutes premieres étapes d’agrégation
de GNNQQNY [12-23]] qui ont permis une avancée significative dans notre compréhen-
sion de la dynamique d’agrégation de cette séquence et incluent des études d’agrégation
de petits agrégats (allant du dimere au 6-mere) [14} 1721}, 23]], des études d’agrégation
pré-nuclée du 8-mere [17], des études de désagrégation du 8-mere et 12-mere [16] et
des études de stabilité de la structure cross-f [12, 13} 15 22]. La plupart de ces études
s’accordent pour dire que 1’agrégation de GNNQQNY est un processus coopératif aux
allures de nucléation et a forte tendance a former des feuillets-. Cependant, une car-
actérisation complete de la cinétique complexe d’agrégation a une échelle atomique ou
quasi-atomique manque a la littérature pour des agrégats de taille conséquente. Cette
these vient compléter ses études en offrant la possibilité d’explorer les structures et la
cinétique d’agrégats de GNNQQNY de plus grandes tailles, suffisamment grands pour

permettre I’apparition de la formation de protofibres.



CHAPITRE 1

PROTEINES ET PEPTIDES AMYLOIDES

Ce chapitre fait état des connaissances générales acquises a ce jour sur les protéines
amyloides: leur importance dans un contexte médical, leurs caractéristiques structurelles
typiques, leur mécanisme de formation ainsi que leur mode de fonctionnement. Cette
description sera suivie d’une justification du choix de systeme a I’étude, soit le peptide

amyloide GNNQQNY issu de la protéine prion Sup35.

1.1 Protéines amyloides

Les protéines amyloides sont impliquées dans de nombreuses maladies neurodégé-
nératives. Parmi ces pathologies dévastatrices, on retrouve les maladies d’ Alzheimer
(causée par la protéine Amyloide-f3 ou Af3), de Parkinson (o-synucléine), de Creutzfeldt-
Jakob (Prion), de Huntington (Huntingtine) et le diabete de type II (amyline), pour ne
nommer que les plus connues. Dans ces cas, sous certaines conditions physiologiques,
les protéines amyloides ont une forte propension a I’agrégation et se déposent intracel-
lulairement pour former des inclusions ou extracellulairement pour former des plaques
ou fibres [1]. De plus, des études expérimentales ont montré que toutes les protéines
possedent une prédisposition a former des agrégats amyloides qui partagent des carac-
téristiques structurelles communes et donc, par extension, des mécanismes communs

d’agrégation [658]].

1.1.1 Contexte biologique: Le mépliement des protéines amyloides

L’élément déclencheur pour 1’agrégation est le mauvais repliement, ou mépliement,
des protéines amyloides soumises a des conditions environnementales inhabituelles telles
qu’une augmentation de la température, un changement de pH, un taux de glucose élevé
ou la présence d’agents oxidatifs [24]. Malgré les nombreux mécanismes cellulaires

de dégradation de protéines mépliées, un changement de conditions environnementales



peut générer de nombreux changements conformationnels, de protéines autrement fonc-
tionnelles, qui entrainent alors une réaction en chaine de production massive de ces
protéines mépliées nocives qui saturent les systemes naturels de contrOle de qualité
des protéines dans la cellule. En effet, si la protéine sous sa forme native et solu-
ble se replie en prenant soin de ne pas exposer ses régions hydrophobes au solvant, la
forme mépliée, au contraire, les expose dans de nombreux cas et devient ainsi insoluble
[25]]. L’agrégation amyloide — en d’autres termes, 1’attraction mutuelle entre protéines
mépliées — résulte tres souvent de cette exposition des résidus hydrophobes chez ces
protéines car leur forme mépliée est thermodynamiquement instable et non-favorable.
Ainsi, I’agrégation est une fagon de procurer une plus grande stabilité et une plus basse
énergie aux protéines mépliées [24]. Ces changements environnementaux peuvent sur-
venir post-translationnellement — dans le cas ol une protéine perd sa structure native et
adopte une forme mépliée — mais aussi pré-translationnellement — dans le cas ou des

modifications génétiques sont a 1’origine d’une mutation entrainant le mépliement [26]].

1.1.2 Propriétés structurelles

Durant I’agrégation, les protéines mépli€es sont ainsi converties en agrégats fibril-
laires supramoléculaires insolubles et particulierement stables dont la structure est haute-
ment organisée: les fibres amyloides, et dont la morphologie globale semble avoir des
traits communs d’une protéine a 1’autre. Les fibres amyloides sont des structures fibril-
laires (filamenteuses) torsadées de 60 a 120 A de diametre [27] et de 0.1 2 10 um de
longueur composées de protofilaments enroulés, telles que déterminées par microscopie
electronique [28] et par microscopie a force atomique [29] (Fig. [I.1)) , dont la structure
centrale consiste en une structure “cross-f3”, riche en feuillets-f3. La structure cross-f3,
déterminée par diffractrométrie de rayons X [30, 31] et par crystallographie a rayons X
[32]], est composée d’une (ou plusieurs) paire de feuillets-f3 face a face qui intéragis-
sent au moyen de I’interdigitation de leur chaines latérales, dont I’axe de symétrie est
perpendiculaire a I’axe de la fibre et dont chaque brin de chaque feuillet-f3 appartient a
une copie différente d’'une méme protéine. Une description plus détaillée de la structure

cross-f sera apportée dans la section 1.2.1.1.



Figure 1.1: Morphologie torsadée filamenteuse d’une fibre amyloide d’insuline
obtenue par microscopie a force atomique. Cette figure provient de Jansen et al.
(2005).

Les fibres amyloides ont des propriétés physico-chimiques spécifiques lorsqu’elles
sont déposées dans les tissus, entre autre une biréfringence vert-pomme a la lumiere
polarisée lorsque liées au colorant rouge Congo ou a des dérivés de Thioflavine [23],
ce qui permet une détection ex-vivo d’agrégats fibrillaires amyloides. Cependant seules
les especes amyloides ordonnées comme les fibres ou protoﬁbresﬂ, c’est-a-dire riches en
longs feuillets-f3, se lient a ces colorants et sont donc détectables par ces moyens, tandis
que les especes plus jeunes et préliminaires, donc plus petites et plus désordonnées (et
plus solubles), les oligomeéres, ne le sont pas [33] et ne sont observables qu’in vitro au
moyen de techniques d’imagerie telles que la microscopie électronique (Fig. [I.2). La
figure [1.2] compare 1’apparence des fibres, protofibres et oligomeres par microscopie
électronique.

Bien qu’une structure commune ait été identifiée pour les fibres et protofibres amy-
loides (la structure cross-f3), il existe peu de données appuyant une possibilité d’élément
structurel commun pour les oligomeres, certains étant riches en feuillets-f et

d’autres étant principalement désordonnés [39]. La communauté scientifique réfere ainsi

ILes protofibres sont une espece ayant tous les traits caractéristiques d’une fibre mais n’ayant pas
encore assez miri pour en étre une. En d’autres mots, une protofibre est une fibre en devenir.
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Figure 1.2: Structure de A par microscopie electronique. Gauche: Fibres de Af.
Milieu: Protofibres de AB. Droite: Oligoméres de Af3. Les oligomeéres apparais-
sent comme des amas plus petits et plus sphériques que les fibres et protofibres, dont
I’apparence est similaire. Cette figure provient de Fandrich et al. (2012).

aux oligomeres par le terme “agrégats amorphes” de fagon plus générale. Malgré leur
manque de conformité structurelle, les oligomeres ont cependant des propriétés com-
munes universelles tres bien reconnues. En effet, il a été révélé expérimentalement que
des oligomeres provenant de protéines différentes partageaient une abilité commune a se
lier & un anticorps spécifique [[11]. De plus, les oligomeres semblent avoir des effets sim-
ilaires sur le métabolisme et la viabilité des cellules indépendamment de la séquence de
leurs constituants [9]]. Ces deux observations combinées laissent fortement penser qu’un
mécanisme de formation commun régit I’agrégation en oligomeres, et par extension le

processus menant aux fibres.

1.1.3 Formation de fibres amyloides

Le mécanisme général de formation de fibres peut se voir comme un processus
d’assemblage spontané et coopératif en trois étapes. La premiere étape, la plus rapide, est
I’effondrement hydrophobe des monomeres protéiques puis leur alignement pour former
des feuillets-f, au moyen de liaisons hydrogéne. Ici, les feuillets-f3 se forment rapide-
ment et de fagon réversible. La deuxieme étape est la formation de la structure cross-f3

qui consiste en 1’autocomplémentarité (i.e. 1’interdigitation) de deux feuillets-f. Cette



phase nécessite des interactions de van der Waals et est plus lente que 1’étape précé-
dente car les chaines latérales de deux feuillets-f3 doivent prendre le temps de trouver la
meilleure orientation pour permettre leur interdigitation. Nelson ef al. suggerent qu’a ce
stade la diminution entropique, due a une perte de liberté des monomeres et a un gain
dans le niveau d’ordre global de la structure, crée une barriere énergétique pour la forma-
tion de fibres [32]. L’ organisation structurelle s’accompagne de la formation de liaisons
hydrogene qui diminuent 1’énergie globale du systeme apres formation d’un noyau mé-
tastable issu d’un phénomene de nucléation (voir Annexe 1). Enfin, la troisieme étape
est I'interaction des paires de feuillets-f3 pour former des fibres par le biais de liaisons
non covalentes. La formation de fibres contribue a une trés grande barriere énergétique
qui rend presqu’impossible la dissolution de fibres et donc qui fait de la fibrillisation un
processus irréversible dans la plupart des cas [32].

Il a été montré expérimentalement cependant que, pour une protéine donnée, le
mécanisme de formation d’agrégats amyloides n’emprunte pas un chemin unique et
bien déterminé mais démontre plutdt une grande variété de possibilit€s mécanistiques
amenant a la formation de fibres [2H5]. Ces chemins de formation possibles peuvent
ainsi impliquer des especes intermédiaires variées d’un chemin a 1’autre, ce qui confere
un certain degré de polymorphisme a la structure finale de la fibre, caractéristique bien
connue des protéines amyloides (voir section 1.5.2). Ainsi, une multitude d’especes in-
termédiaires plus ou moins ordonnées structurellement coexistent avec les fibres, dont
les oligomeres. Les oligomeres amyloides sont une espeéce jeune qui apparait souvent
tot sur le chemin de formation des fibres et qui joue un role crucial, mais non moins mal
compris, non seulement dans la morphologie finale des fibres mais aussi dans la toxicité

amyloide.

1.1.4 Meécanisme de toxicité

Pendant longtemps, les fibres amyloides furent ciblées comme étant I’espece to-
xique responsable de la dégénérescence neuronale. Cependant, depuis plus d’une dizaine
d’années, les oligomeres sont de plus en plus mis en avant en tant qu’espece pathogénique

[9] alors que les fibres serviraient plutot d’especes détoxifiantes en séquestrant une par-



tie de ces oligomeres toxiques et solubles en fibres insolubles et physiologiquement in-
actives [40, 41]]. Bien que le mécanisme de toxicité des protéines amyloides soit peu
caractérisé et généralement encore mal compris, certaines études semblent indiquer que
le mécanisme de toxicité des oligomeres opérerait par le biais d’une perturbation de la
couche lipidique de la membrane cellulaire, bouleversant ainsi 1’équilibre ionique entre
I’espace intra- et extra-cellulaire, entrainant la mort de la cellule [10]. Ces observa-
tions soulevent I’importance du rdle des oligomeres d’un point de vue pathologique.
Les oligomeres sont donc de tres bonnes cibles pour la recherche d’inhibiteurs capables

d’annihiler leurs effets toxiques.

1.1.5 Pertinence de I’étude des oligomeéres

Si les oligomeres sont de tres bons candidats pour des études expérimentales visant
a comprendre et tenter de reduire la toxicité causée par les protéines amyloides in vivo,

ils sont aussi d’excellents candidats pour des études numériques pour plusieurs raisons:

1. La taille des oligomeres de protéines amyloides est accessible a des simulations

numériques de résolution presque atomique allant du dimere au tetramere.

2. Etant donné que les oligomeres possedent des propriétés universelles, indépen-
dantes de la séquence en acides aminés de leurs constituants, I’éventuel biais du
potentiel choisi ne devrait pas transparaitre dans les simulations, augmentant ainsi

la fiabilité des prédictions numériques.

3. Ladécouverte de courtes s€quences amyloides responsables de la formation d’agré-
gats amyloides permet, en isolant ces séquences, d’accéder numériquement a des
systemes de tailles considérables allant jusqu’au 50-mere a résolution quasi atom-

ique.

1.2 L’approche des petits peptides amyloides

Il existe une panoplie de modeles qui tentent d’expliquer comment les protéines se

convertissent en fibres [42, 43]]. Cependant, tous ces modeles s’accordent pour dire
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que lors de cette conversion, une partie de la protéine, normalement inaccessible par
le solvant, est alors exposée et devient le catalyseur de la formation de fibres. Ce seg-
ment protéique anormalement exposé est ainsi responsable de la formation de fibres de
protéines mépliées et est souvent appelé “peptide amyloidogénique” lorsqu’isolé de la
protéine.

Une méthode numérique de profilage 3D de courtes séquences pour la prédiction de
formation de fibres a permis d’identifier de tels segments dans plusieurs protéines amy-
loides telles que la protéine 7, a-synucléine, 32-microglobuline, I’amyline, 1’insuline
ou encore A [44] et leurs résultats confirment plusieurs expériences. Par la suite, Teng
et al. [45]] ont choisi d’insérer dix de ces fragments amyloides dans 1I’enzyme RNase
A, reconnue pour étre particulierement stable. La protéine RNase A ne forme pas de fi-
bres amyloides par elle-méme mais lorsqu’elle contient un de ces fragments amyloides,
elle est entrainée a former des fibres qui possedent une biréfringence vert-pomme car-
actéristique lorsque liées au colorant rouge Congo. Il est ainsi conclu que ces peptides

amyloides suffisent a entrainer 1’agrégation et ainsi la formation de fibres.

1.2.1 Le peptide GNNQQNY issu de la protéine prion Sup35

La protéine prion Sup35 et, plus particulierement, une courte portion de cette pro-
téine ont suscité beaucoup d’intéréts dans le domaine des protéines amyloides depuis
plus d’une vingtaine d’années. La protéine amyloide Sup35 provient de la levure bour-
geonnante Saccharomyces cerevisiae et est impliquée, dans sa forme native, dans le
complexe facteur de terminaison de traduction EI, alors que dans sa forme amyloide, elle
forme des fibres in vitro. Sup35 est composée de 685 acides aminés dont les 123 pre-
miers (région N-terminale) constituent le domaine prion, qui posséde des similarités de
séquence avec la protéine prion humaine PrP. Parmi la région N-terminale de Sup35,
une courte séquence amyloidogénique de 7 acides aminés de long, GNNQQNY, a été
identifiée par Balbirnie et al. [27]. Ce peptide manifeste toutes les propriétés amyloides

de la protéine complete Sup35 c’est-a-dire une cinétique d’agrégation coopérative, la

2Ce complexe est responsable de libérer une chaine polypeptidique lors de la lecture d’un codon stop
par le ribosome.
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formation de fibres, une liaison au colorant rouge Congo ainsi qu’un motif de diffraction
par rayons X caractéristique de la présence d’une structure cross-f3. Il est donc considéré

comme étant 1I’élément catalyseur d’agrégation pour la protéine Sup35.

1.2.1.1 Résolution de la structure cross-f3 pour le peptide GNNQQNY

Le peptide GNNQQNY est un peptide polaire, peu hydrophobe et riche en glu-
tamines et asparagines, qui semblent €tre a 1’origine de sa propension a I’agrégation
[46]. Nelson er al. ont déterminé la structure atomique détaillée cross-f3 du peptide
GNNQQNY par crystallographie a rayons X [32]]. Leur étude rOvRle que le peptide est
solubleEl, et qu’il forme, en quelques heures, des fibres dont la structure principale est
la structure cross-f3. Cette structure cross-f est composée de deux feuillets- empilés,
perpendiculairement a I’axe de la fibre, qui interagissent au moyen de I’interdigitation
de leurs chaines latérales (Fig. (b), (c) et (d)). Les brins des feuillets- sont entiere-
ment paralleles et alignés (Fig. (a)), les brins d’un feuillet étant antiparalleles aux
brins de I’autre feuillet. Les paires de feuillets interagissent ensuite ensemble et Nel-
son et al. notent la présence de deux types d’interfaces: une interface “seche” et une
interface “hydratée” (Fig. (c) et (d)). L’interface seche est la zone d’interdigitation
de chaines latérales, ne contient presqu’aucune molécule d’eau et a une épaisseur de
8.5 A, alors que I'interface hydratée, remplie de molécules d’eau est plus large et mesure
15 A d’épaisseur (Fig.[1.3](c)).

L’interdigitation et I’autocomplémentarité des chaines latérales a 1’interface seche est
ce qui donne sa grande stabilité a la structure cross-f3 pour le peptide GNNQQNY, mais
aussi pour d’autres courtes séquences amyloidogéniques qui présentent des structures

cross-f similaires [47].

3ce qui permet I’obtention de microcrystaux
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Figure 1.3: Structure cross-3 de GNNQQNY (a) Structure des paires de feuillets mon-
trant les brins paralleles dans chaque feuillet. Les feuillets sont antiparalleles les uns par
rapport aux autres. Les chalnes latérales sont montrées en batons et spheres. (b) Inter-
digitation des chaines latérales vue de coté (le long de I’axe a). (c) Vue de dessus du
crystal de GNNQQNY le long de I’axe b montrant les interfaces seche et hydratée. 1l
y a six rangées de feuillets-f3 dans la direction verticale. Les peptides sont montrés en
noir et les molécules d’eau en rouge (signes “+”). Les atomes montrés en spheres en bas
a gauche représentent les rayons de van der Waals. (d) Zoom sur I’interdigitation des
chaines latérales entre deux peptides GNNQQNY selon le méme axe que la figure (c).
Cette figure, ainsi qu’une partie de sa légende, provient de Nelson et al. (2005).
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1.2.1.2 Travaux publiés sur les premieres étapes d’agrégation du peptide GN-
NQQNY

En complément des nombreux travaux expérimentaux de détermination de structures
pour le peptide GNNQQNY [32, 48-51] plusieurs études numériques ont ét€ menées
pour tenter de comprendre les premieres étapes d’agrégation du peptide GNNQOQNY a
des échelles allant du dimere au 8-mere, a partir de structures désordonnées ou bien pré-
formées [12-23]]. Bien que ces travaux soient un pas en avant dans la compréhension
de la dynamique des touts premiers agrégats, la taille de systemes étudiés n’est pas suff-
isamment large pour apporter une information pertinente quant aux traits sous-jacents

des morphologies oligomériques et de la cinétique d’agrégation du peptide GNNQQNY.

1.2.1.3 Objectifs de recherche

Par le biais d’'une méthode numérique efficace d’échantillonnage en dynamique molé-
culaire couplée a un potentiel gros-grain (Chapitre 2), nous caractérisons les structures
accessibles a des systemes allant du trimere au 50-mere GNNQQNY en passant par
le dodécamere et le 20-mere (Chapitres 4 et 6). En complément a ces études, nous
apportons une revue exhaustive des connaissances en matiere de phénomenes d’auto-
assemblage des protéines amyloides qui peuvent étre vus comme des mécanismes com-
plexes de nucléation (Chapitre 3 et Annexe 1), ce qui nous a permis d’apporter une
description détaillée de la cinétique complexe d’agrégation du 20-mere GNNQQNY
(Chapitre 5), et ce qui nous permettra de décrire la cinétique du 50-mere en dehors

du cadre de cette these et en complément du chapitre 6.



CHAPITRE 2

METHODOLOGIE

Face au constat des limites de la biologie expérimentale pour décrire des phénomenes
tels que le repliement de protéines et les processus d’agrégation a haute résolution, il est
devenu nécessaire d’intégrer d’autres disciplines, telles que la physique et la chimie com-
putationnelles, a la biologie. C’est ainsi que nait la biophysique théorique, domaine dans
lequel la modélisation biomoléculaire a fait ses preuves et a apporté de nombreuses con-
tributions a I’amélioration de notre compréhension des systemes biologiques complexes.
Malgré des défis d’efficacité computationnelle, la modélisation biomoléculaire voit de
nombreuses avancées, tant au niveau algorithmique que technologique, avec la montée
des superordinateurs, devenus plus performants et plus accessibles pour la recherche
académique et industrielle. Le développement et I’utilisation de méthodes numériques
innovatrices pour complémenter les travaux expérimentaux sont ainsi devenus cruciaux
a I’avancement de la recherche notamment dans le domaine du repliement des protéines,
de leur dynamique et de I’étude de leur processus d’agrégation.

Ce chapitre décrit les outils numériques utilisés, dans nos travaux, pour étudier
les premieres étapes d’agrégation du peptide GNNQQNY, dont le potentiel gros-grain
OPEP couplé a des dynamiques moléculaires et a des techniques d’échantillonnage ac-
celéré comme 1’échange de répliques. Les avantages et faiblesses des outils utilisés sont
soulignés et, lorsque possible, une suggestion est apportée pour résoudre certains prob-

lemes.

2.1 Le potentiel gros-grain OPEP - Optimized Potential for Efficient protein Pre-

diction

Quel que soit le systeme a 1’étude, la description des premieres étapes d’agrégation
a I’échelle des oligomeres requiert une taille conséquente en terme du nombre de mono-

meres a simuler. Ainsi, les potentiels gros-grain, c¢’est-a-dire dont la représentation atom-
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ique est simplifiée, permettent d’augmenter la taille des systemes accessibles aux simu-
lations au dépend d’une perte de la résolution, et sont donc des méthodes idéales pour
étudier les phénomenes d’agrégation. Pour I’étude du peptide GNNQQNY, nous avons
choisi le potentiel gros-grain OPEP, développé par Philippe Derreumaux de I'IBPC-
Paris [52] et utilisé depuis plus d’une dizaine d’années, couplé a une palette d’outils
numériques tels que la méthode Monte-Carlo [53-57], la dynamique moléculaire [S8-

61], I’échange de répliques en dynamique moléculaire [62-H66] et ART-nouveau [67-72].

2.1.1 Description du potentiel

En représentation OPEP, une chaine polypeptidique est composée, pour la chaine
principale, de tous ses atomes détaillés (N, H, Cy, C et O) et d’une seule particule, ou
bille, pour représenter la chaine latérale (sauf pour les prolines) [52]]. Les parametres
géométriques et rayons de van der Waals de cette bille, définis a partir d’un échantil-
lon représentatif de structures diverses [73], sont différents pour chaque acide aminé
(Fig. [2.1). Cette description des acides aminés permet une accélération du calcul de
forces entre les particules, tout en gardant un certain degré de propriétés géométriques
propre a chaque type de chaine latérale. De plus, le potentiel OPEP considere les effets

implicites du solvant — ici I’eau — dans sa fonction d’énergie.

2.1.1.1 Fonction d’énergie

La fonction d’énergie du potentie]l OPEP inclut des termes d’interactions de courte et
de longue portée qui peuvent étre divisés en trois catégories: les interactions locales, les

interactions non liantes et les liaisons hydrogene. L’énergie potentielle totale est ainsi:

E = El()cal + Em)n_liant +Enp (2 1)

ou HB signifie liaisons hydrogene.
Le terme d’interactions locales Ej, ., traduit les forces associées aux déformations de
longueurs de liaisons covalentes, d’angles de liaisons, mais aussi de torsions impropres

(hors-plan) des chaines latérales et liaisons peptidiques, et est exprimé par des potentiels



16

Figure 2.1: Représentation gros-grain du potentiel OPEP. Chaque chaine latérale est
representée par une bille (en gris foncé) dont la distance du centroide par rapport aux
atomes lourds (N, Cy et C) et le rayon de van der Waals sont différents pour chaque
acide aminé. Tous les acides aminés sont représentés ainsi avec OPEP sauf les prolines
qui sont représentées tout-atome. Ici, Cy4 signifie Cy. Cette figure est tirée de Mautpetit
et al. (2007).
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harmoniques qui assurent un maintien de la géométrie peptidique (approximation valide

pour de petites déviations) et définis par:

Ejocal =wp Z Kb(r—req)2+wa Z Ka(oc—oceq)2+

liaisons angles
(2.2)
v § to@-0.+ny (EE D5 )
tors_imp 0 14

ou I’indice “eq” indique les valeurs d’équilibre pour les liaisons, les angles et les torsions.
K, Kq et ko sont les constantes de forces (en kcal/mol/Az) qui donnent la rigidité des
liaisons, angles et torsions et r, & et  sont les valeurs de longueur de liaisons, d’angles
et de torsions, éloignées de I’équilibre. Les valeurs d’équilibre et les constantes de forces
associées avec les atomes de la chalne principale sont tirées du potentiel AMBER [74]
et celles associées avec les chaines latérales sont tres similaires a celles d’ AMBER. wy,
w, et wo sont des poids attribués aux différentes composantes énergétiques pour assurer
un bon équilibre entre les forces de courte portée et de longue portée [54)]. De plus, les
potentiels Eg et Ey, de 1’équation (2.2)) assurent que les angles dihédraux des structures
OPEP occupent de préférence (sans restrictions exclusives) les régions du graphe de
Ramachandran normalement accessibles par les structures tout-atome [[75] et suivent les

potentiels harmoniques suivants:
Ey = kpy(¢ — ¢0)° 2.3)

Ey =koy(¥—wp)? (2.4)

ou kgyy est une constante de force. ¢p = ¢ si ¢ appartient a I’interval [@in ro ¢S,4p] et
¢o = min(@ — @i, ¢ — Psup) autrement, avec @,y = —160° et @,, = —60°. Les mémes

criteres sont appliqués pour les angles y avec Y, r = —60° et Yy, = 160°.
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Le terme d’interactions non liantes, E,,;, jians, €st quant a lui donné par:

Enon_liant =W14 ZEvdW + WCq,Co Z EvdW+
1,4 Co,Cq

Wis4 Z Evaw +wis4 Z Eyaw+ (2.5
P'.P P Cq

wisa Y Evaw + Y wer.ctEvaw
Pl clyel
ou “1,4” désigne les interactions 1-4 (impliquant les atomes aux extrémités d’un angle
dihédral), “P” représente les atomes N, C, O et H de la chaine principale, “cl” représente
les chaines latérales. Les interactions de courte portée (1-4) sont séparées des interac-
tions de longue portée (1 > 4) et les poids associés aux différentes composantes sont
calculés afin d’équilibrer ces deux types d’interactions.

E,qw. le potentiel van der Waals “par paires” , dans I’équation (2.5)) est donné par:

0\ 12 0\ 6 0\ ©
EvdW = &jj — -2 = H(Sij) —&j| — H(—S,‘j) (26)
rij rij rij

avec H(x) = 1six>0et H(x) =0 si x < 0 (fonction échelon), r;; la distance entre
les particules i et j, rl(-)j = (r? + r?) /2 ou r? et r? sont les rayons de van der Waals des
particules i et j. Pour les particules qui ne sont pas des chaines latérales, le potentiel
de van der Waals est une fonction de Lennard-Jones de type 12-6 dont le premier terme
est répulsif et le deuxieme terme est attractif. Pour les chaines latérales, deux cas sont
considérés: 1) si les interactions c/—cl sont de nature hydrophobe ou si les deux chaines
latérales sont de charges contraires, le méme potentiel 12-6 de Lennard-Jones est util-
isé alors que 2) dans tous les autres cas (interactions c/—cl hydrophiles ou de charges
électriques de méme signe), le potentiel répulsif (troisieme terme de I’équation (2.6)) est
utilisé. Comme les forces de van der Waals sont des forces de courte portée, on applique
une coupure progressive entre 15 et 16 A (tel que F =0 a r = 16 A), distance au dela de
laquelle elles ne sont pas calculées, pour alléger le colit des calculs. Les coefficients &;;

sont calibrés et dépendent du type d’interaction entre deux particules données.
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Finalement, le potentiel pour les liaisons hydrogene est composé de deux termes: un
terme d’interaction a deux corps (Egp1) et un terme d’interaction a quatre corps (Expg2),
qui tient compte de la coopérativité entre liaisons hydrogene. Le terme a deux corps est

défini par:

Expr =wWip1—4 Z Enp1—alL(rij)V(Qij) + Whp1>4 Z Enp1>al(rij)v(0Gj) 2.7
ij,j=i+4 ij.j>i+4

ou 12 10
(o} o
ry=s5(2) —6(Z 2.8)
#lri) ("ij) (rij)
et
coszaij, o;j > 90°,
V((X,‘j) = (2.9)
0, autrement,

avec r;; la distance O-H entre 1’oxygene carboxyle d’une particule et I’hydrogéne du
groupe amine de I"autre particule, ¢;; I’angle NHO et c 1a valeur d’équilibre de la dis-
tance O—H (1.8 A). Les énergies de liaisons hydrogene de courte (hélices-) et de longue
(feuillets-B) portées sont distinguées et €;,;1_4 €t €14 sont des parameétres qui dépen-
dent de ces deux types d’interactions, respectivement.

A présent, le terme d’interactions a quatre corps, qui décrit la coopérativité entre les

liaisons hydrogene ij et k/ s’écrit:

Enpr =Y €5 Pexp(—(rij — )% /2)exp(—(ry — 6)?/2) x A(ijkl)
00 (2.10)
+Y g5 P exp(—(rij — 6)*/2) exp(—(riy — 0)%/2) x A (i jkl)
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ou
NI 1, si(k,)=(i+1,j+1)etj=i+41=k+4,
\O, autrement,
(1, si(l) = (i+2,j-2), @.11)
N(ijkl) = 1, si(kl)=(i+2,j+2),
0, autrement.

Les parametres A(ijkl) et A’(ijkl) entrent en jeu dans la stabilisation des hélices-o et
feuillets-f (aussi bien paralleles qu’anti-paralleles) et des boucles et segments désor-
donnés. Les parametres egOOp et SEOOP, quant a eux, prennent en compte la propension

des acides aminés a former des feuillets-f3 ou des hélices-c.

2.1.1.2 Optimisation des parameétres du potentiel

Afin de maximiser la performance du potentiel OPEP en terme de prédiction de struc-
tures — c’est-a-dire afin qu’il puisse discriminer les structures natives des non natives —
261 parametres libres (i.e. les poids dans la fonction d’énergie) doivent étre calibrés a
I’aide d’un ensemble de structures connues. Cette calibration des parametres, a 1’aide
d’un algorithme génétique, satisfait plusieurs conditions sur la valeur d’énergie d’une
structure native (N) comparée aux énergies de structures quasi natives (QN) ou de struc-
tures leurres (L) tel que:

E(L)—E(N)>0
E(QN)—E(N) >0 (2.12)
E(L)—E(QN) >0

La fonction de colit pour chaque protéine est égale a -1 si ces conditions sont satisfaites,
et est égale a 0 autrement. L’ ensemble des structures choisies pour évaluer la fonction de
colit et calibrer les parametres du potentiel est composé d’une dizaine de protéines qui
ont des structures secondaires variées (certaines étant seulement ¢, d’autres seulement

B et d’autres étant un mélange o/f) et stables en solution sans contenir d’élements
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stabilisants comme les liaisons disulfure ou les acides aminés non-naturels [[76] pour un
total de 7626 structureﬂ De plus, les protéines sélectionnées ne dépassent pas 16 a 25
acides aminés de long pour permettre un bon échantillonnage des conformations.

Un ensemble de 16 autres protéines (pour un total de 20926 structures leurres) a ensuite
été utilisé pour valider la paramétrisation de OPEP. Pour ~80 % des protéines, OPEP
est capable d’identifier les structures natives ou quasi natives de facon discriminatoire et
sa performance est comparable ou supérieure a des programmes comme DOPE [77, 78],

ROSETTA [79-81], DFIRE [82] et ModPipe [83].

2.1.1.3 Applications

OPEP est donc un potentiel fiable pour la prédiction de structures natives ou quasi
natives, mais est aussi tres adéquat pour décrire la cinétique et la thermodynamique des
protéines. En effet, plusieurs études couplant le potentiel OPEP a la méthode d’échantil-
lonnage ART—nouveatE] ont reproduit des chemins de repliement en accord avec plusieurs
autres études numériques [69) 84, [85] et de nombreuses études de dynamique molécu-
laire avec échange de répliques avec OPEP ont réussi a caractériser correctement la ther-
modynamique de structures comme la structure 3 en épingle a cheveux de la protéine G
[62] et ABi6—22 [86].

Depuis, le potentiel a aussi été couplé a des dynamiques moléculaires HREMIﬂ pour
permettre 1’étude des premieres étapes d’agrégation de protéines entieres comme Af,
amyline et polyglutamine [63] 165, 166, 87, [88]] et a une méthode holographique de mou-

vements a grande échelle /2, 89].

2.1.2 Avantages et limites du potentiel

La simplification de la représentation des chaines latérales et le choix d’un solvant

implicite avec OPEP permettent de diminuer le colit numérique des calculs de forces,

IStructures leurres mépliées générées soit par dynamique moléculaire, par une méthode glouton
(greedy algorithm), ou disponibles sur une base de données publique.

2Technique d’activation-relaxation.

3Hamiltonian Replica Exchange Molecular Dynamics.
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opération la plus coliteuse d’une dynamique moléculaire. Dans une simulation de dy-
namique moléculaire avec OPEP, on peut ainsi accéder a des systeémes a plus grande
échelle sur des temps plus longs, permettant d’atteindre des tailles et temps de plus en
plus pertinents d’un point de vue expérimental, en particulier pour I’étude des oligomeres
amyloides. Un potentiel gros-grain a la résolution d’OPEP permet aussi de qualifier
les tendances intrinseques générales d’un systeme et est particulierement adapté pour
décrire le caractere universel de ces oligomeres amyloides, qui ont des propriétés qui ne
dépendent pas de la séquence, et I’effet potentiellement biaisé d’un potentiel se ressentira
ainsi moins sur de tels systemes.

D’un autre c6té, le détail des chaines latérales peut s’avérer crucial dans certains
mécanismes protéiques; dans le cas d’intérét ici, la formation de la structure cross-f3.
Il manque alors a notre description la possibilité de former un motif d’interdigitation
des chaines latérales qui est responsable de la stabilisation de la structure cross-f3 des
agrégats amyloides. Une partie de la solution a ce probleme serait 1’utilisation d’un po-
tentiel hybride, inspiré d’OPEP avec certaines chaines latérales représentées tout-atome,
développé récemment par Lilianne Dupuis, couplé a la méthode ART-nouveau et a une
méthode holographique multi-échelle [72, [89]] dont les résultats préliminaires sont tres
prometteurs.

La description implicite du solvant réduit de facon significative la taille du systeme
et permet aussi d’accélérer considérablement 1’échantillonnage des conformations des
protéines de par I’absence d’effets de frottements avec le solvant. Cet absence de vis-
cosité peut cependant affecter la dynamique de certaines protéines et, dans le meilleur
des cas, un traitement des simulations avec une dynamique de Langevin, tenant compte
de la viscosité du solvant, serait souhaitable [90]. Cependant, puisque nous étudions
des courtes séquences monomériques qui ne se replient pas sur elles-mémes, mais qui
s’attirent entre elles, 1’effet implicite de 1’eau suffit a nous donner une bonne idée de
I’influence générale de la présence d’un solvant sur 1’agrégation et nous n’avons pas be-
soin de quantifier I’interaction entre les monomeres et I’eau.

D’autre part, dans un solvant implicite, tous les effets du solvant ne peuvent pas €tre re-

produits, en particulier si des molécules d’eau jouent un role spécifique dans une région
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spécifique de la protéine. Dans notre cas, I'interaction entre les peptides amyloides et
les molécules d’eau a I’échelle microscopique ne joue un réle que dans le maintien de
la structure cross-f [32]]. De plus, aucun role important spécifique des molécules d’eau
n’a été démontré dans le processus d’agrégation outre 1’effet global macroscopique sta-
bilisant ou déstabilisant de la présence de I’eau autour d’agrégats solubles ou insolubles.
De nombreux modeles tout-atome existent pour modéliser 1’eau (SPC, SPC/E, TIP3P,
TIP4P et TIPSP) [91]], mais il y a beaucoup de débat autour de leur validité et de leur
robustesse et la modélisation de I’eau est tout un probleme en soit qui requiert encore

beaucoup d’avancées algorithmiques.

2.2 Dynamique moléculaire

Puisqu’on ne connait pas a priori le chemin de formation ou méme la structure exacte
des oligomeres amyloides de GNNQQNY, des méthodes comme umbrella et transition-
path sampling, qui permettent d’étudier la transition entre deux états connus pour des
événements rares, n’auraient aucune utilité. Au contraire, nous cherchons plutot a faire
de la prédiction de structures combinée a une recherche dans I’espace des conformations
sans connaissance de 1’état oligomérique, mais avec une connaissance détaillée de 1’état
fibrillaire (qui correspond a une des possibilités mécanistiques de formation des pro-
téines amyloides) et nous cherchons aussi a caractériser un phénomene cinétique avec le
moins de biais possible sans connaissance structurelle des intermédiaires impliqués. La
dynamique moléculaire nous permet d’atteindre de tels objectifs.

Un protocole standard de dynamique moléculaire consiste en trois étapes:
1. Une procédure de minimisation
2. Une phase de thermalisation

3. La production d’une trajectoire
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2.2.1 Description de la méthode
2.2.1.1 Conditions initiales

Au tout début de la simulation, les structures sont converties en format et représen-
tation OPEP puis placées dans une boite cubique périodique. Les conditions aux fron-
tieres créent un environnement périodique autour de la boite de simulation, pour imiter
la présence d’une infinité de copies du systeme en contact par chaque face. Ainsi, si un
monomere sort d’un coté de la boite, il réapparaitra de 1’autre coté avec la méme vitesse
et la méme direction pour lui permettre de revenir interagir avec le reste du sytéme.
L’ utilisation de conditions aux frontieres périodiques nous permet donc d’avoir une con-
centration constante et de maintenir un certain degré d’interaction entre les monomeres

du systeme tout en les laissant diffuser.

2.2.1.2 Minimisation

L’étape de minimisation sert a relaxer les liaisons et angles déformés et les contacts
incorrects qui pourraient avoir été générés lors de la construction de la structure initiale et
s’assure de minimiser 1’énergie potentielle (soit la force sur tous les atomes) et 1’énergie
cinétique (soit la vitesse de tous les atomes) du systeme. Initialement, les vitesses des
atomes sont aléatoires. La minimisation se fait ensuite, dans nos simulations, au travers
d’une dynamique moléculaire amortie. Une recherche est alors effectuée dans I’espace
des conformations en amortissant les vitesses, a partir d’un point arbitraire, et la direction
choisie, celle de la force ?, est celle qui minimise la puissance P = il—]f = V. F Apres
10 000 pas de dynamique moléculaire amortie, la minimisation est réussie si la force

F < 0.2 keal /mol /A et que la puissance P est proche de 0.

2.2.1.3 Thermalisation

La thermalisation dans le cas particulier de nos simulations se fait en cinq étapes
de 10 000 pas ou la température est progressivement augmentée jusqu’a atteindre la
température cible, définie par la distribution de vitesses des particules du systeme.

D’apres le théoreme d’équipartition, chaque degré de liberté a une énergie kg7 /2 en
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moyenne a I’équilibre. Pour un systeme de N particules, I’énergie cinétique moyenne du

systeme est donc donnée par:

13N

( _ 3NkgT
2

(Ecin) = mv?) = > (2.13)

i=1
ou i désigne la i-ieme particule du systéme, m; sa masse, v; sa vitesse, kg est la constante
de Boltzmann et T est la température. Ainsi, la distribution de vitesses, définie suivant

une distribution de Maxwell-Boltzmann, satisfait la condition:

_ kT
=

(v?) (2.14)

ou T est la température progressivement augmentée en cinq étapes durant la thermalisa-

tion et est la température cible pour le reste de la simulation.

2.2.1.4 Simulation

La production de la trajectoire en dynamique moléculaire se fait ensuite a tempéra-
ture constante. Pour simuler les mouvements des particules sous I’effet du potentiel
OPEP, la méthode d’intégration des équations du mouvement utilisée est 1’algorithme

“velocity-Verlet” [92] tel que, a chaque nouveau pas de simulation au temps ¢ + 7:

I’,’(l‘—f— T) = I’,’(l‘) —I—V,'(l)f—f— 3T
2.15)

F(t)+F(t+1)
2m;

vi(t+7) =vi(t) + T

ou ¢ est le temps et T est le pas de simulation qui est égal a 1.5 fs. F;(r) et Fi(t + T) sont
les ancienne et nouvelle forces sur la particule i obtenues a partir des positions atomiques
et suivant le potentiel OPEP. r;(r + 7) est la nouvelle position de la particule i au temps
t + 7, ri(t) est ’ancienne position de la particule au temps ¢ et similairement pour les
vitesses v;(t + T) et vi(1).

L’algorithme de contrainte RATTLE [93] est appliqué a I’intégration des équations du
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mouvement, pour tenir compte des contraintes rigides appliquées sur les liaisons, dont la
période de vibrations est en moyenne de 1’ordre de quelques fs [94], ce qui nous permet
d’augmenter le pas de temps des simulations, et donc I’efficacité, sans dégrader la qualité
de la trajectoire.

Afin de maintenir la température constante au travers des vitesses des atomes, un
couplage a un bain thermique de Berendsen est effectué. Les équations du mouvements
sont alors modifiées par I’ajout d’un terme qui contrdle le taux de relaxation du couplage

au bain. Ainsi les vitesses, gouvernant la température, sont multipliées par un facteur ¢

_ L (i D
a_¢1 %<1 T) (2.16)

ou 7 est le pas de simulation, 7, est le temps associé au couplage (100 fs dans notre

tel que:

cas), Ty est la valeur cible de la température et T est la température cinétique instantanée

[95, 96].

2.2.2 Avantages et limites de la méthode

[’avantage d’utiliser la dynamique moléculaire est la possibilité d’étudier 1’évolu-
tion temporelle d’un systeme biologique, mais aussi ses proporiétés a I’équilibre, ce qui
en fait un outil parfaitement adapté pour 1’étude des structures oligomériques amyloides
et de leur cinétique d’agrégation. La méthode d’intégration numérique des équations du
mouvement, “velocity-Verlet” est préférée ici car c’est un algorithme stable, reversible
dans le tempﬂ et efficace puisqu’il n’est pas nécessaire de garder plus d’une génération
de vitesses, positions et forces en mémoire pour évaluer le pas suivant. Le couplage
a un bain thermique de Berendsen est une facon simple et efficace de maintenir une
température constante et est facile a implémenter. Cependant, la présence d’un tel ther-
mostat supprime les fluctuations d’énergie cinétique du systeme puisque la température

est corrigée pour que toute déviation diminue exponentiellement selon:

dr  To—T
d 1.

(2.17)

4j e. 1a simulation suit le chemin exactement inverse sous la transformation ¥ < —v.
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et donc ne génere pas un réel ensemble canonique, en particulier pour les petits systemes.
En revanche, pour des systemes approchant la centaine ou le millier de particulesﬂ
I’approximation de Berendsen est satisfaisante. Une solution pour remédier au prob-
leme d’ensemble serait d’implémenter une dynamique de Langevin [90] ou d’utiliser un

thermostat de Nosé-Hoover [97] pour générer un ensemble canonique correct.

2.3 Echange de répliques en dynamique moléculaire

Le but de la méthode d’échange de répliques est d’améliorer 1’échantillonnage de
I’espace des phases a travers une recherche stochastique des conformations accessi-
bles a un systeme, en permettant aux conformations, bloquées dans un minimum lo-
cal sur le paysage énergétique de repliement d’une protéine [98]|(Fig. [2.2)), d’explorer
plusieurs minima d’énergie et de pouvoir capturer des événements rares [99]. La méth-
ode d’échanges de répliques est une méthode tres populaire qui consiste a lancer plusieurs
simulations de dynamique moléculaire en parallele et a des températures différentes.
Chaque paire de trajectoires adjacentes, en températures, peuvent alors se voir échanger
leurs températures, tous les 5000 pas, suivant une probabilité déterminée par le critere

de Métropolis:

1 1
! J

ou la trajectoire i a une énergie E; a température 7; et la trajectoire j a une €nergie E;
a température 7;. Les trajectoires peuvent ainsi visiter des basses comme des hautes
températures, permettant au systeme d’acquérir une plus grande flexibilité dans ses con-
formations. Cette méthode permet de caractériser efficacement les propriétés thermody-
namiques d’un systeéme au détriment de 1I’information dynamique que nous procurerait

une dynamique moléculaire simple.

Scomme nos trimere, dodécamere, 20-mére et 50-mére GNNQQNY.
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Figure 2.2: Paysage énergétique de repliement d’une protéine. (Dill, 1997)

2.3.1 L’importance du choix de températures

Lorsqu’on choisit I’échange de répliques en dynamique moléculaire, le choix et la
taille de la distribution de températures sont cruciaux afin de permettre le meilleur échan-
tillonnage possible. Cette distribution doit refléter le comportement de 1’énergie poten-
tielle du systeme en fonction de la température et, au point de fusimﬂ i.e. dans les
régions de températures ol cette €nergie varie soudainement, les températures de la dis-
tribution choisie pour les échanges de répliques doivent €tre rapprochées afin d’optimiser
les échanges entre les trajectoires et d’assurer un échantillonnage uniforme. Si les
températures ne sont pas suffisamment rapprochées autour du point de fusion, le sys-
teme risque de voir ses configurations potentiellement bloquées dans un minimum local
d’énergie puisque le critere de Métropolis, basé sur la facilité de recouvrement des én-
ergies entre deux trajectoires, sera difficilement satisfait. La difficulté est de pouvoir
prédire avec suffisamment de précision ou se trouve le point de fusion avant de déter-
miner la distribution de températures et, dans certains cas, une distribution de tempéra-

tures autocorrective pourrait étre un atout pour obtenir un meilleur échantillonnage au-

%Température de transition entre les états ordonnés et désordonnés du systeme.
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tour de cette transition. L implémentation de la méthode des échanges de répliques pour
des systemes de taille importante, pour lesquels le besoin d’avoir beaucoup de répliques
est nécessaire pour un échantillonnage uniforme, peut aussi devenir un probleme d’un
point de vue du cott CPU, mais pour des systemes de I’ordre du 50-mere GNNQQNY,

le nombre de répliques requises ne dépasse pas 40.

2.4 Analyse des résultats

Jai congu et amélioré des outils d’analyse afin d’extraire les propriétés statistiques
des structures obtenues en simulations REMD, mais aussi pour étudier les propriétés
cinétiques d’agrégation en dynamique moléculaire simple pour I’étude du systeme GN-

NQQONY.

2.4.1 Détermination de clusters

La majeure partie de I’analyse des simulations présentées dans cette these a été ef-
fectuée a I’aide d’un outil de détermination de clusters, dont I’algorithme est adapté pour
I’assemblage de courts peptides, et concu pour classifier les groupes — ou clusters — de
feuillets-B qui composent une structure. Nous supposons ici que tous les clusters qui
se forment sont des feuillets-f3, de par la forte propension de la séquence GNNQQNY a
former des feuillets-f3 seulement. La classification et la détermination des clusters sont
basées sur I’attachement séquentiel des brins, c’est-a-dire sur les liaisons hydrogene
qui les relient a I'intérieur d’un feuillet. En d’autres termes, si trois brins A, B et C
sont séquentiellement attachés dans un méme feuillet-f tel que A forme des liaisons hy-
drogene avec B et B avec C, alors I’algorithme identifie le cluster comme étant le trimere
ABC. Le critere de définition d’une liaison hydrogene est similaire a la définition DSSP

[100], selon laquelle une liaison hydrogene a lieu entre deux acides aminés différents si:

1 1 1 1
E =0.084 ( + — — —) x 332 kcal/mol < —0.5 kcal/mol (2.19)

FroN TCH FoH TCN
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ou E est I’énergie électrostatique de liaison entre les deux acides aminés, C et O sont
les atomes du groupe carboxyle du premier acide aminé et N et H sont les atomes du
groupe amine du deuxieme acide amin€. Les r;; sont les distances entre les atomes i et
Jj- Un peptide, ou brin, appartient donc a un cluster s’il est attaché a un autre brin par
au moins une liaison hydrogene. Un critere est aussi appliqué sur les angles dihédraux
Y et ¢ pour déterminer si un brin posséde suffisamment d’acides aminés en conforma-
tion B (au moins trois par brin pour le 20-mere et un minimum de un par brin pour le
SO—méreE[) pour appartenir a un cluster. Si les angles y et ¢ correspondent a la région
B du graphe de Ramachandran [75]: w(en degrés): [-180:-150;0:180], ¢(en degrés):
[-180:0;150:180], un acide aminé est en conformation 3. Ainsi, si un peptide n’a pas
assez d’acides aminés en conformation f3, il est exclu du cluster. La détermination de
clusters nous permet aussi de calculer des propriétés structurelles comme la longueur
des feuillets-, 1’orientation des brins dans les feuillets (i.e. paralleles ou antiparalleles),
la proportion de feuillets completement paralleles ou completement antiparalleles, mais
aussi le degré de décalage des brins dans un feuillet.

Pour suivre I’évolution des propriétés cinétiques, 1’algorithme permet aussi de calculer
les taux d’association et de dissociation des clusters et de rassembler des statistiques
sur les événements cinétiques microscopiques. Si on considere N, la concentration de
g—méreﬂ pendant un processus d’agrégation, les phénomenes d’association et de disso-
ciation peuvent se produire soit une molécule (un brin) a la fois (processus d’élongation
de clusters par addition/perte de monomeres) ou bien plusieurs molécules a la fois (soit
un processus de fusion/fragmentation d’oligoméreﬂ ou bien un processus de forma-
tion/destruction d’oligomeres de/en monomeres) respectivement. Le taux net de création
de g—meres est donné par:

AN,

X~ _ ngno + ;niqo - ( ;n_ﬁ;fo +D?ono> +C§lig0 _Dgligo (2.20)

"Le prérequis de trois acides aminés en conformation f8 est trop discriminatoire pour les clusters du
50-mere.

8cluster de g molécules.

9Un oligomere ici est défini comme étant tout agrégat constitué de deux molécules ou plus.
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ol Cg'" et D" sont le taux de création de (g — 1)—méres en g—meres et le taux de
destruction de (g + 1)—meres en g—meres alors que Co"*° and D sont les taux de
création et de destruction de g—meres soit directement de/en monomeres ou issus de la
fusion/fragmentation d’oligomeres. Tous les taux sont extraits par le code de détermina-

tion de clusters.

2.4.2 Autres outils d’analyse

Pour I’analyse thermodynamique des simulations REMD, la méthode d’analyse des
histogrammes par assignation de poids (PTWHAM) est utilisée [101]. Cette analyse

nous permet d’extraire la chaleur spécifique

C = (g—?) (2.21)
v

ou E est I’énergie potentielle du syteme et T est la température. Le pic de chaleur spé-
cifique en fonction de la température permet d’identifier la température de fusion, tran-
sition entre les états ordonnés et désordonnés d’un systeme. Lorsque le pic de C, est
stable (i.e. a température fixe) dans le temps, la simulation a convergé, c’est-a-dire que
le systeme a atteint un équilibre thermodynamique. D’autres quantités comme le rayon
de gyration R, peuvent étre extraites de 1’analyse WHAM.

Le programme STRIDE [[102] est utilisé pour tout calcul de structure secondaire en de-

hors de la détermination de clusters.

2.5 Conclusion

Les méthodes de simulations et les outils d’analyse présentés dans ce chapitre con-
stituent un ensemble d’algorithmes innovateurs visant a améliorer notre compréhen-
sion physique du comportement des systemes biologiques complexes, dans notre cas
I’agrégation du peptide GNNQQNY en agrégats amyloides. Les résultats obtenus de

notre étude numérique des premieres étapes d’agrégation de ce peptide sont détaillés



dans les chapitres 4, 5 et 6.
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CHAPITRE 3
CINETIQUE D’AGREGATION AMYLOIDE

Ce chapitre résume les points essentiels de la cinétique d’agrégation des protéines
amyloides, développés plus en détails dans ’annexe 1, notamment les modeles soulig-
nant I’importance de la présence d’especes intermédiaires. Ces aspects de la cinétique
d’agrégation seront ensuite explorés plus en détails dans le chapitre 5 dans le cas partic-

ulier de la séquence GNNQQNY.

3.1 DP’assemblage des protéines amyloides: un processus complexe de nucléation

Les protéines amyloides présentent un comportement cinétique cohérent avec un
phénomene de croissance par nucléation, tel qu’observé expérimentalement dans de
nombreux cas. Cependant, ces phénomenes d’assemblage ne sont pas exactement bien
décrits par la théorie classique de la nucléation et des éléments importants pour les
décrire manquent a la théorie classique. Cette section se veut un court résumé des plus
récents modeles, détaillés dans I’annexe 1, qui viennent expliquer ces éléments afin de
compléter la théorie classique de la nucléation pour tenter de mieux comprendre et re-

produire la cinétique d’agrégation amyloide.

3.1.1 Nucléation et fibrillisation

Un phénomene de croissance par nucléation a lieu lorsque la polymérisatio ne
peut avoir lieu qu’apres la formation d’un noyau métastable critique qui nécessite le
surmontage d’une importante barriere d’énergie libre (Figure lorsque le systeme est
supersaturé, tel que dicté par la théorie classique de la nucléation [103-106]].

Cette méme théorie ne prévoit, cependant, qu’un seul niveau de nucléation homogene
et des modeles complémentaires [107-109] ajoutent un second niveau de nucléation

(nucléation secondaire) pour décrire la fibrillisation de certaines protéines amyloides

'a croissance en fibres, aussi appelée fibrillisation
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Figure 3.1: Barriéere d’énergie libre typique pour la formation d’un noyau critique.
Un noyau critique se forme lorsque le maximum d’énergie libre est surmontée par un
agrégat. (Ferrone, 1999).

tels qu’observés expérimentalement. La nucléation secondaire peut se manifester sous
plusieurs formes comme la fragmentation ou la nucléation hétérogene: la fragmenta-
tion consiste a augmenter le nombre d’extrémités de fibres disponibles pour recruter des
monomeres, agissant ainsi a titre de sites de nucléation [104, [109-114]. La nucléation
hétérogene, quant a elle, consiste en la formation de nouveaux sites de nucléation le long
d’une fibre existante et amenant a un phénomene d’épaississement des fibres [29, [115-
120]. Les phénomenes de nucléation secondaires sont ainsi nécessaires a la description
du phénomene d’agrégation de nombre de protéines amyloides et expliquent une crois-
sance exponentielle des fibres lors de la polymérisation alors que la théorie classique
de la nucléation prédit une vitesse de croissance quadratique. Une deuxieme différence
avec la théorie classique est la dépendance du comportement cinétique a la concentra-
tion initiale de monomeres présents en solution. Alors que la théorie classique de la
nucléation prévoit que le phénomene de croissance par nucléation dépende fortement de
la quantité initiale de monomeres, un modele incluant la nucléation secondaire prévoit

une dépendance notablement plus faible, confirmant ainsi plusieurs observations expéri-
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mentales [107-109] (voir Annexe 1).

D’autres éléments manquant a la théorie classique de la nucléation incluent également
la nature biochimique méme de la séquence en acides aminés de la protéine considérée.
En effet, plusieurs propriétés des protéines amyloides comme le degré d’hydrophobicité,
la présence de résidus aromatiques ou bien la présence de motifs alternant résidus hy-
drophobes et hydrophiles, augmentent de maniere significative le taux de nucléation
amyloide dans divers cas alors que d’autres propriétés comme la charge diminuent la
vitesse d’agrégation [121]. Les effets extrinseques de 1’environnement cellulaire d’une
protéine amyloide peuvent également jouer un rdle non négligeable sur le taux de nu-
cléation comme le pH, la température ou encore la présence d’une surface qui facilitent
la nucléation [118]]. Une vision d’ensemble est alors nécessaire afin de comprendre tous
les parametres en jeu qui dictent la dynamique d’agrégation chez les protéines amyloides
et un des facteurs les plus importants a également considérer est le réle que jouent les

espéces intermédiaires dans le processus d’assemblage des protéines en fibres.

3.1.2 Role des especes intermédiaires dans la fibrillisation

Les oligomeres, espece toxique préliminaire formée lors de la fibrillisation, peuvent
mener a plusieurs morphologies suivant les protéines et les mécanismes en jeu : les
oligomeres sphériques désordonnés amorphes et les oligomeres protofibrillaires plus or-
donnés qui ressemblent structurellement aux fibres. Leur role est tres important dans le
mécanisme de formation des fibres et plusieurs modeles cinétiques les ont ainsi intégrer
pour expliquer certaines observations expérimentales. Notamment, pour la protéine Af3,
un modele proposé [122]] suggere que les protofibres participent a la formation de fibres
et sont créées par un processus de nucléation (Figure [3.2] (a)). En parallele, d’autres
hypotheses [33, 43] existent sur la nature de I’association des protofibres en fibres (Fig-
ure [3.2] (b)) et sur leur réle potentiel de réservoirs de monomeres [123] (Figure [3.2(c)).

D’autre part, des modeles soulignent le rdle des oligomeres amorphes, soit comme es-
pece embryonnaire préliminaire au noyau critique lors d’un processus de nucléation par
addition de monomeres (103, 107, 112} 114} 124-129] (Figure (a)), soit comme ac-
teur principal d’un mécanisme de fusion d’oligomeres [43],[130-135] (Figure[3.3](b)) qui
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Figure 3.2: Modeles decrivant la fibrillisation a partir de protofibres pour la pro-
téine A (Walsh et al., 1997). (a) Fibrillisation de Af3 en tant que phénomene de nu-
cléation impliquant les protofibres. (b) Hypotheses sur la nature de 1’association entre
protofibres pour produire des fibres (Jansen et al., 2005) (c) Protofibres en tant que réser-
voirs de monomeres. Walsh er al. (1997).
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pourrait agir de concert avec le mécanisme de nucléation. Bhak et al. [131] proposent
alors que les fibres issues d’un processus de nucléation ou de fusion d’oligomeres ont
des morphologies différentes. Ainsi, un mécanisme de formation différent produirait des
fibres de morphologies différentes pour une méme protéine. Ce phénomene est appelé
polymorphisme et est une propriété tres répandue chez les protéines amyloides, notam-

ment pour la protéine AS [3]].

A
Oligomer Monomer
o
,@\ ] ™
@
@ — ;; —
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Physical or chemical
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[ . .
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Figure 3.3: Comparaison entre deux différents modeles décrivant la formation de
fibres en impliquant des oligomeres amorphes. par (a) un processus de croissance par
nucléation et (b) un processus de fusion d’oligomeres. Rochet and Lansbury (2000).

3.2 Conclusions

Les protéines amyloides subissent ainsi un mécanisme de fibrillisation a la cinétique
complexe dans lequel nombre de facteurs peuvent intervenir afin de faciliter la croissance
en fibres. Dans le chapitre 5, nous explorons les mécanismes microscopiques de la
cinétique d’agrégation du 20-mere de GNNQQNY en termes des éléments résumés dans
ce chapitre et développés plus en détails dans I’annexe 1. Nous explorons également
le degré de polymorphisme présent pour les agrégats allant du trimere au 50-mere de

GNNQQNY dans les chapitres 4 et 6.



CHAPITRE 4

A MULTISCALE APPROACH TO CHARACTERIZE THE EARLY
AGGREGATION STEPS OF THE AMYLOID-FORMING PEPTIDE
GNNQQNY FROM THE YEAST PRION PROTEIN SUP35

4.1 Objectifs

Cette étude numérique multi-échelle, publiée dans le journal PLoS Computational
Biology (PLoS Comput Biol, 2011, 7(5): e1002051. doi:10.1371/journal.pcbi.1002051),
a pour objectifs d’étudier les premieres €tapes d’agrégation du peptide GNNQONY
pour des systémes de tailles différentes allant du trimeére au 20-mere. En combinant
I’efficacité d’un potentiel gros-grain a I’exhaustivité d’un potentiel tout-atome, les au-
teurs s’assurent de la stabilité et relevance de leurs résultats numériques. Cet article
explore la thermodynamique associée a I’agrégation d’oligomeres de GNNQQNY ainsi
que les morphologies accessibles a ces oligomeres. L'étude des oligomeres amyloides,
en tant qu’espece pathogene reconnue, est cruciale dans le contexte du développement

de molécules inhibitrices d’agrégats toxiques amyloides.

4.2 Contributions des auteurs

(Dans I’ordre d’apparition dans 1’article) Jessica Nasica-Labouze (JNL), Massi-
miliano Meli (MM), Philippe Derreumaux (PD), Giorgio Colombo (GC) et Nor-
mand Mousseau (NM) ont congu ensemble le plan d’action pour cette étude numé-

rique multi-échelle.
e JNL et MM ont réalisé les simulations, I’extraction et I’analyse des données.

e JNL, MM, PD, GC et NM ont chacun contribué a 1’élaboration des outils de sim-

ulations, d’extraction de données et d’analyse.

e JNL, MM, PD, GC et NM ont participé a la rédaction de I’article.
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e JNL était responsable de rassembler les travaux des trois groupes de recherches.

4.3 Author summary

The formation of amyloid fibrils is associated with many neurodegenerative diseases
such as Alzheimer’s, Creutzfeld-Jakobs, Parkinson’s, the Prion disease and diabetes mel-
litus. In all cases, proteins misfold to form highly ordered insoluble aggregates called
amyloid fibrils that deposit intra- and extracellularly and are resistant to proteases. All
proteins are believed to have the instrinsic capability of forming amyloid fibrils that share
common specific structural properties that have been observed by X-ray crystallography
and by NMR. However, little is known about the aggregation dynamics of amyloid as-
semblies and their toxicity mechanism is therefore poorly understood. It is believed that
small amyloid oligomers, formed on the aggregation pathway of full amyloid fibrils,
are the toxic species. A detailed atomic characterization of the oligomerization process
is thus necessary to further our understanding of the amyloid oligomer’s toxicity. Our
approach here is to study the aggregation dynamics of a 7-residue amyloid peptide GN-
NQQNY through a combination of numerical techniques. Our results suggest that this
amyloid sequence can form fibril-like structures and is polymorphic, which agrees with
recent experimental observations. The ability to fully characterize and describe the ag-
gregation pathway of amyloid sequences numerically is key to the development of future

drugs to target amyloid oligomers.

4.4 Abstract

The self-organization of peptides into amyloidogenic oligomers is one of the key
events for a wide range of molecular and degenerative diseases. Atomic-resolution char-
acterization of the mechanisms responsible for the aggregation process and the resulting
structures is thus a necessary step to improve our understanding of the determinants of
these pathologies. To address this issue, we combine the accelerated sampling properties
of replica exchange molecular dynamics simulations based on the OPEP coarse-grained

potential with the atomic resolution description of interactions provided by all-atom MD
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simulations, and investigate the oligomerization process of the GNNQQNY for three
system sizes: 3-mers, 12-mers and 20-mers. Results for our integrated simulations show
a rich variety of structural arrangements for aggregates of all sizes. Elongated fibril-like
structures can form transiently in the 20-mer case, but they are not stable and easily in-
terconvert in more globular and disordered forms. Our extensive characterization of the
intermediate structures and their physico-chemical determinants points to a high degree
of polymorphism for the GNNQQNY sequence that can be reflected at the macroscopic
scale. Detailed mechanisms and structures that underlie amyloid aggregation are also

provided.

4.5 Introduction

The aggregation of soluble peptides and proteins first into soluble oligomeric assem-
blies and then into insoluble amyloid fibrils is associated with the onset of misfolding
diseases such as Alzheimer’s disease, Parkinson’s disease, type II diabetes and transmis-
sible spongiform encephalopathies 25,126, 136-138]]. Though there is no sequence simi-
larity, the final products of all amyloidogenic proteins display a similar cross-f3 structure
[32 147] and the soluble oligomers of several proteins appear to share similar struc-
tural properties [[11], suggesting common pathways for amyloid formation [11} 131, [139].
Structural similarity does not, however, exclude diversity or polymorphism in the inter-
mediates and products of amyloid assembly [2, 3,5 12} [13} 120, [140-147].

Many studies have shown that soluble oligomeric intermediates are more toxic than
the full fibrils themselves [9, [148]]. These transient oligomers include low molecular
weight aggregates (e.g. dimers [149] and tetramers [[150]]) and high molecular weight
species (e.g., B-sheet rich annular protofibrils similar to pore-forming toxins [14, 151~
153]]). While oligomers are considered as primary toxic species for most neurodegener-
ative diseases, there is recent experimental evidence that fragmentation or breakage of
fibrils can contribute to the kinetics of aggregation and the amyloid cytotoxicity itself
(109, [154].

One important way for investigating amyloid fibril formation, polymorphism and
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cytotoxicity is offered by short protein fragments. Among them, GNNQQNY, from
the N-terminal prion-determining domain of the yeast protein Sup35, is a paradigmatic
example of a short sequence with the same properties as its corresponding full-length
protein [27,[155]. These properties include an amyloid fibril with a core cross-f spine,
Congo-red binding and a nucleated-growth aggregation process [27]]. In particular, X-
ray diffraction of several micro-crystals provides a detailed atomic structure for differ-
ent GNNQOQNY fibrillar morphologies where the side chains form self-complementing
steric zippers [27, 132, 147, 48], [155]. As for all amyloid sequences, structural character-
ization of the intermediate GNNQQNY oligomers has been however precluded experi-
mentally due to the high complexity of the aggregation process, and the short-lived and
meta-stable character of the early aggregates.

Computer simulations have proved useful complements to experiments for looking
at the initial aggregation steps providing information, for example, about the presence of
amorphous states in dynamic equilibrium with fibrillar and annular states [60, [156H158]]
and the final steps of the polymerization-nucleation process [12, [15]. They can pro-
vide atomic-resolution insights into several factors, ranging from the effect of sequence
variations on aggregation tendencies to information on the stability of aggregates and
the kinetics of aggregation. Due to lighter computational costs, short peptides are more
amenable to simulations of the aggregation process than full-length proteins. For exam-
ple, a number of numerical works have characterized the structures and free energy of
small GNNQQNY aggregates ranging from 2-mers to 8-mers starting from disordered
states or studied the stability of pre-formed GNNQQNY assemblies with cross-f3 or an-
nular morphologies [12-14, [14-23]].

In this paper, we push the boundaries of the GNNQQNY oligomer size and investi-
gate, through a multi-scale simulation approach, the aggregation and polymorphism of
three GNNQQNY oligomer sizes: 3-mers, 12-mers and 20-mers. Our approach takes ad-
vantage of the accelerated sampling properties of replica exchange molecular dynamics
(REMD) simulations [99]] based on coarse-grained models and of the accurate descrip-
tion of the physico-chemical interactions between the peptides and the solvent by using

an all-atom model. More precisely, we first use REMD simulations [99] with the coarse-
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grained potential OPEP [52, 53], and then analyze the stability and conformational prop-
erties of selected aggregates by room temperature MD as well as REMD simulations
using the GROMOS force-field [91]. In total, we accumulated more than 23.60 s and
2.66 us of coarse-grained and all-atom simulations, respectively, allowing relevant sta-
tistical analysis. To our knowledge, the present study reports the largest simulations of
spontaneous self-organization carried out at the atomic resolution on an amyloid peptide
without any pre-formed seed. Overall, the results of our integrated simulations and anal-
ysis show the existence of a high degree of polymorphism for the GNNQQNY sequence,

even for oligomeric assemblies containing as many as 20 monomers.

4.6 Materials and methods

Simulations and analyses presented here couple a number of approaches, which are
described briefly in this section. The first set of simulations uses the coarse-grained
OPEP potential with replica-exchange molecular dynamics (REMD). These are followed
by all-atom simulations using GROMACS with MD and REMD. All simulations are la-
beled as follows: a number, which indicates the number of monomers, two letters indi-
cating the force field (OP for OPEP and GR for GROMACS), a letter or number indicat-
ing the simulation and a label for the specific conformation studied (when appropriate)

giving, for example: 010P2-Al.

4.6.1 Replica-exchange molecular dynamics (REMD)

REMD is a thermodynamical sampling method that requires the running of N MD
trajectories (or replica) in parallel at N different temperatures selected in order to op-
timize thermodynamical sampling [99]. At regular time intervals, conformational ex-
changes are attempted between adjacent simulation pairs according to the Metropolis

criterion with accept-reject probability:

1 1
! J
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where, before the exchange, trajectory i at temperature 7; has an energy E; and trajectory
J has an energy E; at temperature T .

This broadly used method allows for conformations in a deep local minimum to ex-
plore other regions of the energy landscape by migrating to higher temperatures. While
thermodynamical properties converge faster than with single temperature standard MD,
dynamical information is lost due to temperature exchanges. It is still possible, however,
to derive thermodynamically putative aggregation pathways by following the continuous

trajectories through temperature space.

4.6.2 The Optimal Potential for Efficient peptide-structure Prediction (OPEP)
force-field

OPEP is a coarse-grained protein model that uses a detailed representation of all
backbone atoms (N, H, Cg, C and O) and reduces each side chain to one single bead
with appropriate geometrical parameters and van der Waals radius. The OPEP energy
function, which includes implicit effects of aqueous solution, is expressed as a sum of
local potentials (taking into account the changes in bond lengths, bond angles, improper
torsions of the side chains and backbone torsions), non-bonded potentials (taking into
account the hydrophobic and hydrophilic properties of each amino acid) and hydrogen-
bonding potentials (taking into account two- and four- body interactions) [52]. OPEP
has been extensively tested on peptides using multiple approaches such as the activation-
relaxation technique [159], Monte Carlo [53]], MD [60] and REMD simulations [160],
and greedy-based algorithms [161, [162]. OPEP is also appropriate for simulations of
GNNQQNY. Preliminary test simulations on this peptide’s dimer indicate that, at 300 K,
the GNNQQNY relative orientation is a 60 to 40 probability in favor of the antiparallel
dimer with a least two hydrogen bonds. This result is in general agreement with what
was found by Strodel ef al. with CHARMMI19 and the implicit solvation potential EEFI

[19] where both orientations of the strands are visited with similar probabilities.
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4.6.3 OPEP simulation details

REMD were carried out using a 1.5 fs time-step, periodic boundary conditions with
box sizes depending on the systems and a weak coupling to an external temperature bath
[59, 162, 95]. Replica exchanges were attempted every 5000 steps and configurations
saved every 5000 steps. Initial structures for 3-mer and the 20-mer simulations were
constructed by placing random coil monomers between 12 Ato50 A apart (Fig. a)
and Fig. 4.2). For the 12-mer, the initial chains occupied four rows, with each peptide
separated from the others by 15 A (Fig. b)). Because of the extensive sampling of
REMD, all results are independent from this initial setup. For the 20-mer system, three
OPEP-REMD simulations were launched. A preliminary REMD simulation (200Pp)
was used to obtain a first estimate of the melting temperature (T,, = 283 K) and generate
some representative conformations for all-atom MD refinement. The 20 initial tem-
peratures were logarithmically distributed between 230 K and 450 K. Despite 200-ns
simulation per replica, we found that the configuration space was not optimally sampled
because of the existence of a large discontinuity in the potential energy when the system
orders. Thus, a Gaussian distribution of temperatures around 283 K was deemed prefer-
able to allow a better sampling of the phase space. The other two REMD simulations,
running for 400 ns at each temperature, were started from the same random configura-
tion (Fig. .2)), but with an optimized Gaussian temperature distribution centered around
283 K: 200P1 uses 20 temperatures (in Kelvins: 223.8, 249.2, 260.1, 266.0, 270.3,
273.8,277.1,280.1, 283.0, 285.9, 288.9, 292.2, 295.7, 300.1, 305.9, 316.8, 342.2, 370.1,
398.0, 426.0) and 200P2 uses 22 temperatures, with two more temperatures below the
transition, at 236.5 and 254.7 K, to increase exchanges between low-energy structures.
All REMD simulations are summarized in Table 411

Determining whether equilibrium has been reached, even for the trimer, is difficult. It
is always possible that a system is stuck in a minimum and thermodynamical properties
will then appear as though they are converged. Here, we use the specific heat to track
convergence. This quantity, the second derivative of the free energy, is very sensitive to

convergence at all temperatures, and provides a very stringent test even near transitions.
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Figure 4.1: Starting structures for a) the trimer and b) dodecamer. The concentration
for both systems is set at 4.15 mM. The random coil monomers are placed 15 A apart.

Figure 4.2: Starting structure with random coils and no seed for the 20-mer simu-
lations. The concentration is also 4.15 mM. The monomers are randomly placed 12 to
50 A apart.



46

Because we are mostly interested in the qualitative properties of the systems under study
here, we consider that a system is converged when the overall shape of the specific heat
near the transition is converged. This ensures that the dominant structures are found with

the proper weight, within the limits of our simulations.

4.6.4 OPEP analysis and structure selection

Analysis for these simulations was performed, in part, using a new clustering code
that enables us to identify the dominant configuration types in terms of clusters formed
in B-sheet structures based on strand attachment. The criterion set to define a hydro-
gen bond between two given strands is similar to the one used in the DSSP algorithm.
[163]. A cutoff of one hydrogen bond is used for distinguishing random from f-strands
since we are dealing with a very short sequence and not considering the hydrogen bonds
with the N-terminal glycines. The configuration types are defined here in terms of the
number of sheets and the number of strands per sheet in the structure. For instance, a
configuration type 8 7 5 for the 20-mer describes a structure with 3 -sheets containing
8, 7 and 5 strands, respectively. The clustering code also provides information about the
orientation of the strands in a B-sheet (i.e., parallel or anti-parallel), alignment of the
B-strands within a f3-sheet (i.e., in register or out-of register) and nature of the 3-sheets
(i.e. fully parallel, full anti-parallel or mixed orientations within a sheet). In addition
to the clustering analysis, a PTWHAM analysis [101] was also performed on all of our
data to compute thermodynamical properties.

In all cases, structures for all-atom simulations were taken among those of lower-
energy OPEP that resisted most efficiently to a temperature increase during replica ex-
changes. For one preliminary simulation (200Pp) however, the structures were selected

based on their frequency of occurrence.
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Length of
Length of OPEP  OPEP - LABEL of Temperatures min-max GROMACS - LABEL of GROMACS
simulations structures (K) & number reconstructed OPEP simulations Total number Temperature
(ns)® extracted® of temperatures'® extracted structures®  (ns)@ of atoms'® (K)®
3-mer 50x16 030P1-A 222.5-525 16 03-GR1-A 100 6504 300
030P1-B 222.5-525 16 03-GR1-B 100 5997 300
030P1-C 222.5-525 16 03-GR1-C 100 5619 300
030P1-D 222.5-525 16 03-GR1-D 100 5949 300
030P1-E 222.5-525 16 03-GR1-E 100 6621 300
12-mer 125x16 120P1-A 222.5-525 16 12-GR1-A 100 56271 300
120P1-B 222.5-525 16 12-GR1-B 100 40476 300
120P1-C 222.5-525 16 12-GR1-C 100 15381 300
120P1-D 222.5-525 16 12-GR1-D 100 16134 300
120P1-E 222.5-525 16 12-GR1-E 100 17157 300
20-mer 200x20 200Pp-A 234.6-447.6 20 20GRp-A1 100 25620 300
OPp
200Pp-A 234.6-447.6 20 20GRp-A2 100 25620 300
200Pp-B 234.6-447.6 20 20GRp-B1 100 27816 300
200Pp-B 234.6-447.6 20 20GRp-B2 100 27816 300
200Pp-B 234.6-447.6 20 20GRp-B3 (REMD) 10x12 27816 see text
200Pp-C 234.6-447.6 20 20GRp-C1 100 49674 300
200Pp-C 234.6-447.6 20 20GRp-C2 100 49674 300
200Pp-D 234.6-447.6 20 20GRp-D1 100 23746 300
200Pp-D 234.6-447.6 20 20GRp-D2 100 23746 300
20-mer 400x22 200P2-A 223.8-425.9 22 20GR2-A 100 21586 300
OP2
200P2-B 223.8-425.9 22 20GR2-B 100 24640 300
200P2-C 223.8-425.9 22 20GR2-C 100 23554 300
200P2-E 223.8-425.9 22 20GR2-E 100 26065 300
200P2-N 223.8-425.9 22 20GR2-N1 100 32206 300
200P2-N 223.8-425.9 22 20GR2-N2 (REMD) 10x12 32206 see text
This table presents simulations done with OPEP (coarse-grained potential) and GROMACS (all-atom potential).
@The total simulation time for OPEP REMD simulations in the format time_per_replica x number_of_replicas.
®'The label of the OPEP/GROMACS structures extracted. The label indicates the number of monomers, the potential used (OP for OPEP and GR for GROMACS), the
simulation index (1,2 or p (preliminary)) and the letter ID of the structure.
Mhe range of temperatures (in K) used for OPEP REMD simulations.
@The total simulation time for GROMACS simulations. MD simulations are indicated by only one number while, for REMD simulations, the total simulation time is given
in the format time_per_replica x number_of_replicas.
©The total number of atoms in the system including protein and solvatation water atoms.
OThe temperature used in GROMACS simulations (in K).
doi:10.1371/journal.pcbi.1002051.t001

Table 4.1: Details of all simulations run for the trimer, dodecamer and 20-mer sys-
tems. This table presents simulations done with OPEP (coarse-grained potential) and
GROMACS (all-atom potential). (a) The total simulation time for OPEP REMD sim-
ulations in the format time_per_replica x number_of_replicas. (b) The label of the
OPEP/GROMACS structures extracted. The label indicates the number of monomers,
the potential used (OP for OPEP and GR for GROMACS), the simulation index (1,2 or p
(preliminary)) and the letter ID of the structure. (c) The range of temperatures (in K) used
for OPEP REMD simulations. (d) The total simulation time for GROMACS simulations.
MD simulations are indicated by only one number while, for REMD simulations, the to-
tal simulation time is given in the format time_per_replica x number_of_replicas. (e)
The total number of atoms in the system including protein and solvatation water atoms.
(f) The temperature used in GROMACS simulations (in K).
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4.6.5 All-atom MD analysis of the conformational and stability properties of OPEP-

generated, selected oligomeric structures

The initial structures for all-atom, explicit solvent Molecular Dynamics (MD) sim-
ulations were built by reconstructing the atomic detail of selected conformations from
the OPEP coarse-grained runs. Reconstruction was carried out using the MAXSPROUT
server [164]. Refinement of side chain rotameric states was performed using the program
IRECS [[165! 166l], where the prediction is guided by a combination of potential inter-
action and rotamer scores calculated with probabilities from the backbone dependent
rotamer library. Resulting all-atom structures obtained with this procedure were first
minimized using the Macromodel package (Schrodinger Incorporated, USA) for 5000
steps with Polak-Ribier Conjugate Gradient method and an energy gradient criterion for
convergence set to 0.05 kJ/mol. This minimization protocol was intended to initially
remove unphysical contacts between atoms resulting from the reconstruction procedure,
and not to optimize structures. At this stage, the C, atoms were constrained to their
positions with the default force constant (25 kcal/mol Az).

The resulting minimized systems were then solvated in a cubic-shaped box large
enough to contain 1.0 nm of solvent around each initial aggregate. The simple point
charge (SPC) water model was used [167] to solvate each oligomer in the simulation
box. Each system was subsequently energy minimized with a steepest descent method
for 5000 steps. The minimization was considered to be converged when the maximum
force was smaller than 0.0001 kJ mol~! nm~!. The initial step size for minimization was
0.01 nm. The calculation of electrostatic forces was done with the PME implementation
of the Ewald summation method. The LINCS [168] algorithm was used to constrain
all bond lengths and the SETTLE algorithm [[169] for the water molecules. Simulations
were performed with a dielectric permittivity, € = 1, and a time step of 2 fs. Initial
velocities were taken from a Maxwellian distribution at the desired initial temperature of
300 K. The density of the system was adjusted performing the first equilibration runs at
NPT condition by weak coupling to a bath of constant pressure (PO = 1 bar, coupling time

TP =0.5 ps) [935] and the system was weakly coupled to an external temperature bath [95]]
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with a coupling constant of 0.1 ps. The proteins and the rest of the system were coupled
separately to the temperature bath. Table 4.l summarizes the simulation conditions and
number of peptides for each simulation. All simulations and analysis were carried out
using the GROMACS package (version 3.3) [[170-172] and the GROMOS96 43A1 force
field [173H176].

For all MD simulations, aggregates were simulated at 300 K for 100 ns. REMD
simulations were also used to investigate the stability and the conformational preferences
of two 20-mer aggregates. The replica exchange simulations were carried out using the
Solute Tempering REMD [177] protocol using the version implemented in GROMACS
by de Groot and coworkers [178]. Twelve temperatures between 308 K and 419 K were
selected according to [179] for an exchange probability of around 40 %.

4.7 Results/Discussion

The aggregation process for the three types of GNNQQNY oligomers — containing
3, 12 and 20 chains, respectively — was studied by a multi-scale approach consisting in
a preliminary, thorough exploration of the phase space through REMD with the OPEP
coarse-grained potential, followed by the refinement of the most representative aggregate
structures obtained via all-atom MD or REMD simulations in explicit solvent. The initial
concentration for the OPEP runs was around 4.15 mM. This concentration is 10 times
higher than the concentration at which amyloid GNNQQNY fibrils form in a few hours
according to Nelson et al. [32] allowing for the formation of ordered structures within
our simulation time frame. The diversity in the number of chains allows us to examine
possible intermediates and analyze molecular mechanisms of polymorphism in amyloid
aggregates.

For clarity, we first present and discuss results for the trimeric and dodecameric sys-
tems as they will serve as basis for understanding the results observed for the 20-mer

presented in the last part of this section.
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4.7.1 Simulations of trimeric systems
4.7.1.1 Coarse-grained simulations

Coarse-Grained REMD simulations were performed with 16 replicas for 50 ns at
temperatures discussed in the materials and methods section. Although the system is not
fully converged for the very low-temperature replicas, the PTWHAM-generated specific
heat computed over two different time intervals shows that the melting temperature, T,,,
is well-established at ~294 K (Fig. 4.3). Below this temperature, a clustering analy-
sis shows that GNNQQNY monomers are assembled into ordered structures with high
B-sheet content, while above T,,, the system visits mostly disordered structures with
very low secondary structure composition. The alignment of individual strands within
oligomers, the secondary structures and the configuration types of the aggregates are
summarized in Table 411l

Structurally, the trimer displays a strong tendency to form ordered planar 3-sheets
below T,, (Fig. 4.4] left part of the panel). These appear rapidly, within 1 to 8 ns, in a
mostly anti-parallel organization. Following trajectories leading to ordered structures,
we see that the three-stranded B-sheet is always preceded by the formation of a mostly
anti-parallel dimer seed. Averaging over all structures below T),,, we find that only a very
small proportion of structures just below T, consist of a two-stranded 3-sheet interacting
with one chain in coil conformation (1.9 %) or three random coil chains (1.1 %). The
peptides at a temperature just below T,, prefer an anti-parallel -strand order (87 % at
267 K) over a parallel arrangement (13 % at 267 K), while this proportion falls to 55—
60 % at the lowest temperatures. As seen in Table the three f3-strands prefer to
be perfectly aligned or in-registered at the lowest temperatures and are typically shifted
by one residue, i.e. out-of-registered, at temperatures close to the melting point. As
the temperature increases, the population of two-stranded and three-stranded 3-sheets
becomes very low, amounting to 8 % and 0 % at 333 K and 352 K, respectively. Except
for the lowest temperatures, where mixed parallel/antiparallel sheets are most common,
there is a clear dominance of fully antiparallel sheets for three-stranded structures while

fully parallel sheets are rare, even among the few three-stranded sheets found above T,
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Figure 4.3: Specific heat as a function of temperature for the trimer and dodecamer
systems. The specific heat is calculated over two time intervals for each system (trimer
on the left panel and dodecamer on the right panel). Both systems have converged over
the time windows displayed here.

where they reach 21 %, to 68 % for fully anti-parallel.

4.7.1.2 All-atom MD simulations

Five representative OPEP-generated structures, labeled 030P1-A, 030P1-B, 030P1-
C, 030P1-D and 030P1-E (Fig. [#.4] left side of the panel), were then subjected to all-
atom MD simulations as described in materials and methods. These structures can be
divided in two sets: 030P1-A, 030P1-B, 030P1-C are characterized by three-stranded
B-sheets with mixed parallel/anti-parallel §-strands, while 030P1-D and 030P1-E dis-
play a fully anti-parallel three-stranded 3-sheet.

As seen in the final structures of the all-atom simulations displayed in Fig. d.4] (right
side of the panel), the five structures show different evolutions after the 100 ns all-atom
MD. The three structures 030P1-A, -B and -D tend towards configuration types 2-1,
i.e. with one chain converted from fB-strand to random coil and the two other chains
enhancing their B-sheet contents. This inter-conversion is independent on the initial ori-

entation of the strands. In contrast, the other two structures 030P1-C and -E preserve
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Population
2225 K 2358 K 250.8 K 266.7 K 2834 K 300 K 313.8K
Trimer Configuration types (%)® 3 9.3 100 98.2 98.2 926 13 19
21 37 0 1.8 1.8 119 222 9.2
111 0 0 0 0 55 64.8 88.9
% parallel® 454 39.8 222 12 6.5 74 0
% antiparallel’® 546 60.2 77.8 88 88 24.1 56
% fully parallel sheets' 0 0 19 0 0 211 0
% fully antiparallel sheets 9.3 204 574 75.9 86.3 68.4 50
% mixed sheets 907 796 407 24.1 137 105 50
B-sheet content (%) 724 70.6 66.6 61.6 55.1 333 283
% Strands in-register/out-of-register by 1 residue’®  51.9/463  47.2/482  47.2/389  38.0/435  17.7/45.1 21.1/42.1 33.3/41.7
Dodecamer  Configuration types (%) 75 0 45 9.8 54.1 752 346 0
741 30.8 33.1 128 1.5 0.8 15 0
84 0 1.3 384 36.8 53 1.5 0
12 66.9 75 9 038 15 0.8 0
1M1 23 15 9 3 15 0.8 0
1011 0 9 6 0 3 1.5 0
% parallel®™ 323 313 40.9 47.9 419 379 17.1
% antiparallel’® 60.2 484 4538 46.7 495 411 16
% fully parallel sheets' 0 0.4 1.2 0.4 0.8 15.3 226
% fully antiparallel sheets"” 6.3 10.8 6.2 23 27 114 218
% mixed sheets” 937 88.8 926 97.3 96.5 733 556
B-sheet content (%)< 75.8 59.1 617 63.5 61.8 438 114
% Strands in-register/out-of-register by 1 residue’®  52.5/27.1 335/463  39.2/41.7  447/434  388/540  30.6/456  29.5/39.7
Temperatures above 313.8 K are not displayed here since they are populated essentially by conformations with random coil monomers with no secondary structure.
The percentages are calculated over all the structures obtained in the last 40 ns (trimer) and in the last 100 ns (dodecamer) of the OPEP REMD simulations, where the
systems have converged.
@The dominant configuration types (as described in the OPEP Analysis and Structure Selection section).
®IThe average amount of parallel and anti-parallel strands in the B-sheets formed. The sum of parallel and antiparallel strands in a structure does not always total 100%
if the structure sees strands in an undefined orientation, i.e. attached by only one hydrogen bond.
©The average amount of fully parallel, fully antiparallel and mixed sheets.
©@The average amount of residues in a p conformation.
©The average amount of strands in-register and out-of-register (by one residue) in p-sheets.
doi:10.1371/journal.pcbi.1002051.t002

Table 4.11: Structural characteristics for small aggregates as a function of temper-
ature. Temperatures above 313.8 K are not displayed here since they are populated
essentially by conformations with random coil monomers with no secondary structure.
The percentages are calculated over all the structures obtained in the last 40 ns (trimer)
and in the last 100 ns (dodecamer) of the OPEP REMD simulations, where the systems
have converged. (a) The dominant configuration types (as described in the OPEP Analy-
sis and Structure Selection section). (b) The average amount of parallel and anti-parallel
strands in the B-sheets formed. The sum of parallel and antiparallel strands in a structure
does not always total 100 % if the structure sees strands in an undefined orientation, i.e.
attached by only one hydrogen bond. (c) The average amount of fully parallel, fully
antiparallel and mixed sheets. (d) The average amount of residues in a 3 conforma-
tion. (e) The average amount of strands in-register and out-of-register (by one residue)
in f-sheets.
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Figure 4.4: Structures obtained for the trimeric simulations. We show, on the left-
handside panel, representative structures obtained from the OPEP simulations and, on
the right-handside panel, the representative structures obtained after all-atom MD re-
finements. 030P1-A,-B,-C,-D and -E were extracted respectively at 222.5 K (proba-
bility of occurrence for this B-strand organization: 91 %), 235.7 K (80 %), 250.8 K
(41 %), 266.7 K (76 %) and 283.4 K (86 %). 030P1-A to -C are mixed f-sheets while
030P1-D and -E are fully antiparallel B-sheets. The all-atom structures are represented
in secondary structure cartoon and only the tyrosines (most hydrophobic residues in the
sequence) are shown in blue sticks (hydrogen atoms are omitted).
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their three-stranded f3-sheet configurations and enhance their -sheet contents. Simula-
tion 03GR1-C keeps its starting mixed parallel/anti-parallel configuration of the strands;
in the simulation 03GRI1-E, one of the peptide flips orientation leading to a perfectly
aligned mixed f-sheet from an initial fully anti-parallel sheet.

Even though all-atom simulations cannot capture fully disordered chains within 100 ns
at 300 K, the coarse-grained and all-atom simulations indicate that both parallel and
anti-parallel arrangements can be found in multiple meta-stable two-stranded and three-
stranded structures, with various registers of hydrogen bonds contributing to the struc-
tural richness and conformational variability of the trimeric aggregates.

Our trimeric results point to the existence of three minima associated with parallel,
antiparallel and mixed parallel/antiparallel B-sheet structures, and are consistent with
previous computational studies at the all-atom level on the GNNQQNY trimer [17, 18,
23]]. Our conformational distribution for the trimer is not biased, therefore, from the
use of the OPEP coarse-grained potential. We emphasize that the population of the
fully parallel and antiparallel B-structures in small aggregates vary substantially with the
selected force field. Using CHARMM force field and the EEF1 implicit water model,
Wales et al. predicted equal populations for both states from free energy calculations
[19]. Lai et al. using multiple MD simulations with the Gromos force field and the SPC
explicit water models found many transitions between both states [[18]], while Reddy et
al. using the same Gromos force field and the SPC explicit water model predicted a

much higher population for the parallel geometry [20]].

4.7.2 Simulations of dodecameric systems
4.7.2.1 Coarse-grained simulations

OPEP-REMD was performed with the 16 replicas as in the case of the trimer, but
each for 125 ns. Within the first 25 ns, the system converges at low temperature to 3-
sheet rich structures where the strands prefer an antiparallel orientation, as for the trimer,
but with a lower melting temperature of 283 K (see Fig. #.3)) even though the potential en-

ergy per monomer in the ordered phase is much lower, reaching -37.0 kcal/mol/monomer
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for the 12-mer compared to -18.4 kcal/mol/monomer for the trimer, indicating a clear
bias toward aggregation and resulting in a much more marked peak in the specific heat.

Kinetically, the aggregation tendency for the dodecamer is to first form one or two
stable four-stranded B-sheets that show little dissociation and that trigger the transient
formation of one or two longer f3-sheets. The formation of a trimer that precedes the
four-stranded 3-sheet shows, however, a higher dissociation/association rate. Interest-
ingly, the tendency of the GNNQQNY sequence to form stable tetrameric aggregation
nuclei had already been noticed in a previous investigation on the system [17] and was
proposed by the Eisenberg group on the basis of entropic and energetic arguments [32].
The final stable ordered structures are shown in Fig. [.5] (left side of the panel).

As would be expected, a rich set of ordered configurations is visited for the 12-mer
(Table A.I0). Regrouping all structures below melting, the dominant conformation, vis-
ited 63 % of the time, is a two 3-sheet structure with a 7 or 8-strand sheet stabilized by
a smaller, 4-5 strand sheet positioned on top (Fig. @.5] structures 120P1-B to -E). Sin-
gle sheets, with 11 or 12 strands also appear with a frequency of 23.3 % below melting
(Fig. @.5] structure 120P1-A). Surprisingly, strand orientation probabilities vary signif-
icantly going from the 3-peptide to the 12-peptide system. As for the 3-peptide system,
the anti-parallel orientation is favored below melting for the 12-peptide system especially
at the lowest two temperatures where the probability of forming anti-parallel is between
60 % and 45 % compared to 30 % for the parallel. Then, as the temperature is increased,
the amount of parallel and anti-parallel orientation becomes almost the same, suggesting
that while anti-parallel orientation is energetically favored, it is rapidly overcome by the
entropic gain of mixing orientations. The alignment of the -strands is a mix of per-
fectly aligned strands and strands misaligned by one residue at all temperatures below
the melting point. Because sheets are longer than for the trimer, the 12-mer comprises
mostly B-sheets with strands in mixed orientations at low temperatures below T,, with
a low probability of forming fully parallel or fully antiparallel sheets (Table [4.II). Inter-
estingly in the few and much smaller sheets observed just above T,,, fully parallel and
antiparallel 3-sheets form with almost identical probability (data not shown), suggesting

that with slower growth, structures visited below T, could be more ordered.
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Figure 4.5: Structures obtained for the dodecameric simulations. We show, on the
left-handside panel, representative structures obtained from the OPEP simulations and,
on the right-handside panel, representative structures obtained after all-atom MD re-
finements. 120P1-A,-B,-C,-D and -E were extracted respectively at 222.5 K, 235.7 K,
250.8 K, 266.7 K and 283.4 K. 120P1-A (top left structure) is a long flat beta-sheet.
120P1-B to -E (second left to bottom left structures) are made of 2 beta-sheets facing
each other. Monomers forming f-sheets in the initial state are colored red or green.
These colors are kept in the final structure. The tyrosines are shown in blue sticks for the
all-atom structures. During the all-atom MD simulation the structures tend to be more
globular but the strands see no exchange between the 3-sheets, i.e. the red and green
B-sheets do not dissociate for the 12-mer system.
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4.7.2.2 All-atom MD simulations

The 5 most representative structures obtained from OPEP REMD (labeled 120P1-A
to 120P1-E) were further studied by all-atom MD. Representative structures obtained
from the latter simulations are shown in Fig. [4.5|right panel. The 120P1-A OPEP struc-
ture is characterized by the presence of a flat arrangement of -sheets. It undergoes
significant rearrangements during the all-atom evolution in explicit solvent (12GR1-A),
as shown by the time evolution of the radius of gyration (Fig. 4.11)), with the planar -
sheet breaking into four fragments of two- to four-stranded f3-sheets that assemble on top
of each other, with two central parallel B-sheets covered on both sides by a perpendic-
ular 3-sheet. The overall amount of 3-sheet structure is conserved during the all-atom
simulation (Table {.IV).

Structure 120P1-B is characterized by a mainly parallel twisted [3-sheet, with four
strands packed on top. This structure is not stable in the all-atom MD setting, simulation
12GR1-B, and evolves towards a compact globular structure as shown by the evolution
of the radius of gyration in time (Fig. 4.TT). Interestingly, the external side of the final
aggregate is lined with hydrophilic Asn and Gln side chains that provide favorable con-
tacts with the solvent. No specific order is observed for contacts among these side chains,
although some cases of interdigitation as seen in the final steric zipper are noticed. The
interior of the final aggregate is lined with Tyr aromatic side chains.

Such a supramolecular organization of the peptides may be representative of one of
the soluble intermediates on the pathway to fibril formation. Solubility is favored by the
presence of hydrophilic side chains on the external surface of the aggregate. At the same
time, the packing of the interior is not optimal, so that the resulting structure may not
be in the most favorable arrangement to ensure lasting stability. Water can also access
the interior of the globular aggregate, disrupting inter-strand hydrogen bonds, eventually
favoring conformational changes.

Structures 120P1-C and 120P1-D are similar to 120P1-B: the main difference is
that four strands pack with their long axis almost perpendicular to the long axis of the ex-

tended -sheet. The main difference between 120P1-C and 120P1-D is that the planes
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defined by the four strands have different inclinations with respect to the plane of the long
extended B-sheet. In the all-atom MD setting — simulations 12GR1-C and 12GR1-D —
these structures evolve to less globular, but more compact final arrangements than that
observed above, with most of the Tyr side chains in contact with the solvent (Fig. d.TT).
The exterior of the aggregates is lined with Asn, while the interior is more compact than
for 12GR1-A and 12GR1-B and packed with the side chains of Gln, that form a network
of van der Waals and hydrogen bonding contacts.

Finally, structure 120P1-E is characterized by two orthogonal twisted 3-sheets. The
OPEP structure is very stable: it does not undergo significant rearrangement during the
all-atom MD, contrary to the previous cases, and the 3-sheet content remains constant
(Table 4.IV). The oligomer is trapped in this conformation by the extensive contacts
packing determined by the Tyr side chains in the two sheets. Moreover, the inter-sheet
space is filled by Asn and GlIn side chains. However no specific packing into the ordered
steric zipper is evident.

Table 4.IV] recapitulates the conformational heterogeneity and plasticity of the 12-
mer aggregates. As a general case, the presence of explicit solvent tend to condense
OPEP-generated structures, at the expense of structured f-sheets and the associated
parallel-antiparallel structure, strand alignment and register. It must be kept in mind,
though, that MD simulations may be affected by sampling limitations associated with
the short runs and the presence of solvent.

Overall, the combined results indicate that the configurational richness increases
from the trimer to the 12-mer and that the critical nucleus has not yet been found.
Though, the strands do not see much exchange between sheets as seen in Fig.[4.5] While
ordered 12-mers are energetically much more favorable than the trimers, entropic factors
may be considered prevalent, favoring a wide variety of metastable structures. The pres-
ence of explicit solvent decreases significantly the stability of elongated 3-sheets either
by increasing the effective hydrophobic interactions or decreasing entropic gains, favor-
ing rather more compact structures. Different molecular mechanisms may be respon-
sible for the stabilization of different conformations, endowed with different solubility

properties. Indeed, we have observed globular-like structures with an external region
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decorated with hydrophilic groups that may determine the oligomers to be soluble in
aqueous solution. In contrast, more ordered structures with higher f3-sheet content ap-
pear to expose more hydrophobic area to the contact with the solvent. In turn, the latter
may recruit more monomers or preformed oligomers that can aggregate by the juxtapo-
sition of hydrophobic surfaces. The observations on the 12-mer systems also underline
the enormous structural diversity that characterizes the aggregation of amyloidogenic

peptides, which is reflected at the macroscopic level in a high degree of polymorphism.

4.7.3 Simulations of 20-mer systems

Next, we turned to the study of 20-mers in order to assess the importance of the
number of chains on the final supra-molecular organization and determine whether new

structural motifs can emerge.

4.7.3.1 Coarse-grained simulations

Three REMD simulations with OPEP were thus generated for the GNNQQNY 20-
mer systems: 200Pp, 200P1 and 200P2. A preliminary run 200Pp was run to identify
the four most common low-energy clusters, from which we extract the central structure
for each: 200Pp-A, 200Pp-B, 200Pp-C and 200Pp-D (Fig.[4.6] left panel). These were
used as starting points for MD simulations with GROMACS. The first three are two-sheet
structures while the fourth is a three-sheet configuration. What is particularly interesting
here is that we obtain a protofibril-like structure (200Pp-B) among the most dominant
clusters after only 200 ns starting from a random coil configuration. Interestingly, the
protofibril-like structure is possible but not dominant in this preliminary simulation.

Following this preliminary run, we have performed two additional simulations 400ns-
long 200P1 and 200P2 (Fig. to attempt to better sample the phase space to deter-
mine the degree of preference and the importance of the protofibril-like structure among
the morphologies accessible to that sequence for twenty peptides. Even after 400 ns,
however, neither simulation is fully converged and the melting temperature is evaluated,

from specific heat, to be at 280 K or higher, with ordered structures forming success-
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Figure 4.6: Structures obtained for the 20-mer preliminary simulations. The stable
20-mer structures obtained from OPEP’s preliminary simulation 200Pp are shown on
the left-handside panel. The final primary clusters obtained from the OPEP structures
with all-atom MD or all-atom REMD are displayed on the right-handside panel. 200Pp-
A,-B,-C and -D were extracted at 283.4 K. The color code is the same as in Fig. @
200Pp-A is composed of 2 perpendicular 3-sheets. 200Pp-B is a twisted f-sandwich
fibril-like structure. 200Pp-C is made of 2 sheets on top of one another. 200Pp-D
consists of a folded sheet (green) facing another shorter sheet (red). During the all-
atom MD simulation the structures tend to be more globular with the strands seeing
some exchange between the -sheets, i.e. the red and green f3-sheets from the OPEP
structures dissociate and re-associate during the all-atom MD simulations except for
structures 20GRp-D1 and -D2.
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fully below this temperature: the melting temperature is likely to continue to increase
with the simulation length as the average nucleation time for the density used here ap-
pears to be around 1 s based on the fact that slightly more than half the trajectories have
not yet visited ordered structures during the 400-ns simulation. In spite of this limitation,
we observe significant exchange among the trajectories below melting, suggesting that
these achieve some degree of thermodynamic equilibrium.

As for the 12-mer, aggregation is extremely favorable energetically. The melting
temperature for 200P1 varies between 280.4 K and 289.2 K during the last 200 ns of
simulation and the energy of ordered structures at the lowest temperature, 223.8 K, is
on average -27.8 kcal/mol/monomer for 200P1, as calculated from the PTWHAM anal-
ysis. For 200P2, the transition is happening between 260.2 K and 290.5 K and the
potential energy of aggregated structures at the lowest temperature, 223.8 K, is on av-
erage -28.1 kcal/mol, which is comparable to the energies of aggregated structures for
200P1. Those energies are about 10 kcal/mol/monomer above the dodecamer struc-
tures’ energies at 222.5 K: clearly, the structures generated for the 20-mer are not as
ordered as those found for the 12-mer due to the much longer time needed to sample
these energetically-favorable conformations, but also because the entropic loss associ-
ated with full-ordering is larger for the 20-mer. For both the 200P1 and the 200P2
simulation sets, random coil structures dominate at simulations whose temperature is
above 280 K.

Following specific trajectories, as they move through temperatures, it is possible to
identify sequences of steps leading to low-energy ordered structures. In the more than
25 such events observed in 200P1 and 200P2, the aggregation process is systematically
triggered by the formation of a few dimers, trimers and/or tetramers seeds. The confor-
mations obtained from both 200P1 and 200P2 are structurally similar in the sense that
they are almost always composed of three sheets composed of 5 to 9 strands each either
facing each other in a triangle-like or organized in a propeller-like or 3-sandwich confor-
mation (Fig. {.8)). Irrespective of the final shape, the system displays a strong tendency
to form B-sheets. The five final ordered structures selected from 200P2 and shown in

Fig. 4.8 are representative of all three REMD simulation sets: below melting, the 20-
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Figure 4.7: Specific heat as a function of temperature for the two 20-mer simulations
sets. The specific heat is calculated over two time intervals for the systems 200P1 (left
panel) and 200P2 (right panel) during the last 200 ns.

chain system mostly forms three 3-sheets, but can also form two-sheet structures. Look-
ing at the statistics collected for 200P1 and 200P2 (Table , we observe that various
three-f3-sheet configurations with juxtaposed f3-sheets containing 8-7-5 monomers or 9-
6-5 monomers are frequent below T,,. Two-f3-sheet systems appear to be less frequent
but are populated close to the melting temperature as well. Although, sheet lengths differ
slightly between simulations 200P1 and 200P2 for the dominant structures, the overall
results are consistent. We also observe a high number of possible -sandwich morpholo-
gies for the three-sheet configuration among the final structures obtained where some of
them see their three sheets facing each other in a triangle or twisted-around-each-other
arrangements (Fig. @ structures 200P2-A, -B, -C and -E). These topologies run from a
rather well defined 3-fold symmetry (200P2-E) to more disordered conformations with
little symmetry (200P2-A, -B and -C). The minimal f3-sheet unit contains four strands
in 200P2-E, five strands in 200P2-A,-B and six strands in 200P2-C. We note that the
structure 200P2-E is reminiscent of the recently proposed structure of Af1-40 fibrils
with a three-fold symmetry [5]. Interestingly, ordered two-sheet conformations with

one sheet slightly longer than the other, such as 11 9 and 12 8 (not shown, but close
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to 200P2-N, a 8 10 2 configuration in Fig. 4.8)), represent a significant fraction of the
accessible states either as a -sandwich —with an occasional insertion of a short 3-sheet
— or as two perpendicular sheets.

In both REMDs, the B-sheets have a high probability of being in a mixed anti-
parallel/parallel orientation state due to their length (over 70 % below T,,) (Table 4.III).
As for the dodecamer, as T rises, sheets become shorter and we notice a rise of fully
parallel sheets at the five temperatures above T, (data not shown). Contrary to the 3-
mer and 12-mer where the f-strands prefer an anti-parallel orientation below 300 K,
the parallel orientation of the strands is preferred in the 20-mer at all temperatures. The
extended chains are also dominantly perfectly aligned at the lowest temperatures and the
structures see a mix of perfectly aligned strands and strands misaligned by one residue
close to the melting point. The dominance of perfectly aligned strands and parallel ori-
entations of the chains is consistent with the experimental observations that GNNQQNY

fibrils display parallel B-strands [32]].

4.7.3.2 All-atom MD simulations of dominant clusters generated by OPEP-REMD
200Pp

Consistent with the protocols described above for the 3-mers and 12-mers, the dy-
namical properties of 9 selected oligomeric conformations generated by the OPEP sim-
ulations were refined by all-atom MD simulations in explicit solvent (see Table 4.I).

The first set of all-atom MD simulations was run on the structures selected from
200Pp calculations. OPEP runs identified two main types of 3D organization for the
20mer: extended B-sheet and globular-like structures. The former are characterized
by the presence of two parallel sheets, while the latter are characterized by a circular
organization of the strands, in a mostly parallel arrangement. The major representatives
of the extended f-sheet like structures obtained from OPEP are labeled 200Pp-B and
200Pp-C; the globular structures are recapitulated by 200Pp-A (which shows a compact
part packed by a more extended sheet) and 200Pp-D, see Fig.[d.6| Two sets of 100-ns

MD simulations, starting with different initial velocities, were run for each structure.
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Figure 4.8: Comparison of the structural properties between OPEP and GRO-
MACS structures for selected stable structures. The final primary clusters obtained
from the OPEP structures with all-atom MD or all-atom REMD are displayed on the
right-handside panel. 200P2-A,-B,-C,-E and -N were extracted respectively at 260.1 K,
249.2 K, 254.7 K, 265.9 K and 292.2 K. The different sheets are distinguished by either
a green, red or yellow color and the tyrosines are shown in blue sticks for the all-atom
structures. Structures 200P2-A,-B,-C and -E are composed of 3 sheets twisted around
each other while structure 200P2-N is a 2-sheet fibril-like conformation. During the
all-atom MD simulation the structures tend to be more globular with the strands seeing
some exchange between the 3-sheets, i.e. the red, green and yellow B-sheets from the
OPEP structures dissociate and re-associate during the all-atom MD simulations except
for the fibril-like structures 20GR2-N1 and -N2.
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Population
223.8K 249.3K 260.1K 2659K 270.3K 273.8K 277.1K 280.1K
200P1 Configuration types (%)@ 875 93.2 124 7.5 7.1 9.8 6.8 7.1 94
8732 0.0 447 26 0.8 0.4 0.8 0.0 0.0
776 26 124 139 9.8 128 105 124 7.9
1064 04 0.0 7.5 8.7 53 13 53 34
154 0.0 0.8 7.5 6.4 60 34 15 0.0
1522 0.0 105 0.0 0.0 0.0 0.0 0.0 0.0
146 0.0 0.8 53 6.8 7. 7.5 34 49
155 0.0 0.0 34 7.1 3.8 45 6.8 83
10 10 0.0 0.4 45 8.7 60 5.3 79 23
1055 0.0 0.0 19 3.8 83 7.1 3.8 26
19 0.0 0.0 3.8 9.0 1.7 6.8 7.1 45
20 0.0 1.1 34 4.9 53 5.3 34 0.0
% parallel® 73.9 48.8 53.4 55.1 56.2 56.8 58.4 46.8
% antiparallel® 25.1 482 413 37.6 36.7 356 345 294
% fully parallel sheets' 26.2 224 197 15.1 1.8 145 1.1 16.1
% fully antiparallel sheets' 0.9 7.9 3.1 46 1.9 25 1.0 6.5
% mixed sheets® 729 69.7 77.2 80.3 86.3 83 87.9 774
B-sheet content (%) 59.1 61.3 60.5 60.5 60.5 59.8 57.1 457
% Strands in-register/out-of-register by 1 residue®  32.1/380  43.1/312 42.6/33.8 41.2/369 40.1/384 38.8/386 39.7/386 38.7/398
200P2 Configuration types (%)® 965 293 293 244 24.1 184 154 8.7 83
974 04 15 45 4.5 7.5 49 6.0 38
884 1.1 0.0 1.9 1.1 3.8 6.0 45 4.1
776 45 6.0 8.7 120 12.8 16.2 15.0 12.0
155 124 9.4 7.5 23 6.8 34 19 15
137 0.8 0.4 04 19 15 23 49 7.
146 34 3.8 3.0 49 10.9 64 8.7 64
19 9.4 147 6.8 3.8 23 45 56 38
154 16.5 124 3.8 0.0 04 15 0.0 0.0
875 04 19 15 19 56 6.8 64 6.0
10 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20 0.0 0.0 0.0 0.0 0.0 04 0.0 0.4
% parallel® 53.1 56.6 57.1 56.8 56.7 55.7 56.7 55.1
9% antiparallel® 38.1 357 36.5 375 379 393 384 385
% fully parallel sheets' 74 16.9 15.0 14.2 14.1 14.1 187 17.1
% fully antiparallel sheets' 0.6 47 32 42 39 44 5.1 8.1
% mixed sheets® 92,0 785 81.8 81.6 820 81.5 76.2 74.8
B-sheet content (%)” 66.5 63.4 63.0 62.5 61.5 60.6 587 56.0
% Strands in-register/out-of-register by 1 residue®  51.0/363 50.0/34.0 48.1/35.1 44.6/37.0 424/37.2 423/37.2 39.9/39.1 39.7/39.4
Temperatures above 280.1 K are not displayed here since they are populated essentially by conformations with random coil monomers with no secondary structure.
The percentages are calculated over all the structures obtained in the last 200 ns of both OPEP REMD simulations. For details on @), see Table 2.
doi:10.1371/journal.pcbi.1002051.t004

Table 4.IV: Structural characteristics for the 20-mer aggregates as a function of
temperature below the melting point. “First Cluster” means the most representative
structure of the GROMACS simulations. “Final structure” is the final conformation ob-
tained at the end of the GROMACS simulations. “CG” is the structure extracted at the
end of the OPEP simulations before the reconstruction of the side chains. “Min” indi-
cates the structure resulting from the reconstruction of the side chains after a minimiza-
tion step. (a) The configuration type (as described in the OPEP Analysis and Structure
Selection section) (b) The average amount (percentage) of residues in a f conformation.
For OPEP, the percentage in brackets has been calculated without taking the Glycines
into account. (c) The average amount (percentage) of parallel and anti-parallel strands
in a structure. The sum of parallel and antiparallel strands in a structure does not always
total 100 % if the structure sees strands in an undefined orientation, i.e. attached by only
one hydrogen bond. (d) The average amount of strands in-register and out-of-register
(by one residue)
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4.7.3.2.1 Aggregates with facing 3-sheets The structure of 200Pp-B is character-
ized by the presence of two perpendicular $-sheets. Each -sheet consists mainly of
twisted parallel strands.

After the first MD run (20GRp-B1) the two sheets are oriented anti-parallel to each
other, forming a tight and elongated structure (Fig. 4.6). The Asn side chains from
opposite sheets occupy the inter-sheet space with some intertwining of the amide side
chains. Significant packing is also provided by the aromatic rings of Tyrosines belonging
to adjacent strands in the same sheet. The 100-ns generated aggregate also displays a
significant degree of twisting in the strands that make up the two facing antiparallel -
sheets. This final structure is similar to that observed by others [22]. It is important to
underline that this twisted configuration forms spontaneously during the MD simulation
time starting from a less compact structure.

In the second MD simulation (20GRp-B2), starting from the same initial structure
with a different set of velocities, the B-sheet content decreases due a lower degree
of packing of the Tyr side chains and interdigitation of the Gln and Asn side chains
(Fig. B.9). Packing interactions, however, still appear to be important in stabilizing the
compact structure. During both 20GRp-B1 and 20GRp-B2 MD simulations, the strands
are dynamically interchanged between the two [-sheets.

Two elongated sheets may, however, evolve towards very different supramolecular
organizations. In 200Pp-C two elongated 3-sheets, with mainly parallel -strands, are
in contact through the terminal Tyr aromatic chains in an extended and non-compact
structure (Fig. @.6). In both all-atom MD simulations, 20GRp-C1 and 20GRp-C2, the
two P-sheets break up and reorganize in more compact conformations. Though, for
20GRp-C2, the strands do not interchange between sheets while 20GRp-C1 sees some
mixing between the strands of the two f3-sheets. The compact final structures still show
some of the features we have described in the previous case: anti-parallel orientations
of facing sheets, compaction of the side chains. One part of the long parallel 3-sheet,
represented by a four-stranded unit, detaches from the initial complex and packs onto the
compact structure described above, minimizing the exposed surface area. The resulting

structures correspond to a 3-sandwich composed of three sheets. The time evolution of
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the radius of gyration is reported in Figs. [4.12]and {.13]

4.7.3.2.2 Evolution of globular structures All-atom MD simulations were also star-
ted from more densely packed structures obtained from OPEP runs, represented by
200Pp-D and 200Pp-A. Each starting structure was subjected to two 100-ns MD sim-
ulations, resulting in simulations 20GRp-A1l, 20GRp-A2, 20GRp-D1 and 20GRp-D2
(Fig.[4.6)). In the case of 200Pp-D both all-atom MD runs show that the starting confor-
mation retains its overall structure with mostly parallel 3-strands. Most of the Tyr side
chains form a compact hydrophobic core at the interior of the structure. During all-atom
MD evolution they reorganize and form small compact clusters that are optimally packed
through m-stacking face-to-face interactions, minimizing unfavorable contacts with the
solvent. In general, the interior of the aggregate is compact and hydrophobic while the
external surface is decorated with the more hydrophilic amide side chains. From the
biochemical point of view, this structure could be described as a “soluble” oligomeric
state reminiscent of the ones observed for the 12-mer run.

Starting from 200Pp-A, simulation 20GRp-A1 evolves towards a compact globular
structure, in which parts of the ordered f3-sheets are lost and strands are dynamically
interchanged between sheets. The aromatic Tyr side chains cluster in the hydrophobic
core of the structure and Asn side chains align on the surface. Most of the conserved
sheets are still in parallel orientation.

Strikingly, in simulation 2 (20GRp-A2) the initial structure evolves to form two
twisted antiparallel sheets in which the constitutive strands are parallel to each other.
This structure resembles the twisted conformation observed for 200Pp-B and was ob-
served in previous simulations [22]]. The inter-sheet space is filled by Asn and Gln side
chains, which in some case interdigitate (Fig. 1.9). The conformation of this interme-
diate still shows some Tyr aromatic side chains in the interior, disrupting the optimal
interdigitation of amidic side chains and causing the structure to be non-perfectly or-
dered (Fig. 4.6)).

These results suggest that the sheet organization in the twisted antiparallel confor-

mation(s) may be accessible on the aggregation pathway, once two sheets are formed
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Figure 4.9: Structure 20-mer showing interdigitation of the side chains. This struc-
ture is representative of the 20GRp-B2 simulation. It shows the inter-sheet space filled
by Asn and Gln side chains, which in some case interdigitate.
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and docked upon each other. Interestingly, we have observed the formation of elon-
gated, twisted antiparallel structures in MD only in the 20-mer system. The latter appear
to evolve preferentially towards globular structures, suggesting that elongated, fibril-
like conformations of the oligomers may be accessible only in the presence of a higher
number of monomers. At the atomic level, sheet-locking is favored by the packing of
Asn and Tyr side chains. The Tyr aromatic packing and the initial formation of steric-
zipper-like structures also provide important contributions in determining the ordering

and stabilization of the growing aggregate and, possibly, its evolution to a stable fibril.

4.7.3.3 All-atom MD simulations of the dominant clusters generated by OPEP-
REMD 200P2

The detailed role of side chains in determining the conformational characteristics of
compact aggregate structures was further evaluated by analyzing at atomic resolution a
set of diverse OPEP structures: 200P2-A, 200P2-B, 200P2-C, 200P2-E and 200P2-N
(Fig.[4.8).

The starting structures of the MD simulations from 200P2-A, 200P2-C and 200P2-
E of the aggregates all consist of three extended f-sheets, organized in different tertiary
arrangements (see Fig. 4.8). The all-atom evolution of structure 200P2-A leads to a
more compact and globular-like conformation with a mixing of the f3-strands and a par-
tial loss of ordered fB-structure involving external strands (Fig. structure 20GR2-A).
Tyr side chains mainly pack in the interior of the globule in the representative struc-
tures of MD simulations while most of the hydrophilic side chains (Asn and Gln) are
located on the exterior of the oligomer pointing towards the solvent. This arrangement
would confer water solubility to the oligomer by sequestering hydrophobic-aromatic
side chains to the interior of the aggregate and decorating the external surface with hy-
drophilic groups.

In the case of 200P2-C, the starting structure constituted by three -sheets, which
are lined and twisted along a common axis, is not stable in the all-atom MD setting, and
immediately evolves to a more compact globular structure that however does not display

specific supramolecular properties or preferential orientations of the strands within the
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aggregate (Fig.[4.8] structure 20GR2-C).

In the case of 200P2-E, the evolution of all-atom MD simulations at 300 K deter-
mines a large decrease in the degree of ordered f-structure leading to the formation of
disordered, amorphous conformations (Fig. 4.8] structure 20GR2-E).

The remaining two representative clusters obtained from OPEP simulations display
different three-dimensional arrangements. In the case of 200P2-B, the structure is char-
acterized by parallel 3-sheet motifs that form a less compact conformation than the one
observed above. All-atom MD evolution leads to a globular structure with a global re-
organization of the f-strands (Fig. structure 20GR2-B). A large number of Asn and
GIn amidic side chains point towards the interior of the globular structure, and a number
of hydrophobic Tyr side chains are aligned in contact with the solvent. The reorgani-
zation of the starting structure to this globular intermediate determines a partial loss of
ordered secondary structure in some of the constituent peptides. This structure retains a
large hydrophobic surface in contact with the solvent. The large hydrophobic area ex-
posed to water may be one of the causes of the insoluble character of these intermediates.

Finally, we simulated the structure of cluster 200P2-N at all-atom resolution as this
aggregate forms an elongated structure with two facing -sheets. MD evolution at 300 K
for this system shows no reorganization of the 3-strands (Fig. structure 20GR2-N1).
In contrast to what we observed for 200P2-B, the Asn and Gln amidic side chains fill the
space between the two sheets, establishing hydrogen bonding interactions, and showing
interdigitation of side chains reminiscent of the experimentally observed dry steric zip-
per. The sheets are not all perfectly parallel, and this might oppose the formation of a
perfectly packed steric zipper.

Summarizing, as shown in Table the structural properties of the aggregates
cannot be easily rationalized into specific classes: great variability is observed in terms
of B-sheet content, percentage of parallel vs. antiparallel arrangements, register and
relative orientations of the strands. Interestingly, it appears that the fibril-like structure
20GR2-N1 is stable during the 100-ns all-atom MD simulation, while the other arrange-
ments undergo large reorganization. In general, the consistency of the results in terms of

conformational plasticity for all constructs clearly indicates that a wide range of different
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structures is accessible to relatively large sized oligomers.

4.7.3.4 All-atom REMD simulations of two elongated 20-mer structures generated
by OPEP-REMD

The all-atom simulations of 100 ns starting from 200Pp-B and 200P2-N showed
the possibility for the aggregates to remain elongated partially ordered oligomers whose
structures are reminiscent of the arrangements observed by X-rays of micro-crystals. In
order to gain more insights into the stability and conformational evolution properties
of these structures, we set out to run all-atom REMD simulations starting from OPEP
structures 200Pp-B (Fig. and 200P2-N (Fig. @.8). The resulting all-atom REMD
simulations are labeled 20GRp-B3 and 20GR2-N2, respectively.

In the REMD simulation labeled 20GRp-B3, and similarly to what is seen in OPEP
REMDs, we observe that structures interconvert between compact and elongated confor-
mations with a pair of sheets facing each other. The main representative structures for
simulation 20GRp-B3, and their relative stabilities, are reported in Fig. d.11|(a). In the
elongated conformation, the relative orientation of the strands within the sheets tends
to be parallel. The two facing strands are oriented antiparallel to each other. The Tyr
aromatic side chains form clusters of packed rings that are reminiscent of the arrange-
ments observed in the crystals from the Eisenberg group (Fig. #.10(a)). Partial ordering
of the GIn and Asn side chains into the zipper spine arrangement is also observed. This
conformation, labeled as conformation 3 in Fig. a), is however not stable enough to
be the most populated structure at the lowest temperatures. Representative structures of
the most representative clusters are extracted from the trajectories and their relative free
energies evaluated with the GB/SA approach implemented in the program MacroModel,
and according to what was already reported [17]. These calculations provide an approx-
imated energetic value for the stability of the aggregates in solution, and show that the
more elongated structures tend to undergo transitions to more globular like conforma-
tions.

Several conformational transitions among different structural clusters are observed,

and highlighted by direction arrows in Fig. #.10(a). Summarizing, the starting confor-
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Figure 4.10: Representative structures of the most populated clusters from all-atom
REMD simulations of the 20-mer: (a) structure 20GRp-B3 and (b) structure 200P2-
N. The number identifying each structure represents the cluster rank (1. being the most
populated cluster). The value of the GB/SA energy in water of the complex is reported.
Arrows represent transitions between clusters, indicating possible paths between cluster
structures.
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mation for 20GRp-B3 with two facing sheets antiparallel to each other shows a high ten-
dency to interconvert rapidly into globular, compact structures. The high conformational
plasticity and limited stability of elongated conformations had already been noticed in
the present OPEP-based simulations. Analysis of the time evolution of REMD trajecto-
ries shows that globular conformations form by detachment and re-docking of f3-sheet
motifs. During the formation of the more globular structures a slight decrease of the
amount of ordered f3-sheet could also be noticed.

All-atom REMD simulations were also used to analyze the structural evolution of
cluster 200P2-N. The representative structures obtained from the all-atom simulation
20GR2-N2 are reported in Fig. 4.10(b), with their relative stabilities. The packing of
the interior of the initial aggregate is not optimal. Consistently with the previous case,
the overall aggregate still shows a high degree of structural plasticity undergoing transi-
tions to conformations with a lower degree of ordered -sheets and more globular-like
shapes. Elongated structures featuring two facing -strands still appear and show partial
interdigitation of Asn and Gln side chains in the inter-strand space, with formation of
a steric zipper motif. This does not seem sufficient, however, to provide the necessary
stabilization for the aggregate to evolve to a protofibril structure. Once more, a number
of transitions among different structural families (Fig. 4.10(b)) are observed.

Overall, we observe that the elongated structures reminiscent of the one observed by
the Eisenberg group in the fibril microcrystals is accessible at room temperature but is not
stable and can easily interconvert into globular or more disordered conformations, even
in the presence of 20 monomers (see Table {.IV]). According to our observations, this
happens both by detachment-reattachment of strands or small oligomers from existing
structures, or through sliding/reptation moves without detaching from the aggregates
[86, 180]. This behavior is widely observed across our 20-mer simulations while the
12-mer system does not undergo much reorganization during all-atom MD simulations.
Interestingly, when an ordered supramolecular structure forms, with either an elongated
or a compact globular shape, there is no space for water in the interior of the aggregate.
Water exclusion from the core of the aggregate may represent the first step leading to the

formation of a dry interface.
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4.8 Conclusions

The self-organization process of peptides and proteins into oligomeric soluble and
insoluble aggregates that eventually evolve to fibrils is still difficult, if not impossible, to
study at atomic resolution using experimental approaches. In this paper, we have carried
out an extensive and comprehensive study of the formation of oligomers of the model
peptide GNNQQNY in different conditions combining coarse-grained and all-atom sim-
ulation approaches. Different numbers of peptides were used in several simulations. In
the smallest systems, composed of three strands, a diverse set of structural motifs is
accessible at room temperatures. When bigger systems consisting of 12 chains are an-
alyzed, compact and globular structures begin to appear. Interestingly, in some cases,
globular oligomers expose hydrophilic side chains to the contact with the water solvent,
providing a viable model for soluble intermediates that have been observed on pathway
to the formation of the final fibril. In parallel, at 300 K, globular structures exposing a
large amount of hydrophobic surface also appear. These may represent possible nuclei
for the growth of bigger supramolecular structures.

In simulations conducted using 20 monomers, we have noticed the appearance of
elongated structures characterized by the juxtaposition of two mainly parallel 3-sheets
with partial interdigitation of amidic side chains reminiscent of the zipper-spine observed
in fibril microcrystals. It is important to notice, however, that these structures are not sta-
ble in water solvent and evolve towards more globular conformations. This observation
suggests that while ordered fibril-like structures are accessible on the energy landscape,
they need further stabilization by establishing contacts with multiple copies of similar
structures in order to evolve to a fully fibrillar geometry. In this context, the formation of
this geometry would require the constructive interplay of many factors and the entropic
expense of such process would be clearly very high, explaining the long lag phase times
and very slow kinetics of amyloid fibril formation. Moreover, the rich variety of struc-
tures and conformational changes observed for the aggregates may also reverberate into
the fibril polymorphism observed at the experimental scale.

In summary, our data and structural models represent valid complements to experi-
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mental approaches in the attempt to shed light on the supramolecular arrangements of
amyloidogenic oligomers, and lead the following conclusions.

First, the 20-mers of GNNQQNY are polymorphic and endowed with a high degree
of structural plasticity. Polymorphism of the fibrillar products of amyloid aggregation
has been observed for many sequences by X-ray diffraction and solid-state NMR exper-
iments [3}15,47]] and a recent computational study using a simplified description, where
the peptide has a single degree of freedom with two minima [181]]. Polymorphism of
the low-n oligomers with different registers of inter-peptide hydrogen bonds and orien-
tations of the chains has also been reported using various force fields and computational
procedures [17, 19,147,158, 182].

Second, the 20-mers of GNNQQNY in explicit water are in dynamic equilibrium,
within at least 100 ns, between amorphous structures (high probability) and configura-
tions with three f3-sheets in various orientations (medium probability) and two 3-sheets
(low probability). These two-f3 sheets, reminiscent of the cross-f structures and the
dry steric zipper observed experimentally for mature fibrils, are not parallel, however,
suggesting the existence of a free energy barrier preventing the formation of a perfectly
packed steric zipper.

Third, there is a reorientation of the B-strands between the GNNQQNY oligomers
and fibrils. We find that an anti-parallel -strand alignment dominates over the paral-
lel one in the 3- and 12-peptide systems. This contradiction with the fibrillar parallel
B-strand orientation [32] is however reconciled by the 20-peptide systems, where a sig-
nificant increase in the amount of parallel strands and fraction of fully parallel 3-sheets
is observed.

Fourth, a common observation is that short amyloid peptide fragments assume an-
tiparallel B-strand geometries whereas longer peptides, and proteins, often assume par-
allel geometries. Our simulations along with other recent studies show this geomet-
rical property is more complex and depends strongly on the amino acid composition.
The dependence of B-strand orientation with oligomer size occurs in the GNNQQNY
(Sup35) peptide and the VQIVYK (PH6) peptide, as reported by another computational

study [183]], because both short peptide fragments do not contain any opposite charged
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amino acids at the extremities as opposed to numerous fragments, such as the KLVF-
FAE (AB(16-22)) and the KFFE peptides. Table for example, shows that the free
energy difference in favor of the antiparallel sheet decreases from 0.70 kcal/mol for the
trimer to only 0.05 kcal/mol for the dodecamer at 300 K. This competition between
the two f-strand orientations during polymerization is also supported experimentally by
the co-existence of either antiparallel or parallel strands in seeded hIAPP20-29 (SNNF-
GAILSS) fibrils [143]], and the fact that D23N-A 340 forms fibrils with a majority having
antiparallel -sheet structures and a minority having parallel -sheet structures [184].
We hypothesize that both short polar peptides and longer peptides could display this
B-strand orientation transition during aggregation.

In addition, antiparallel 3-sheets allow a higher potential variability of the inter-chain
hydrogen bond geometry [185,[186] accommodating a higher number of possible strand
conformations, which is the favored situation in smaller aggregates. A parallel orga-
nization could be more favorable for larger aggregates, which can for instance create
double-layered sheets that can pack with a parallel arrangement of the strands as indi-
cated by SS-NMR [187]]. Moreover, in larger aggregates, the parallel arrangement might
be stabilized by the definition and stabilization of large numbers of side chain - side
chain contacts. Therefore, our results are in agreement with experiments but also sug-
gest a more complex relationship between the monomers during the assembly process,
something that cannot be measured experimentally.

Fifth, in terms of experimental relevance, it is important to note that evidence exists
showing that aggregation pathways can be manipulated by the use of molecular chap-
erones. In the case of the Sup35 prion protein, the chaperone Hsp104 catalyzes the
polymerization of seeds that are crucial for efficient amyloid formation [188]]. Different
chaperones such as Hsp70 and Hsp40, on the contrary, prevent the assembly of aggregat-
ing species when added during the polymerization reactions. In these cases, soluble ag-
gregates are formed, showing that chaperones can redirect amyloidogenic polypeptides
into non-amyloidogenic species. Finally, the chaperonin TRiC has also been shown to
be a modulator of amyloid formation [189]]. TRiC, in combination with Hsp70 and 40,

stimulates the reassembly of huntingtin oligomers into soluble species, which are non-
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toxic. Clearly, the type of binding and structural remodeling determined by different
chaperones is dictated by the details of the molecular recognition between the oligomers
and the interaction surfaces of the chaperones. In this context, it is worth noting that gen-
erating plausible models of possible oligomeric substrates for the chaperones may be of
great help in the design of optimized systems aimed at modulating aggregate properties.
Based on the structural and surface properties of the oligomers, models of their com-
plexes with chaperones may be generated. On this basis, the hydrophobic-hydrophilic
profile of the chaperone interaction surfaces could, for instance, be changed by means
of site-directed mutagenesis, affecting their activity and ultimately the properties of the
remodeled oligomers. This would allow a rational manipulation of the amyloidogenic
pathways, helping to shed light on a very complex biological phenomenon.

A final consideration helpful to put our results in a biological perspective is related to
the importance of the knowledge of oligomeric structures in the design of amyloidogenic
inhibitors. In this context, we are currently exploring the characterization of the solvent
accessible hydrophobic surface area of the 20-mers to guide docking-experiments of
small-molecule compounds (Congo Red and EGCG in particular), in order to derive
possible rules for the rational selection of aggregation inhibitors. Preliminary data and
results show that this could be helpful in alleviating the difficulties associated to drug-
design when dealing with amyloid-targets. Indeed, compared to classical drug-design
efforts where the target is an active site, with well-defined structure and cavities, the va-
riety of structures, mechanisms and conformational plasticity of oligomers shown here
confirm that rational design of aggregation inhibitors is a daunting challenge. How-
ever, careful characterization of oligomeric structures provides useful suggestions for
the design of possible inhibitors. Selective compounds or peptidomimetics could be de-
signed/selected to target the oligomer conformations characterized by the presence of
aromatic groups on their external surface. These compounds would actually target in-
termediates that are more prone to be insoluble or to favor the addition of monomers
through hydrophobic interactions. Interestingly, most of the existing inhibitors of amy-
loidogenic pathways are small molecules rich in aromatic functionalities, which can

target more than one single aggregating species, showing a general mechanism of ac-
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tion [190]. Alternatively, one could design peptidomimetic-based or small molecule
chaperones that can stabilize soluble species, subtracting them from the amyloidogenic
pathway. This would lead to a redirection of otherwise amyloidogenic peptides into

non-amyloidogenic species.
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Figure 4.11: Supporting Figure 1: Time evolution of the radius of gyration of the 12-
mer oligomers. From top to bottom: strctures 12GR1-A, 12GR1-B, 12GR1-C, 12GR1-

D and 12GR1
lations with GROMACS.
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Figure 4.12: Supporting Figure 2: Time evolution of the radius of gyration of the
20-mer oligomers for the preliminary simulation. Structures 20GRp-B1, 20GRp-B2,
20GRp-C1 and 20GRp-C2. The structures shown are the final structures of the all-atom
MD simulations with GROMACS.
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Figure 4.13: Supporting Figure 3: Time evolution of the radius of gyration of the
20-mer oligomers for the preliminary simulation. Structures 20GRp-A1l, 20GRp-A2,
20GRp-D1 and 20GRp-D2. The structures shown are the final structures of the all-atom
MD simulations with GROMACS.



CHAPITRE 5

KINETICS OF AMYLOID AGGREGATION: A STUDY OF THE GNNQQNY
PRION SEQUENCE

5.1 Objectifs

Cet article vient compléter I’étude présentée dans le chapitre 3 et explore 1’aspect
cinétique du processus d’agrégation du systeme 20-mere du peptide GNNQQNY. Tel
qu’exposé dans I’annexe 1, I’assemblage des protéines amyloides peut étre vu comme
un processus complexe de nucléation mais tres peu de travaux ont pu en observer le détail
des premieres étapes a ce jour. Dans cette étude, acceptée pour publication dans le jour-
nal PLoS Computational Biology, les auteurs explorent les caractéristiques d’agrégation
du 20-mere GNNQQNY - ainsi que les évenements microscopiques qui la régissent — et
observent, en effet, un phénomene spontané de nucléation (tel que décrit par la théorie
physique classique de la nucléation) complexifié par une reorganisation structurelle per-
sistant apres la fin de la croissance des oligomeres. La compréhension détaillée de la
cinétique d’agrégation des protéines vient grandement complémenter de nombreuses
études expérimentales, souvent limitées par la résolution de leurs observations et donc

limitées dans leur capacité de décrire de tels événements microscopiques.

5.2 Contributions des auteurs

(Dans I'ordre d’apparition dans 1’article) Jessica Nasica-Labouze (JNL) et Nor-

mand Mousseau (NM) ont concu ensemble le plan d’action pour cette étude numérique.

JNL a réalisé€ les simulations, I’extraction et I’analyse des données.

JNL et NM ont contribué a I’élaboration des outils de simulations, d’extraction de

données et d’analyse.

JNL et NM ont participé a la rédaction de I’article.
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5.3 Author Summary

Protein aggregation plays an important pathological role in numerous neurodegen-
erative diseases such as Alzheimer’s, Parkinson’s, Creutzfeldt-Jakob, the Prion disease
and diabetes mellitus. In most cases, misfolded proteins are involved and aggregate
irreversibly to form highly ordered insoluble macrostructures, called amyloid fibrils,
which deposit in the brain. Studies have revealed that all proteins are capable of form-
ing amyloid fibrils that all share common structural features and therefore aggregation
mechanisms. The toxicity of amyloid aggregates is however not attributed to the fibrils
themselves but rather to smaller more disordered aggregates, oligomers, forming paral-
lel to or prior to fibrils. Understanding the assembly process of these amyloid oligomers
is key to understanding their toxicity mechanism in order to devise a possible treatment
strategy targeting these toxic aggregates. Our approach here is to computationally study
the aggregation dynamics of a 20-mer of an amyloid peptide GNNQQNY from a prion
protein. Our findings suggests that the assembly is a spontaneous process that can be
described as a complex nucleation and growth mechanism and which can lead to two
classes of morphologies for the aggregates, one of which resembles a protofibril-like
structure. Such numerical studies are crucial to understanding the details of fast biolog-

ical processes and complement well experimental studies.

5.4 Abstract

The small amyloid-forming GNNQQNY fragment of the prion sequence has been
the subject of extensive experimental and numerical studies over the last few years. Us-
ing unbiased molecular dynamics with the OPEP coarse-grained potential, we focus here
on the onset of aggregation in a 20-mer system. With a total of 16.9 us of simulations
at 280 K and 300 K, we show that the GNNQQNY aggregation follows classical nucle-
ation theory (CNT) in that the number of monomers in the aggregate is a very reliable
descriptor of aggregation. We find that the critical nucleus size in this finite-size system
is between 4 and 5 monomers at 280 K and 5 and 6 at 300 K, in overall agreement with

experiment. The kinetics of growth cannot be fully accounted for by the CNT, however.
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For example, we observe considerable rearrangements after the nucleus is formed, as the
system attempts to optimize its organization. We also clearly identify two large fami-
lies of structures that are selected at the onset of aggregation demonstrating the presence
of well-defined polymorphism, a signature of amyloid growth, already in the 20-mer

aggregate.

5.5 Introduction

The aggregation of misfolded amyloid proteins into fibrils is a hallmark of many neu-
rodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases [25,
26,[136H138]] and understanding amyloid aggregation mechanisms is crucial for control-
ling its destructive consequences. Fibrils are known to be ordered insoluble assemblies
with a core cross-f3 structure. They are not the only aggregated species involved, how-
ever, and oligomers, smaller intermediates on or off the fibril formation pathway, have
been found to be responsible for amyloid cytotoxicity [41, 190, [191]]. Their role in
amyloid aggregation is still a matter of debate but significant efforts have gone into
better understanding and characterizing their structure and dynamics both experimen-
tally [130} 134, [192]] and computationally [193? —198]. Oligomers are often found to be
precursors to amyloid fibrils. They could also, in some cases, appear as the product of a
competition between the ordered fibrillar and amorphous globular morphologies, form-
ing via different assembly pathways. This widespread characteristic of amyloid proteins
is described as polymorphism [3} 42} [140]] and is under kinetic control [181]. The pres-
ence of oligomers is therefore crucial for the fibrillisation process as well as the final
morphology of fibrils [199] and understanding their kinetics of formation could be the
key to controlling this polymorphism.

The aggregation of amyloid proteins is a highly cooperative self-assembly mecha-
nism, which is often described as a complex nucleation and growth process [200]. The
nucleation step, in a supersaturation environment, consists of a series of stochastic events
leading to the formation of metastable seeds for the oligomer or fibril to grow on [201]].

Nucleation kinetics display two characteristic properties: the presence of 1) a lag time
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before aggregates can be detected and 2) a maximum growth rate after nucleation is
triggered [[107, [111]. Direct experimental observations of nucleation and growth have
been reported [[103-106] and nucleation was always found to be the rate-limiting step of
amyloid formation [111].

The aim of the present work is to investigate the dynamics of amyloid aggrega-
tion and the forces driving self-assembly for the 20-mer system of the amyloidogenic
GNNQQNY peptide using molecular dynamics (MD) and a coarse-grained potential
(OPEP). The nucleation specificity of the N-terminal region (9-39) of the budding yeast
prion protein Sup35, GNNQQNY, is well understood. This small heptapeptide alone
drives the entire Sup35 protein to self-assemble into amyloid fibrils [202] and, when iso-
lated, displays the same amyloid properties and aggregation kinetics as the full-length
Sup35 protein [27]. In addition, its cross-fB spine structure has been determined at the
atomic level by X-ray crystallography [32]. It is therefore a very good candidate to the
study of amyloid aggregation kinetics and numerous computations have been performed
on the GNNQQNY sequence to characterize the onset of aggregation for this model
[17-20% 203]]. This work expands on our previous multi-scale thermodynamic study of
different sizes of GNNQQNY systems, where we identified the morphologies accessible
to the trimer, dodecamer and 20-mer. Now, we focus on the aggregation kinetics, using
long MD simulations of unbiased spontaneous self-assembly. We offer a full analysis of
the onset of aggregation for GNNQQNY peptides at a refined coarse-grained level. A
total of 16.9 us of simulations have been collected to allow statistically relevant analy-
ses. Altogether, our results indicate the presence of a nucleated-polymerization process
intertwined with oligomer-involving mechanisms, thus leading to a certain degree of

polymorphism that is already clearly established for the 20-mer.

Materials and Methods

Following Ref. [64], which showed that the GNNQQNY amyloid aggregates gen-
erated with the coarse-grained OPEP forcefield [52]] were reasonably preserved in long

explicit solvent all-atom MD simulations, we revisit this system focusing, this time, on
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the kinetics of the aggregation process.

5.5.1 System description

As in our previous study, we perform implicit solvent coarse-grained molecular dy-
namics (MD) simulations using the OPEP potential version 3.0 [52]. OPEP is designed
for efficient protein folding and structure prediction of large systems over long timescales
and is also accurate for studying thermodynamics [59]]. In OPEP, all heavy backbone
atoms are fully represented (N, H, Cy, C and O). Side chains, for their part, are reduced
to a single bead with appropriate geometrical properties and van der Waals radius. The
implicit effects of the solvent are included in the interaction parameters of the potential
energy function, as detailed elsewhere [52, 53]. OPEP is a well tested potential and has
been implemented with a palette of numerical methods such as Monte-Carlo [53H57],
the activation-relaxation technique (ART nouveau) [67-72], MD [S38H61] and REMD
[62-66].

Here, two sets of single temperature MD are performed on a 20-mer of GNNQQNY,
with both terminii of each peptide charged, in order to characterize in detail the kinetics
of aggregation. The first set consists of a total of 152 100-ns-simulations (76 at 280 K
and 76 at 300 K) with configurations saved every 5000 steps. The choice of tempera-
tures is motivated by the fact that 280 K and 300 K are temperatures below and above
the transition temperature previously found for the 20-mer of GNNQQNY. As explained
below, the initial atomic positions taken for this set are extracted from the simulations
reported in Ref. [64]. An additional 10 30-ns-simulations are then carried out from a
subset of the starting atomic positions of the previous simulation set (5 at 280 K and 5
at 300 K) with configurations saved every 50 steps to better monitor the detailed evo-
lution of the system during aggregation. All simulations are independent, starting with
different random Boltzmann distributed velocities. In every case, we maintain simula-
tion conditions as close as those of Ref. [64], with Berendsen thermostat for temperature
control [95]], an integration time step of 1.5 fs and periodic boundary conditions applied
to a box 200 A in size containing 20 monomers of GNNQQNY, which represents a

constant 4.15 mM concentration.
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For simplicity, the starting random structures for our simulations were extracted from
the high-temperature set generated in our previous REMD OPEP runs of the GNNQQNY
20-mer [64]. A typical starting structure for our simulations is shown in Figure 1 with
all 20 peptides isolated and in random coil conformations. At the start of each run, a
minimization procedure is performed using a combination of the steepest descent algo-
rithm and the conjugate gradient method [204], followed by a thermalization of 50 000
steps (0.075 ns) to ensure that all conformations are fully thermalized.

Because of the implicit solvent treatment as well as the peptide’s coarse-grained
representation, that decrease the number of degrees of freedom, the aggregation kinetics
is accelerated. It is therefore not possible to establish a direct connection between the
aggregation time observed in the simulation and in experiment. However, as shown in
Ref. [39], the thermodynamical properties are, at least qualitatively, maintained. The
simulations presented here, therefore, should provide the right qualitative picture for the

first steps in the kinetics of aggregation.

5.5.2 Analysis

Most of the analysis on the nucleation and growth kinetics is carried out using a
clustering tool [64] adapted to multiprotein assembly and designed to classify -sheet
clusters based on strand attachment. For the purpose of this work, this procedure can
also handle the calculation of kinetic association and dissociation rates. To assess strand
attachment, the criterion used to define and calculate hydrogen bonds between strands
is similar to the DSSP definition [100]. A peptide belongs to a cluster if it is attached
to another strand of that cluster by at least two hydrogen bonds. An additional criterion
is applied on dihedrals y and ¢ angles to determine if a given strand in a cluster has
enough amino acids in -conformation. For each amino acid the y and ¢ angles are
calculated and if they satisfy the region y(in degrees): [-180:-150;0:180], ¢ (in degrees):
[-180:0;150:180] (corresponding approximately to the 8 region of the Ramachandran
plot [75]), the amino acid is in a 3 state. A GNNQQNY peptide is considered in a
B state if at least three of its residues are in the f region. If a peptide is not found

to be in a B state, it is excluded from the cluster. This determination of secondary



89

Figure 5.1: Typical starting structure for our MD simulations. The 20 peptides are
initially in a random coil conformation and placed in a 200 A box to ensure a 4.15 mM
concentration

structure is solely used to determine cluster membership of the strands. The clustering
analysis allows us to measure accurately the evolution of clusters over time based on
local information and to monitor their properties such as the orientation of strands within
B-sheets (i.e., parallel or anti-parallel). For purposes other than cluster determination,
secondary structure calculations are made using the STRIDE program [[102].

In order to look at the aggregation process in more details, we also consider the asso-
ciation and dissociation rates of the clusters in the following way. With N, the concen-
tration of g—mers, we consider aggregation as a dynamical process involving both asso-
ciation and dissociation that can occur either one monomer or more than one monomer
at a time. The former is referred to as growth by monomer addition/monomer loss while
the latter is described as being a mix of two processes, oligomer fusion/fragmentation
and formation/destruction of oligomers from/into monomers, when involving more than
one monomer at a time. We can then define the net rate of creation of g—mers as

AN, ‘ ,
Atg — C;nono + Z}irlto _ ( ;nﬁrlw +D;n0n0) +C§llg0 _Dglzgo (5.1)
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where Cg'”"? and D"’ are the creation rate of (g — 1)—mers into g—mers and the de-
struction rate of (g + 1)—mers into g—mers, Co"*° and DJ"¢° are the creation and de-
struction rates of g—mers either directly from/into monomers, or from the fusion / frag-
mentation of other sizes of oligomers. All the C and D rates are calculated from our
clustering tool and allow us to gather statistics on the microscopic kinetic events and

mechanisms.

5.6 Results/Discussion

We present a study of the aggregation kinetics of 20-mer GNNQQNY oligomers
under a 4.15 mM concentration, the same concentration that was used in our previous
multiscale thermodynamic study of the GNNQQNY 20-mer system [64]].

We first present the general results obtained from the 100-ns MD simulations whose
configurations were saved every 7.5 ps (5000 simulation steps) with an initial configura-
tion selected as discussed in the materials and methods section. Then we discuss results
from the 30-ns MD simulations whose configurations are saved every 75 fs (50 simula-

tion steps) to better study the detailed association and dissociation kinetics of oligomers.

5.6.1 Observed Kkinetics

At the lowest temperature of 280 K, all 76 100 ns simulations lead to ordered amy-
loid oligomer formation. In all cases, aggregation is accompanied by a sudden drop
of the total potential energy of the system, by over 600 kcal/mol over less than 10 ns,
and by an increase in the f3-sheet content of 30 %, as calculated with the STRIDE pro-
gram [102]. While the exact energy value is not significative, due to the implicit-solvent
coarse-grained nature of our energy model, its drop corresponds to the formation of
a more stable structure . The system then stays in a minimum of energy and both the
number of hydrogen bonds and the amount of secondary structure stabilize. As shown in
Fig.[5.2|a), which presents a typical aggregation run, the 8-content in the structures fluc-
tuates typically around 50 %, near its maximum of 60 %, as the glycines and tyrosines

end residues of each 20 peptides do not get involved in the 3-sheet hydrogen bonding.
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Fig.[5.2(a) also shows the high correlation between the energy drop and the increase in
the number of hydrogen bonds as a function of time, suggesting that the cooperativity
between hydrogen bonds plays a crucial role in lowering the energy and stabilizing the
system.

Aggregation is slower at 300 K and only 68 % of the 76 100-ns simulations lead
to ordered amyloids. However, as shown in the typical aggregation run in Fig. [5.2p,
the overall ordering follows a trend very similar to that at the lower temperature : a
sudden potential energy drop of over 600 kcal/mol over less than 10 ns accompanied by
correlated raises in both the number of hydrogen bonds and the f3-sheet content. If the
final number of hydrogen bonds is very similar to that at 280 K, the secondary structure
is less stable and tends to fluctuate around 40 % rather than 50 %.

In order to describe the assembly process we represent the time evolution, the prob-
ability density and the orientation of strands in structures as a function of the number of
hydrogen bonds and of the number of contacts between side chains as these two coordi-
nates are the least correlated and are the best measure of how ordered the structures are.
Figures[5.3]and Supp. Fig. 1 show these quantities for the trajectories plotted in Fig.[5.2]
at 280 K and 300 K, respectively.

At 280 K, we observe three distinct kinetic stages over the course of a typical simu-
lation (Fig.[5.3(a)). The first phase is characterized by the nucleation phase, which lasts
about 5 ns after the start of the simulation and leads to the formation of the metastable
critical nucleus. During this phase, small oligomers form and break under stochastic
collisions of the monomers. Seeds below the nucleus size fluctuate considerably, form-
ing and disassembling at a high rate, forming a quasi-equilibrium perfectly reversible
process. Once the metastable nucleus forms, the system can move into the aggregation
(or growth) phase with a 50 % probability, by definition. In this dynamical phase, almost
all of the monomers rapidly assemble around the nucleus to form a partially disordered
globular oligomer. In general, this stage is very rapid and typically lasts less than 10 ns.
During the third phase, which extends over a timescale of up to 80 ns, the aggregate
rearranges itself as monomers explore their local configuration environment within the

confines of the oligomers, optimizing the energy and, as a consequence, the secondary
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Figure 5.2: Time evolution of the structural properties of the GNNQQNY 20-mer:
the total potential energy (in green), the total number of hydrogen bonds (in red) and
the secondary structure (in blue) for a typical 100-ns simulation at (a) 280 K and (b)
300 K. The discontinuities in the maps (a) and (c) is a plotting artifact in low-density
regions where the system is rapidly changing during aggregation and there are therefore
not enough points to fill the map regions.

structure and the number of side chain — side chain contacts (see the last 75 ns in Fig.[5.3]
(a) and (c)). This process, which we describe as a stabilization phase, is the slowest of
the three and accounts for the dense region in Fig.[5.3|b).

This aggregation process is consistent with the “condensation-ordering" mechanism
previously observed experimentally [205] and computationally [193-195, 206]]. An in-
teresting feature of the kinetics at 280 K is the increase and later dominance of parallel
orientation in the structures over time during both the growth and stabilization phases
while the structures are mostly antiparallel during the nucleation phase (Fig.[5.3]c)). By
looking at the color coding on the right axis, it appears as though the system is loosing
some parallel orientation between region 1 and 2 from almost 100 % to ~80 %. Instead
our results indicate that the system continues to evolve and gain some secondary struc-
ture between region 1 and 2 of the graph. It is the newly formed f-strands that adopt
an antiparallel orientation while the parallel content formed during the growth process
remains unchanged. As a whole, 91 % of the MD simulations at 280 K lead to a final as-
sembly dominated by parallel 3-sheets, in agreement with recent experimental findings

[32,47,149] and computational studies [12, [17, 18} 21} 164].
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Figure 5.3: Evolution of the structural properties for the GNNQQNY 20-mer at
280 K as a function of the number of hydrogen bonds and of the number of side
chain contacts. (a) Time evolution map of the system. Black regions indicate the be-
ginning of the simulation while yellow regions indicate the end. (b) Density map repre-
senting the probability of having a configuration lie in a specific region. Yellow is the
highest density and red the lowest. (c) Proportion of parallel 3-strands. Yellow regions
indicate that 100 % of the strands are in parallel orientation while black regions indicate
that none of the strands are in parallel orientation thus meaning that they all are in an-
tiparallel orientation. Since cluster determination is based on the presence of hydrogen
bonds, the percentage of antiparallel orientation of the strands is equal to 1 minus the
percentage of parallel orientation. Regions 1 and 2 indicate the two regions of highest
parallel orientation.
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At 300 K the kinetics globally display the same three phases for nucleation, growth
and stabilization of oligomers observed at 280 K, and 95 % of the final aggregated struc-
tures display a dominance of parallel orientation of the f-strands (Supp. Fig. 1). The
main difference between the two temperatures (Fig. [5.2)) is in the lag time associated
with the nucleation phase: while the average lag time is found to be ~13 ns at 280 K, it
increased to ~56 ns at 300 K, leading to a denser nucleation region on the probability
map (Supp. Fig. 1(b)). Mechanistically, this increase in nucleation time can be explained
by the presence of bigger thermal fluctuations that destabilize the metastable aggregates,
preventing nucleation.

While most simulations at 280 K and 300 K generate a single aggregation event, we
observe reversibility for 34 % of aggregation events at 280 K against 40 % at 300 K.
In these cases, such as in the example as shown in Fig. [5.4] monomers undergo a com-
plete aggregation process up to and including the stabilization phase before the reverse
reaction takes place, leading to a completely or partially random structure. For some
simulations, this reversible transition was even observed to occur a few times during the
100 ns run. The presence of reversibility tells us that even though the free energy barrier
for forming a 20-mer oligomer is high, the system is not completely biased towards the
formation of an ordered oligomer. Thermal fluctuations for this 20-mer are sufficient to
destabilize ordered oligomers on a relatively short time scale, a process that cannot be
achieved in all coarse-grained aggregation simulations [197,207] but which is crucial in

order to describe aggregation kinetics correctly.

5.6.1.1 Diversity of the trajectories

Among the 76 simulations at 280 K, we find two simulations that display extreme
behavior (Fig.[5.5). The first one, R1, (panels (a) to (c)) assembles into a very low-energy
structure, reaching as low as —750 kcal/mol in places (lower than the minimum energy of
~—450 kcal/mol for a typical aggregation process at 280 K) (Fig.[5.5(a)). Unexpectedly,
this low energy is associated with the presence of a relatively small number of hydrogen
bonds, between 70 to 80 at maximum, while it is usually between 90 to 100 (see Fig.[5.3).

This low number of hydrogen bonds is compensated by a very high number of side
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Figure 5.4: Time evolution of the structural properties of a GNNQQNY 20-mer
simulation that shows reversibility in the formation of a structured aggregate: the
total potential energy (in green) and the total number of hydrogen bonds (in red).

chain — side chain contacts that reaches 190 and more, well above the usual maximum
of 170 (see the yellow section of Fig. [5.5(b)). In Fig.[5.5[a) the maximum amount of
secondary structure is ~45 %, lower than a typical structure in our simulations and seems
to fluctuate significantly less than for a typical structure, due to the small number of
hydrogen bonds in the structure. The second extreme simulation, R2, (panels (d) to (f) of
Fig.[5.5), shows the opposite behavior, with a high number of hydrogen bonds (panel (d))
and a very low number of contacts (between 100 and 120) during the last 20 ns (in yellow
in Fig. [5.5(f)). The secondary structure here behaves similarly to a typical simulation
and fluctuates around ~50 % (Fig. [5.5(d)). Looking at the final morphologies of the
structures in each case (Fig.[5.6|(a) and (b)), we see that the first simulation, with a high
number of side chain — side chain contacts and fewer hydrogen bonds, leads to a very
compact oligomer composed of several small B-sheets while the second simulation, with
a large number of hydrogen bonds and fewer contacts, favors a protofibril-like structure
made of two long twisted f3-sheets facing each other.

These two simulations demonstrate the existence of a competition between the opti-

mization of the number of contacts and hydrogen bonds. This competition generates a
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Figure 5.5: Competition between the globular oligomer (R1) and the protofibril
(R2). (a) Low energy profile displaying a low amount of hydrogen bonds for the globu-
lar oligomer; (b) corresponding time map as a function of the number of hydrogen bonds
and of the side chain contacts; (c) corresponding amount of parallel B-strands as a func-
tion of the same parameters; (d) kinetic profile displaying a particularly high number of
hydrogen bonds in the protofibril structure; (e) corresponding time map as a function of
the number of hydrogen bonds and of the side chain contacts. f) corresponding amount
of parallel beta-strands as a function of the same parameters. These graphs demonstrate
the existence of a competition between the globular structure with a low amount of hy-
drogen bonds and a high amount of contacts and the protofibril structure with a high
amount of hydrogen bonds and a low amount of contacts. The actual structures are
shown in Fig.[5.6](a) and (b).
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family of formation pathways that can lead to formally different topologies, ranging from
a compact globular oligomer to an extended protofibril-like structure [64, 130,131} 208]].
In all cases, the final structures display a very high parallel 8 content (Fig. 5 (c) and (f)).
By comparing these two extreme cases to morphologies of typical simulations at 280 K,
we note that, statistically, most of these fall squarely into one of two general morpholo-
gies: a class of 3-plus sheet structures that seem rather compact (Fig. [5.6(c)), which
resembles the compact oligomer, and a class of 2-sheet structures (panel (d)) similar to
the protofibril-like structure (Fig. 6 (b)) but with a distribution of orientations between
the two fB-sheets. The two extreme structures, which we had already observed in our
previous study [64]], can therefore be considered as the optimal cases of the two large

structure families of ordered amyloid aggregates generated in our simulations.

5.6.2 Details of the aggregation Kinetics - the ‘“growth'' phase

In this section we present the analysis of the 10 30 ns-MD simulations, five at 280 K
and five at 300 K, whose configurations are saved every 75 fs in order to describe the
details of the kinetics during the final nucleation and full growth process. Because of
the tremendous size of the resulting simulation data, we concentrated our analysis on
a 10 ns-window centered around the drop in energy (Fig.[5.7). Panel (a) represents the
average energy taken over all five simulations as a function of time at 280 K. Trajectories
are aligned, in time, at the point at which they reach -80 kcal/mol, which is roughly the
midpoint in the energy drop for all simulations. Most of the energy drop associated with
oligomeric growth, on the order of 600 kcal/mol £ 100 kcal/mol, takes place over 4 ns,
in agreement with our earlier observations for a typical aggregation process at 280 K.
The relatively small error bars along the energy curve indicate the good reproducibility
of the properties over time at 280 K. At 300 K, the growth phase associated with the
energy drop, of about 450 kcal/mol £ 200 kcal/mol, also takes on the order of 4 ns
(Fig.[5.7(b)), similar to a 280 K energy drop. The standard deviation on the 300 K curve
is, however, greater than at 280 K, demonstrating a greater variability associated with

larger thermal fluctuations.
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A 3-sheet structures B 2-sheet structures

Figure 5.6: Diversity of the morphologies. (a) Oligomer displaying an extremely high
amount of contacts (simulation R1). (b) Protofibril-like structure displaying a high num-
ber of hydrogen bonds (simulation R2); (c) typical 3-plus sheet structure often generated
in our simulations; (d) typical 2-sheet structure.
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Figure 5.7: Detailed kinetics of 30 ns MD simulations. a) Average energy profile at
280 K (5 sets of data were used). The average curve is shown in black while the standard
deviation is shown in red. The green dot represents the point around which the profiles
were centered before computing the statistics over a 10 ns window (5 ns before and 5 ns
after); b) Average energy profile at 300 K (5 sets of data were used).
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5.6.2.1 Sigmoidal growth and lag time

In Fig.[5.8|(a) and (b), we plot the cumulative size of various aggregates as a func-
tion of time over the 10 ns period, i.e., the occurence probability for oligomers of size
at least as large as indicated in the graph. Aggregates with a minimal size larger than
one show a sigmoid-like growth starting from about the middle of the energy drop, at
5 ns, with an increasing lag time the bigger the species. Sigmoidal aggregation kinet-
ics have been largely observed experimentally [46, 104, (112, 114, [117, 127, (134, 209~
211] and numerically [123} 126} 212, 213]] and are a well-established characteristic of
a nucleated-growth process. Similar cumulative curves have been obtained for Monte-
Carlo simulations of large systems of hexapeptides [213] which indicate that the coop-
erativity between contacts plays a crucial role in the growth and stabilization of all sizes

of aggregates.

5.6.2.2 Origin of the energy drop associated with aggregation

Looking at the correlation between the different energy components and the global
energy profile at 280 K and 300 K (Fig. [5.9), we observe that the two main contribu-
tions to the energy drop come from the hydrogen bonding energy and the hydropho-
bic/hydrophilic interaction energy. First, the initial collapse of the peptides is accom-
panied by a decrease in the hydrophobic energy (blue curve, Fig. quickly followed
by a decrease in the hydrogen bonding energy, which becomes increasingly dominant
over the hydrophobic energy, as previously observed in another numerical study of the

aggregation kinetics of amyloid peptides [1935].

5.6.3 Nucleus characterization

At both temperatures 280 K and 300 K, aggregation is generally triggered by the for-
mation of a small-sized metastable aggregate, which appears to be stable after a certain
lag time. This suggests that we are in the presence of an assembly sequence that can be
classified as a nucleated-growth process [[110, [111} 116, 123} 201}, [214-216], i.e., that

this small metastable aggregate, which we term nucleus, serves as a nucleation center
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of the aggregation process. The 152 100 ns-MD simulations were divided in 3 sets at
both 280 K and 300 K and we computed the free energy as a function of aggregate size
and secondary structure for those 3 sets of simulations in order to determine the size and
amount of secondary structure of the critical nucleus (Fig. [5.10). Performing this task
on different sets of data allows us to have an idea on the order of the fluctuations in the
free-energy. At 280 K the nucleus size corresponding to the maximum of free energy is
found to be between 4 (Fig.[5.10(a) - green curve) and 5 monomers (Fig. [5.10(a) - red
and blue curves) and between 5 (Fig. [5.10(b) - red and blue curves) and 6 monomers
(Fig.[5.10(b) - green curve) at 300 K. This result is expected since larger thermal fluctu-
ations require a bigger aggregate to survive and lead to growth. The pentameric critical
nucleus identified here is also near the critical size estimated by Nelson et al. [32] and
by us, in a previous thermodynamic study [64].

As was shown recently [217) 218], the critical nucleus size in a finite-size system
is systematically overestimated and it is necessary to correct for this artifact. From the
classical nucleation theory (CNT), Grossier et al. derive an expression for the total
free energy of forming an aggregate of size g monomers in an infinitely large system to
be [217]:

AG..(g) = —gksTIn(fy) +Ag*> (5.2)
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Figure 5.10: Critical nucleus characterization. (a) Free energy as a function of the
aggregate size at 280 K. (b) Same at 300 K. In both (a) and (b), the maximum of free
energy corresponds to a critical nucleus size of ~5 monomers. (c) Free energy as a
function of the number of residues in a B conformation at 280 K. (d) Same at 300 K.
In both (c) and (d), the first maximum in free energy represents the critical amount of
secondary structure necessary for a nucleus to be stable and trigger aggregation. (e)
Typical structure at 280 K of a pentamer nucleus with the critical amount of secondary
structure shown in panel (c). (f) Typical structure at 300 K of a pentamer nucleus with
the critical amount of secondary structure shown in figure (d).
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where g is the aggregate size, kp is the Boltzmann constant, 7 is the temperature, 3 is a
dimensionless constant and represents the supersaturation and A is the interfacial energy
(or surface tension) taken to be a constant in the model. Due to our very small system
size, a 20-mer, and the low critical nucleus, it is not possible to obtain a good fit to this
continuous equation. However, the overestimation correction could explain the slight
difference we observe with respect to the experimentally-derived critical nucleus of four
monomers.

Looking at the free energy barrier of forming a certain amount of secondary structure,
we find that a viable nucleus requires between 24 and 28 residues in 8 conformation at
280K while it requires between 27 and 29 residues in 3 conformation at 300K (Fig.
10C and D). The increase in free energy for 80 residues is due to the finite-size effects
of our system. It becomes harder to have 80 residues in S-conformation as no more
monomers are available to the system to continue growth. Figure 10 E and F show the
dominant pentamer nucleus structure having such amount of secondary structure at 280K
and 300K. In both cases, the pentamer seed is partially ordered. In most cases, no more

than a dimer is formed beside the nucleus.

5.6.4 Proposed mechanism

To assess the microscopic mechanisms involved in the kinetics, we first identify all
types of association and dissociation: growth by monomer addition (and, reversibly, loss
by monomer subtraction), growth by fusing two oligomers together (and, reversibly,
fragmentation of one oligomer into two smaller oligomers at least 2 monomers in size)
and the direct formation/destruction of oligomers from/into monomers. In this section,
we refer to any aggregate bigger than one monomer as an oligomer. It is important
to point out that there is a wealth of “monomer addition" models for diverse polymer-
forming proteins such as actin [[124, [125], tubulin [126]], the sickle cell hemoglobin
[107, [127] and amyloid proteins such as AS [103} (128, [129], B2-microglobulin [114]]
and Sup35 [112]]. There also exists numerous “oligomer fusion" models for AS [43]
130, 134, 1192]], cc-synuclein [43, 131} [135]], the phosphoglycerate kinase protein [133],
the lysozyme protein [132]] and Sup35 [205, 219]], some of which have observed both
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processes happening at the same time.

Association and dissociation rates were calculated, with our clustering code, every
75 fs over a 10 ns-window (centered around the energy drop) for the 30 ns-simulations
and as described in Eq. (5.I). Then, for each time interval, we calculated the total
number of events, originating either from monomer addition/loss, from oligomer fu-

sion/fragmentation or from monomers<>oligomers events across all species such as:

ANtn;;mo B 20 AN?OHO 53
At g;z At )

and y y
oLlgo olL1go
ANjp** 8 ANG™ 5.4
At At '

g=2

where AN;"" /At and ANS"™8° /At are the “monomer addition/loss” and “oligomer fu-

sion/fragmentation" + monomers<>oligomers components of Eq. (5.1).

Figure [5.11] shows the evolution of these two quantities for both association and dis-
sociation events at 280 K (Fig. [5.11](a)) and at 300 K (Fig. [5.11](b)). We differentiate the
“fusion/fragmentation" events from the formation/destruction of oligomers (bigger than
dimers) directly from/into monomers. At both temperatures, the data clearly shows that
the assembly mechanism is dominated by “monomer addition/loss" events. Then when
nucleation and aggregation happen, we see a notable increase in the amount of monomer
events and a trigger of “oligomer fusion/fragmentation” and ‘“monomers<>oligomers"
events. We notice a well-defined increase in the number of “monomer addition/loss"
events just before the first “oligomer fusion/fragmentation” events appear. This increase
corresponds to the start of nucleation and suggests that once nucleation is triggered and
most of the monomers are recruited, they join different sites, or clusters, that will later
on fuse together to form a larger oligomer. Later, when the aggregate stops growing
in size, we observe no more ‘“‘single monomer" or “monomers<+oligomers" events and
observe, in some cases, the presence of only fusion and fragmentation of oligomers (Fig.

(a)). This means that further rearrangements in the structure during the stabilization
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Figure 5.11: Aggregation mechanism. Time evolution of association and dissociation
events before during and after nucleation by either single monomer events (meaning one
at a time), by oligomer fusion/fragmentation, or by formation/destruction of oligomers
from/into monomers at (a) 280 K and (b) 300 K. The dashed grey line indicates the
beginning of nucleation. In (a), at 280 K, the aggregate stops growing in size after t =9
ns while in (b), at 300 K, the aggregate stops growing just before t = 8 ns. For ease of
reading, each point in the graphs is the sum of events in 5At (5Ar = 375 fs).

phase are accomplished mainly through oligomer-involving events, if any.

5.6.5 Conclusion

We presented here a detailed study of the onset of amyloid aggregation for 20-mers
of GNNQQNY. Using molecular dynamics with the OPEP coarse-grained force field,
we show that nucleation of this small amyloid peptide is dominated by monomer addi-
tion/loss events, with very small contributions from larger oligomers, following closely
the classical nucleation theory. It is then meaningful to extract a critical nucleus, that
can be obtained from the calculation of the free-energy as a function of nucleus size. We
find that, at 280 K, this critical size is between 4 and 5 monomers, while it is between 5
and 6 at 300 K, in good agreement with the experimental estimate of 4 monomers [32],
especially when taking into account the finite-size bias that tends to overestimate the
size critical nucleus [217), 218]]. Correspondence with CNT stops there, however, as
the kinetic process associated with aggregation and growth differs in two majors from

this theory. First, while most of the structural organization takes place during the 4 ns
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growth process, aggregates continue to mature by collective motions, slowly dropping in
energy as hydrogen bonds and f3-sheet content evolve. Second, nucleation does not lead
to a single structure, but shows clear polymorphism with a distribution of assemblies
that can be classified into two distinct categories: a compact oligomer made of a num-
ber of relatively short B-sheets, typically three, and a more extended fibril-compatible
two-sheet structure. These structures represent well-separated local basins and the only
way to move between them, in our simulations, was through a complete dissociation and
reassociation of the monomers. The well-defined polymorphic nature of GNNQQNY is
in line with experimental and numerical observations in other amyloid sequences, such
as amyloid-B. It was shown there that the protein could adopt multiple fibrillar struc-
tures [3, 2201, but also off-pathway B-barrel organizations that would be responsible for
at least part of the toxicity. [221]] For GNNQQNY, the two polymorph families observed
here are close enough that they should lead to different fibrillar structures rather than on
and off-pathway organizations. Only simulations with a larger number of peptides will
be able to tell.

How much of these results can be applied to experimental studies of GNNQQNY?
A previous stability study of the structures predicted with OPEP using explicit SPC
solvent and all-atom GROMOS96 showed that our simulations are realistic, except for
the most extended structures [64]. If the growth time is not directly extendable to all-
atom systems, the thermodynamics and, therefore, the critical nucleus size but also the
polymorphism, which is a signature of amyloid aggregates, should be valid. Our results
suggest that the specific shape, out of a family of structures, is selected very early on and
that moving from one to another requires going over a very high barrier, high enough
that it was never observed in our simulations, the preferred being going first through
a complete dissociation. Such behavior could change with larger aggregates, and the
direct rearrangement become more favorable than complete dissociation. Only further
work, on larger systems, will show whether new families of structures are possible for
GNNQOQNY and if the CNT applies when more monomers are in play. Our results on
the 20-mer of GNNQQNY are at least compatible with experiments and offer a number

of insights into the onset of aggregation and polymorphism for small amyloid peptides.
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Figure 5.12: Supplementary Figure 1: Characteristics at 300 K for the GNNQQNY
20-mer as a function of the number of hydrogen bonds and of the number of side
chain contacts. (a) Time evolution map of the system. Black regions indicate the be-
ginning of the simulation while yellow regions indicate the end. (b) Density map repre-
senting the probability of having a configuration lie in a specific region. Yellow is the
highest density and red the lowest. (c) Proportion of parallel B-strands. Yellow regions
indicate that 100 % of the strands are in parallel orientation while black regions indi-
cate that none of the strands are in parallel orientation thus meaning that they all are in
antiparallel orientation. In all three plots, the nucleation region is denser, due to bigger
thermal fluctuations at 300 K, which destabilize early metastable aggregates.



CHAPITRE 6

THE AGGREGATION OF THE AMYLOID PRION SUP35 GNNQQNY
PEPTIDE INTO ORDERED PROTOFIBRILS

6.1 Objectifs

L’objectif de cet article, en préparation et projeté d’€tre soumis dans le journal PLoS
Computational Biology sous peu, est I’étude numérique du systeme 50-mere de GN-
NQQNY et des morphologies qui lui sont accessibles. L’étude du 50-mere apporte une
autre dimension a la compréhension de 1’agrégation des peptides amyloides non seule-
ment par rapport aux résultats expérimentaux obtenus pour la séquence GNNQQNY

mais aussi par rapport a nos précédents travaux sur le 20-mere de GNNQQNY.

6.2 Contributions des auteurs

e (Dans I’ordre d’apparition dans 1’article) Jessica Nasica-Labouze (JNL) et Nor-

mand Mousseau (NM) ont concu ensemble le plan d’action pour cette étude numérique.
e JNL a réalisé les simulations, I’extraction et 1’analyse des données.

e JNL et NM ont contribué a 1’élaboration des outils de simulations, d’extraction de

données et d’analyse.

e JNL a rédigé I’article sous sa forme actuelle et NM a révisé le texte.

6.3 Abstract

The structural characterization of early amyloid aggregates is of substantial phys-
iological importance. Using the OPEP coarse-grained potential and replica-exchange
molecular dynamics, we characterize the 50-mer system of the GNNQQNY amyloido-
genic peptide from the yeast prion protein Sup35. We find that the 50-mer aggregates are

soluble multilayered protofibril-like structures composed of twisted 3-sheets, typically
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5 or 6. Theses structures can adopt one of two overall shapes, being either elongated or
spherical, the former favoring an optimization of the side chain contacts while the latter
rather favors the formation of hydrogen-bonds to optimize the secondary structure. We
have identified several features of the cross-f structure in the configurations accessible
to the 50-mer except for the antiparallel arrangement of the 3-sheets, which we found to
be parallel. We suggest that there exists a high free-energy barrier of formation for the
antiparallel arrangement of the 3-sheet, which would render the aggregate unfavorably

insoluble at the 50-mer level but more probable for higher order system sizes.

6.4 Introduction

Amyloid proteins are key players in numerous degenerative diseases such as Alzhei-
mer’s, Parkinson’s, Creutzfeldt-Jakob and Diabetes Mellitus caused by the triggering
of their misfolding [25] 26/ [136-138]]. The byproduct of this misfolding, amyloid fib-
rils, are kinetically and structurally complex biological systems, which have been very
challenging to characterize both experimentally and computationally. A detailed high-
resolution structure of the core spine of fibrils from a short amyloid fragment from the
yeast prion protein Sup35, GNNQQNY, has been obtained experimentally and has pro-
vided great insight into the atomic mechanisms underlying amyloid fibril formation [32].
It reveals a cross-f3 structure composed of two parallel B-sheets interacting in an an-
tiparallel manner and whose side chains interdigitate to form a stabilizing steric zipper
between the two sheets. The aggregation process, however, is still misunderstood and
the complex multi-pathway kinetic mechanism leading to the formation of fibrils might
involve several intermediates such as disordered oligomers and/or ordered protofibrils
(L1250 141, (1304 1134 192198, 1222-22 5], whose structural details are subject to debate.

Computational studies have been a very useful component of recent advances in the
improvement of our understanding of the amyloid fibril formation process and they have
proven to be good complements to experimental works.

We have successfully characterized structures for the 20-mer system that were also sta-

ble in all-atom molecular dynamics simulations and we found that the 20-mer system
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was highly polymorphic and had access to two distinct morphologies: one being a com-
pact spherical oligomer structure and the other being an elongated fibril-like structure
[64]]. We later examined the kinetics of the same 20-mer system and confirmed that the
aggregation mechanism was a nucleation process and that the same two classes of mor-
phologies were accessible to the system.

In this paper, we now investigate the aggregation and morphologies accessible to the 50-
mer system of GNNQQNY using the well-tested OPEP coarse-grained potential [52, 53]
coupled to Replica Exchange Molecular Dynamics (REMD) simulations for accelerated
sampling [99] and compare our results to our previous study of the 20-mer GNNQQNY
system. While other computational works on GNNQQNY have investigated the first
steps of aggregation for aggregates smaller that the 20-mer [[12-14, [14-23]], we present,
to our knowledge, the largest spontaneous self-assembly of GNNQQNY at near-atomic
resolution starting from a random conformation. In total, we have accumulated more
than 10.6 us of simulations, allowing relevant statistical analysis. Overall, our results
show that protofibril-like structures are accessible at the level of the 50-mer system and

whose features are characteristics of experimentally determined amyloid structures.

6.5 Materials and Methods

This study follows our previous numerical work, which explored the thermodynam-
ics of the 3-mer, 12-mer and 20-mer GNNQQNY systems [64]]. We therefore apply the

same simulation methods and analysis tools as previously used in both of these studies.

6.5.1 The OPEP description

We have carried out implicit solvent coarse-grained simulations with the OPEP po-
tential version 3.2. For each amino acid, the OPEP coarse-grained description consists of
all heavy backbone atoms fully represented (N, H, Cy, C and O) and of one single bead,
with appropriate geometrical parameters and van der Waals radius, to represent the side
chain. The implicit effects of the solvent environment are taken into account in the inter-

action parameters of the energy function, as detailed elsewhere [52]]. OPEP has proven to
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be a reliable potential for protein folding and structure prediction [161}162], the extrac-
tion of thermodynamic [62-66], and recently kinetic [226], properties for large systems
and has been tested and combined with several numerical methods such as Monte-Carlo
[S3L57], the activation-relaxation technique (ART Nouveau) [67H72], MD [58-61} 226]]
and REMD [62H66].

6.5.2 Simulation details

Increasing the size of the system to 50 monomers at the OPEP resolution (2050
particles) was a computational challenge and as a result, the length and number of sim-
ulations achieved are shorter compared to the 20-mer simulations previously performed
[64) 226]]. Our data set is, however, large enough to be statistically significant and our
work is, to our knowledge, amongst the first to present such a large amount of statistics

for such a large system at near-atomic resolution.

6.5.2.1 Initial structures

For all simulations, the initial structures consisted of 50 random-coiled GNNQQNY
monomers in a 275 A periodic box (Fig. to ensure a 4.15 mM concentration, same
concentration as our previous simulations of the GNNQQNY system [64, 226]]. All
simulations were started from the same initial atomic positions but with different random
velocities following a Maxwell-Boltzmann distribution.

We use REMD simulations to explore the large folding energy landscape of our 50-
mer system. REMD is a widely-used method [99] allowing an efficient sampling of
the phase-space accessible to a system by allowing conformations stuck in a local min-
imum of energy to further explore other phase-space coordinates. In a typical REMD
simulation protocol, N MD trajectories (replicas) are run in parallel at N different tem-
peratures. Then, conformational exchanges between adjacent pairs of trajectories are at-

tempted, at regular time intervals, with a Metropolis accept-reject probability:

1 1
! J
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Figure 6.1: Simulations starting structure. The 50 peptides are in a random coil con-
formation and placed in a periodic box 275 A in size in order to maintain a ~4.15 mM
concentration.

where trajectory i is at temperature T; with an energy E; and trajectory j is at temperature
T; with an energy E; before the exchange. Due to temperature exchanges, all dynami-
cal information is lost while statistical information is retained and only thermodynamic
properties, when converged, can therefore be assessed.

We carried out 265-ns-long REMD simulations with exchanges performed every
5000 steps, a simulation time-step of 1.5 fs and configurations saved every 5000 steps. At
the beginning of each run, a minimization procedure is performed using a damped MD,
followed by a thermalization procedure in 50 000 steps. For our purposes, we chose
a gaussian temperature distribution of 40 temperatures centered on 283 K, previously
found to be the melting temperature for the 20-mer GNNQQNY [64]]. The temperature
distribution is detailed in Table The gaussian shape of the distribution allows for
temperatures to be closer to one another around 283 K, which results in a better sam-
pling at temperatures where the energy is quickly changing for systems undergoing a
phase transition at ~283 K, such as the 20-mer and which we expected to be roughly

the same for the 50-mer. Instead, as will be detailed in the “Results/Discussion” section,
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the 50-mer system seems to display two transitions, one at ~280 K, which corresponds
to a structural change in the global morphologies and a second, more pronounced, at
~335 K, which corresponds to a phase transition (or “melting”) between ordered and

disordered states.

TO1 TO02 TO3 TO4 TO5 TO6 TO7 TO8 T09 T10
2238 K 237.7K 2492K 2559K 260.1K 263.1K 2660K 2682K 2702K 272.1K

T11 T12 T13 T14 T15 T16 T17 T18 T19 T20
2738K 2755K 277.1K 2786K 280.1 K 281.6K 283.0K 2845K 2859K 2874K

T21 T22 T23 T24 T25 T26 T27 T28 T29 T30
2880K 290.6K 2922K 2939K 2957K 2978K 300.1K 302.7K 3059K 310.1K

T31 T32 T33 T34 T35 T36 T37 T38 T39 T40
3168 K 3283K 3422K 3562K 370.1K 384.1K 398.0K 4120K 4260K 440.0K

Table 6.1: Temperature distribution (in Kelvins) for the REMD simulations.

6.5.3 Analysis

Part of the analysis was performed using a clustering tool able to compute and collect
statistics of structural properties such as the number and lengths of B-sheets as well as
the orientation and register of f-strands. The algorithm defines clusters based on strand
attachment, defined from hydrogen bonds between strands [100]. Discriminative sec-
ondary structure criterions on the dihedral angles ¢ and y and a cutoff of one hydrogen
bond are used to determine if a strand belongs or not to a cluster. The clustering tool was
also used to calculate association and dissociation rates between clusters, i.e. [3-sheets.
More details on our clustering tool are provided elsewhere [226]].

A PTWHAM analysis was also performed to compute thermodynamic properties of
the system for the simulations [101].

Secondary structure calculations (f3-sheet content) were made using the STRIDE

program [102].
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6.6 Results

We first present the data obtained from REMD simulations, assessing the thermo-
dynamic properties of the 50-mer GNNQQNY as well as the morphologies accessible
to the system. The results are discussed and compared to our results obtained for the
20-mer system of GNNQQNY [64}226].

As detailed in the Methods and Materials section, REMD simulations were carried
out with 40 replicas for 265 ns. Thanks to our temperature distribution, the exchanges
between the replicas are optimized and most low-energy structures exchange well with
all temperatures below melting and are therefore not stuck in a local minimum of energy,
allowing for a good phase-space sampling. A PTWHAM analysis was first performed
to compute and determine the evolution of thermodynamic properties as a function of
temperature such as the specific heat, to observe phase transitions, and the radius of gy-
ration, to assess the overall size of the system. Looking at the specific heat, the system
appears to be fully converged over the last 210 ns despite a slight shift over time of the
specific heat peak (Fig.[6.2](a)). The system seems to be undergoing two distinct transi-
tions: the first between 275.8 K and 287.8 K and the second, sharper, between 334.8 K
and 337.8 K. The first transition is accompanied by a sudden decrease in the radius of
gyration R, of the system of ~6 A (Fig. (b) and Table . Indeed, we observe
that low-temperature ordered structures with high B-sheet content become more globu-
lar passed that transition. They however retain most of their secondary structure but the
B-sheets rearrange themselves towards a more spherical conformation. The second ob-
served transition corresponds to the “melting” of the system from ordered to disordered
states, meaning that for temperatures above the melting point, little or no secondary
structure is observed within 265 ns. The structural details of configurations as a function
of temperatures below and above melting are given in Table

Structurally, the system has a high propensity for forming -sheets, with a f-content
ranging from 45 to 70 % below the melting temperature. Aggregation is extremely favor-
able and the system forms several — typically 5 or 6 — long 3-sheets where typical sheet

lengths vary from 4 to 11 strands between 223.8 K and 260.1 K (below the first transition
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Figure 6.2: Thermodynamic properties as a function of temperature for the 50-
mer GNNQONY. The properties are calculated over three converged time intervals:
55-125 ns, 125-195 ns and 195-265 ns. The first 55 ns were discarded for lack of con-
vergence. (a) Specific heat as a function of temperature for the three intervals. (b) Radius
of gyration as a function of temperature for the same three intervals.

point) and from 6 to 9 strands between 287.4 K and 328.3 K (below the melting tempera-
ture). As for the 20-mer GNNQQNY system, the 50-mer prefers a parallel orientation of
the fB-strands with 60 to 70 % of the strands in a parallel orientation for all temperatures
below melting (with an overall probability of being parallel of 2/3 below melting) with
the possibility of forming fully parallel B-sheets of up to 7 strands (Fig. (d) and (g))
and on average 5- or 6-strand long, while the fully antiparallel sheet is unfavorable and
measures between 2 to 3 strands (Table [6.1I)). Knowing that the probability of forming
parallel strands is 2/3 and consequently the probability of having antiparallel strands is
1/3, the probabilities of randomly obtaining fully parallel pentamer and hexamer sheets
would be (2/3)*=19.8 % and (2/3)°=12.5 %, respectively, while the probabilities of
obtaining a fully antiparallel sheet of 2 to 3 strands randomly would be 1/3=33.3 % and
(1/3)?=11.1 % respectively. While our data show that the probability of forming the
fully antiparallel 2- or 3-stranded sheet is generally far below this random probability,
the probability of forming a 5- or 6-stranded fully parallel sheet is greater than 19.8 %
and 12.5 % for almost all temperatures, going as high as 28 % (see Table[6.11)), indicating

a clear natural tendency of the system to form fully parallel sheets beyond pure random-
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ness. We also note a preference for the strands to be in-register with each other within
sheets with a high probability of having strands out-of-register by one residue, similarly

to our results for the 20-mer (Table [6.11)).

6.6.1 Diversity in the accessible morphologies

The eight most stable structures, presented in Fig. were extracted from our sim-
ulations to be the final structures seeing no rearrangement of their 3-strands during the
last 2.25 ns of each run. Among these eight structures, we observe a fair amount of
variability in the overall morphology, even though the different structure families are
not as distinct as for our 20-mer system, and the main difference between the structures
seems to be the overall shape of the aggregate. We classify structures as either elon-
gated (Fig. [6.3] panels (a), (b), (c) and (d)) or spherical (panels (e), (f), (g) and (h)). All
structures are multilayered, made of 5 to 6 3-sheets — with typical sheet lengths ranging
from 6 to 11 strands mostly in-register — dominantly parallel, with the possibility of hav-
ing one or two fully parallel sheets (Fig [6.3] panels (a), (b), (d) and (g)) whose lengths
vary from 4 to up to 7 strands. At low temperatures (Fig[6.3] (a) to (d)), the radius of
gyration of the structures is varying from 22.3 to 27.8 A while at higher temperatures
(panels (e) to (h)), the structures are more spherical, with a radius of gyration between
20.4 to 20.8 A. However in each and every case, the structures are soluble and see their
hydrophobic Tyr tightly packing in the core of the structure. This tight packing seems
to be driving the -sheets to interact as a first stabilization step and can also explain the
preference for a parallel orientation of the 3-sheets. To accomodate the Tyr packing, the
sheets almost always adopt an overall twisted shape, that allows them to wrap around
one another or even closely pack with an inter-sheet distance either in the 8-12 A range
(panels (b) and (c)) — in the order of the cross-f3 dry interface sheet separation — or in
the 10-17 A range (panels (b), (d), (e), (f) and (g)) — similar to the cross-f3 wet interface
width. However, unlike the cross-f3 structure [32]], the facing sheets are not antiparallel

to each other but rather parallel.
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6.6.1.1 Protofibril-like structure

Among the low-temperature structures, the morphology shown in panel (b) is of par-
ticular interest owing to its symmetry and tube-like morphology, resembling a protofibril
structure [13} 197]]. Out of the five sheets that compose it, four of them have lengths be-
tween 10 and 12 strands — which are on average slightly longer than sheets in other
elongated structures — while the fifth sheet is 6-strands long. The wrapping of the four
long sheets around each other creates a tube-like structure with the fifth sheet being in-
tercalated at one extremity of the tube. The resulting pattern of Tyr packing is shown in
Fig.[6.4]and is highly organized. The fictitious lines (shown in sticks) connecting the Tyr
side chains (shown as spheres) demonstrate their alignment and the slightly twisted na-
ture of the path connecting them, following the general shape of the associated f-sheets.
In the hydrophobic core, the distance between the Tyr side chains centroids between
each line is fluctuating between 6.5 and 7 A, which is slightly higher than the Tyr-Tyr
ring packing distance previously measured to be between 3.7 and 5.2 A in all-atom simu-
lations of GNNQQNY [23] due to the coarse-grained nature of our representation of the
side chains. However, within 3-sheets, the average distance between strands is ~ 4.9 A,
which is in accordance with the interstrand distance of 4.87 A measured by Nelson et al.
[32].

6.6.1.2 Interplay between side chains - side chains contacts and hydrogen bonding

We then investigate the role of contacts and hydrogen-bonds in maintaining the sta-
bility of the structures. For that purpose, we looked at the eight most stable structures
and nine additional relatively stable structures, which are not undergoing any rearrange-
ment of their B-strands over the last 1.5 ns of the simulations. Figure [6.5(a) displays
the properties of these 17 stable structures in the contacts - hydrogen-bonds space (in
green) in addition to the average properties (over the last 210 ns) for all temperatures
below melting (in red) (For example T23 in panel (a) represents the average properties
of structures at temperature T23 while F24 represents the properties of the final structure

at temperature 24.). These average structures follow an ‘S’-shaped path across the space
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as the temperature increases, suggesting that the conformations first loose contacts and
hydrogen-bonds upon heating up —up to T13 =277.1 K, roughly the first transition — and
then regain hydrogen-bonds while still loosing contacts up to T23 = 292.2 K. Because
the average structures regain hydrogen-bonds after the first transition, corresponding to
a decrease in the radius of gyration (Fig[6.2(b)), we conclude that, upon loosing contacts
due to the temperature increase, the structures statistically prefer to adopt a more com-
pact and spherical shape to optimize their secondary structure. In this same space, the
17 stable structures (in green) seem to be divided into two groups (except for structure
H): one group with a high amount of contacts and low amount of hydrogen-bonds and
a second group with a low amount of contacts and a high amount of hydrogen-bonds.
This group division corresponds well to the shape distinction observed for the eight most
stable structures, in the sense that elongated structures (A, C and D), with high radii of
gyration, lie in the high contacts region while the more spherical structures (E, F and G)
lie in the high hydrogen-bonds region. Some final structures (B, F10, F24, E, F, G in
green) are lying in the higher hydrogen-bonds region compared to the average structures
at the same temperature (namely at TO2, T10, T24, T25, T26, T27 in red) and this is
due to the fact that the final structures have had time to rearrange and thus increase their
secondary structure more over time. The protofibril-like structure B also lies in the high
hydrogen-bonds region, despite a high radius of gyration. As the only elongated high-
gyration-radius structure with 5 3-sheets, while A, C and D have 6, structure B seems to
favor less contacts between sheets and therefore more contacts towards the solvent and
rather favors a higher 3-sheet content. This can be explained by the fact that structure B
has one less sheet than A, C and D and as a result some sheets are further apart and form
less contacts as a result.

Figure [6.5[(b) then shows the average structures (red) and the same 17 final stable struc-
tures (green) as a function of the number of hydrophobic contacts and of the number of
hydrogen-bonds. The general trend of the average structures across the temperatures is
different from the total contact ‘S’-shaped path. From temperature TO1 = 223.8 K to
temperature TO8 = 268.2 K, the average number of hydrophobic contacts in the struc-

tures increases despite the fact that the total number of contacts decreases (panel (a)).
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This behavior indicates that hydrophilic Asn or Gln contacts uncouple to make room for
hydrophobic Tyr-Tyr contacts as the system is heated up. This can be seen as a stability
mechanism of the system as a reaction to the temperature increase. Then, from temper-
ature TO8 = 268.2 K to temperature T23 = 292.2 K, the hydrophobic contacts decrease,
as the total amount of contacts does, letting the hydrogen-bonds slowly increase. Based
on the distribution in panel (b), the final stable structures do not seem to be divided in
two clear categories, suggesting that the hydrophobic contacts are not a key player in the
morphology selection of the system but rather plays an overall role independent of the

morphology.

6.7 Discussion

The structure of the 50-mer GNNQQNY is dominantly parallel with 60 to 70 % of
the B-strands in a parallel orientation and about 50 % of the strands in-register. While
the amount of strands in-register is comparable to the amount observed in our 20-mer
GNNQQNY structures [64], the 50-mer has about 10 % more parallel strands than the
20-mer, proportionally, with the favorable presence of substantial fully-parallel -sheets,
demonstrating a natural tendency for the system to prefer a parallel orientation of the 3-
strands. This increase in parallel orientation from the 20-mer to the 50-mer confirms our
previous observations of an increase in the amount of parallel orientation of -strands
when increasing the system’s size [64], and we speculate that further increasing the sys-
tem size would render the 3-structure fully parallel, as suggested by the crystal structure
of the fully-parallel and in-register GNNQQNY cross-f3 [32].

The multilayered twisted -sheet nature of the final stable structures formed, inher-
ent to all eight structures, resembles protofibril morphologies and has been already ob-
served to be accessible to amyloid peptides and stable both experimentally [32} 47, [145]]
and numerically [13} 15 22,193, [197]. We make a distinction between two classes of
morphologies for our final stable structures, based on their radii of gyration, and observe
an elongated type with more contacts and less hydrogen-bonds and a more spherical

type with less contacts and more hydrogen-bonds, the spherical shape being entropically
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favored compared to the elongated shape upon temperature increase. Though the overall
shape and amount of contacts and hydrogen-bonds separate those two types of struc-
tures, the two classes are not as distinct as the two general morphologies observed for
the 20-mer system. At the 50-mer level, the structures are rather differentiated by their
properties rather than their morphologies.

We also found that all the conformations accessible to the 50-mer are soluble, with
their Tyrosine side chains pointing towards the core of the stucture, which is compatible
with previous observations of soluble oligomers and protofibrils [11} 25, 41} [222-225]].
Though, as we only observe one cluster in each and every conformation, we conclude
that we have not yet reached a significant intermediate size to describe full oligomers
and protofibrils.

Our attention was also focused on one particular stable structure, structure B, which
has a tube-like 5-sheet multilayered morphology that we classify as being a protofibril-
like structure and its sheets are longer, on average than most elongated structures. While
its geometry allows for most sheets to wrap around each other, two sheets closely interact
with an intersheet distance typical of the experimental cross-f3 dry interface width of
8.5 A [32], despite being parallel to each other. Also, a typical interstrand distance in
structure B is 4.9 A, as found experimentally from the same study. In addition to these
amyloid features, the quasi-symmetric wrapping of the [3-sheets in a tube-like fashion
creates a highly organized and stable Tyr packing motif in the center of the structure
where the average Tyr-Tyr distance corresponds well to the Tyr-Tyr packing distance
found by Gsponer et al. in all-atom simulations of GNNQQNY [23]].

In all cases, the structures find many ways to stabilize under a temperature increase
by either increasing the amount of hydrophobic contacts in their core or by increasing
their secondary structure through an increase in the amount of hydrogen-bonds. The
6-sheet elongated structure seems optimal to favor contacts and therefore to stabilize
the B-sheets together, which suggests a cooperativity between 3-sheets upon formation
of the structure. However, the 5-sheet protofibril-like structure B finds itself having
much less contacts than most elongated structures and rather seems to favor secondary

structure with longer sheets in the protofibril axis direction. We therefore conclude that
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the protofibril-like structure B is an elongated structure that has overcome the tendency
to form more contacts in order to favor growth in the protofibril axis direction while
the other 6-sheet elongated structures have not matured enough yet and still need to
reduce their contacts in order to grow. This result is in accordance with our previously
obtained 2-sheet fibril-like structure for the 20-mer, which favored growth and secondary
structures over contacts.

Finally, we did not observe an antiparallel orientation of the f-sheets relative to
each other, as suggested by experimental studies of GNNQQNY [32]. This was also
the case for the 20-mer and we claim that such a parallel arrangement of the 3-sheets is
not an artefact from our coarse-grained potential, as these 20-mer structures were also
stable in all-atom simulations [64]. We thus argue that the flipping of -sheets to adopt
an antiparallel orientation with respect to one another in our protofibril-like structures
would require the overcoming of a high free-energy barrier as the structures would then
become insoluble, with some Tyr side chains protuding and contacting the solvent in an

unfavorable fashion.

6.8 Conclusion

We have reported the results from our coarse-grained simulation of the 50-mer GN-
NQQONY starting from random conformations. We found that the 50-mer GNNQQNY
oligomers are twisted multilayered protofibril-like structures and can either adopt an
elongated or spherical shape depending on their tendency to either optimize contacts or
hydrogen-bonds, respectively but the optimal protofibril structure is an elongated struc-
ture whose secondary structure has overcome and reduced side chains contacts in or-
der to favor growth along the protofibril axis. They are soluble and see their Tyrosine
side chains packing in an hydrophobic core. The structures reveal numerous structural
features of the characteristic GNNQQNY amyloid cross-f and fibril structure, which
correspond well with experimental observations except for the antiparallel orientation
of -sheets relative to each other. We suggest that the formation of such an antiparallel

arrangement is a rare event associated with a high free-energy barrier of formation at
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the 50-mer level and would require more monomers to make it a probable event. By
comparing our results to a previous study of the 20-mer GNNQQNY, we observe that
the aggregates gain parallel orientation of the 3-strands as the system’s size is increased.
Though our system size has not reached a big enough scale to observe significant in-
termediates, our protofibril-like early aggregate, presenting a lot of features found in
amyloid structures, provides great insight into the formation of early species during the

first steps of aggregation and complement previous experimental and numerical studies.
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Figure 6.3: Stable representative morphologies for the 50-mer GNNQQNY. The
legend accompanying each figure indicates: T, the temperature it was extracted from
(in Kelvins); E, the energy (in kcal/mol) of the structure evaluated at temperature
TO1= 223.8 K; Ry, the radius of gyration (in A); Nijeers» the number of -sheets com-
posing the structure; Ny qunqs, the lengths of the B-sheets; % araiiei strands» the percent-
age of parallel strands in the structure; Nguiiy parailel sheets» the number of fully parallel
B-sheets in the structure, Lyuiy paraliel sheets> the lengths of these fully parallel sheets.
deolorl —color2, When indicated, is the intersheet distance (in A) between sheet 1 of color
1 and sheet 2 of color 2.
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Figure 6.4: Motif of hydrophobic Tyrosine packing for our protofibril-like structure.
Tyrosine side chains are shown as spheres. Each color corresponds to a different 3-sheet
(5 in total, shown in semi-transparent cartoon representation). Fictitious lines (shown as
sticks) connect the Tyr side chains to highlight the general trace of the Tyr side chains
for each sheet inside the hydrophobic core of the protofibril-like oligomer.
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Figure 6.5: Evolution of the structures across the contacts - hydrogen bonds space.
(a) Final stable structures (green) and average structures (red) as a function of their
number of hydrogen bonds and total number of contacts. (b) Same as (a) but as a function
of the number of hydrophobic contacts and hydrogen bonds. The one-letter labels in
green represent the eight most stable final structures A, B, C, D, E, F, G and H extracted
at temperatures TO1, T02, TO8, T21, T25, T26, T27 and T31 respectively. The FXX
green labels represent other stable final structures where the XX indicates the index of
the temperature it is extracted from. The TXX red labels represent the average structure
(over the last 210 ns) where the XX indicates the index of the temperature it is extracted
from (see Table|6.]| for correspondance with temperatures in Kelvins). For clarity, not all

labels are written.



CHAPITRE 7

CONCLUSIONS

7.1 Synthese des résultats

Les grandes questions auxquelles cette these répond en partie sont: 1) Les oligo-

meres sont-ils sur le chemin de formation des fibres? 2) Comment caractérise-t-on leur
structure? 3) Que peut-on apprendre de leur processus d’agrégation? 4) Peut-on carac-
tériser et reproduire la formation des protofibres? 5) Peut-on reproduire la formation de
la structure cross-f3 typique des fibres et protofibres amyloides?
Dans leur ensemble, nos résultats répondent a ces questions et démontrent 1’existence
d’une grande diversité structurelle et mécanistique [2H5]] lors de la formation d’agrégats
amyloides pour la séquence GNNQQNY. Quelle que soit la taille du systeme, les struc-
tures présentent en effet un certain degré de polymorphisme et nous distinguons au moins
deux types de chemin de formation pour le 20-mere et pour le 50-meére: un premier
chemin par lequel les structures optimisent les contacts entre les chaines latérales et un
autre chemin par lequel les structures favorisent 1I’optimisation de leur structure sec-
ondaire par la formation de liaisons hydrogene. Les agrégats qui adoptent une forme
‘protofibrillaire’, pour le 20-mere comme pour le 50-mere, semblent favoriser 1’opti-
misation de leur structure secondaire au détriment des contacts entre chaines latérales.
Nous concluons donc, en réponse aux questions 1), 2) et 4), que ces oligomeres ““protofib-
rillaires” sont sur le chemin de formation de la fibre amyloide, alors que les oligomeres
favorisant les contacts peuvent étre sur ou en dehors du chemin de formation de la fibre
dépendamment de si, avec I’ajout de plus de monomeres, 1’élongation devient favor-
able ou non par rapport a I’optimisation des contacts. Cette compétition entre structure
secondaire et contacts entre les chaines latérales semble étre, dans notre cas, 1’élément
déterminant du chemin de formation.

Nous notons une augmentation graduelle de la proportion de brins paralleles dans

les feuillets-f lorsque la taille du systéme augmente du trimere au 20-mere et jusqu’au
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50-mere et prédisons que cette proportion atteindra éventuellement 100 % si la taille du
systeme était augmentée davantage, ce qui est compatible avec les observations expéri-
mentales pour GNNQQNY [32] et plusieurs études numériques [17, 18]. En réponse
a la question 5), la formation de structures cross-f3 a également été observée pour les
systemes 20-mere et S0-mere et les propriétés biochimiques correspondent aux données
expérimentales, a ’exception de 1’orientation antiparallele des feuillets-f3 les uns par
rapport aux autres. Nous argumentons cependant que le systeme préfere, dans un pre-
mier temps, cette orientation parallele des feuillets-f3 et qu’une barri¢re d’énergie libre
doit étre franchie pour permettre I’orientation antiparallele telle qu’observée par Nelson
et al. [32], ce qui serait certainement facilité par la présence d’un plus grand nombre de
monomeres.

Pour répondre a la question 3), I’étude du processus d’agrégation du systeme 20-
mere indique que 1’auto-assemblage des peptides GNNQQNY est un phénomeéne com-
plexe de nucléation dont le noyau critique est composé de 5 monomeres, ce qui cor-
respond bien a I’estimation de Nelson et al. pour GNNQQNY et qui se produit en
trois étapes: d’abord, une phase de nucléation pendant laquelle des noyaux métastables
tentent de se former jusqu’au franchissement d’une barriere d’énergie libre aprés quoi
tous les monomeres collapsent autour du noyau par le biais de forces hydrophobes pour
former un agrégat amorphe désordonné (phase d’agrégation) qui va ensuite subir des
réarrangements pour augmenter sa structure secondaire (phase de stabilisation). De tel
phénomenes de nucléation ont été observés dans le cas de plusieurs protéines amyloides
[103, 107, 112, (114, [124H129] et expliquent la croissance exponentielle des agrégats et
ainsi leur résistance au systeme de controle cellulaire. En plus de la nucléation, nous
observons un mécanisme de fusion et de fragmentation des oligomeres. Ce mécanisme,
quant a lui, indique que les agrégats formés par la nucléation ne sont pas statiques, mais
se réarrangent pour optimiser soit leurs contacts entre chaines latérales, soit leur struc-

ture secondaire, ce qui semble €tre un consensus dans chacune de nos études numériques.

Ainsi, par le biais d’une approche thermodynamique, mais aussi cinétique de 1’étude

des premieres étapes d’agrégation du peptide GNNQQNY, notre méthode numérique
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nous a permis d’accéder a des tailles de systemes et a des temps suffisants pour ob-
server des phénomenes d’auto-assemblage par nucléation et la possibilité d’au moins
deux chemins de formations générant soit des oligomeres sphériques, soit des oligomeres
protofibrillaires pouvant contenir une structure cross-f3 globalement en accord avec les
travaux expérimentaux. Cependant, nos systemes ne nous permettent de voir qu’un seul
agrégat par configuration, ce qui veut dire qu’un seul événement de nucléation a lieu par
configuration. De ce fait, nous concluons que nous n’avons pas encore atteint une taille
suffisante pour observer des intermédiaires complets, que ce soit pour les oligomeres
comme pour les protofibres, et nous considérons ainsi que les systemes que nous obser-
vons sont des jeunes oligomeres, protofibrillaires ou non. Cependant nos résultats mon-
trent clairement I’importance que la diversité de ces jeunes oligomeres peut avoir sur
la morphologie finale de la fibre et sur la cinétique d’agrégation et viennent compléter
les précédentes études numériques sur 1I’agrégation de petits agrégats de GNNQQNY
(14, 1621 23].

7.2 Validité des résultats

Bien que la robustesse du potentiel OPEP ait été démontrée [52,1162], certaines sim-
plifications, comme la représentation des chaines latérales et un solvant implicite, peu-
vent entrainer des artéfacts, comme des effets de sur-stabilisation ou une surestimation
de certaines interactions, dans nos simulations. Il serait ainsi pertinent de coupler notre
étude avec une étude expérimentale, malgré la difficulté actuelle d’observation expéri-
mentale de processus d’agrégation a une si petite échelle. Nos résultats restent a étre re-
produits et doivent étre comparés a d’autres travaux numériques et expérimentaux dans
la mesure du possible. Cette méme simplification des chaines latérales nous empéche
également de pouvoir caractériser I’interdigitation des chaines latérales de la structure
cross-f3, ce qui a motivé un complément de travaux de dynamique tout-atome (Chapitre
4) afin de valider la stabilité des structures 20-mere trouvées avec OPEP et d’explorer
la possibilité de formation de la structure cross-f3. La role des molécules d’eau pour-

rait aussi €tre exploré par des méthodes tout-atome afin de déterminer 1’importance du
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solvant sur I’agrégation et la stabilisation des structures oligomériques amyloides et des
travaux complémentaires a notre étude serait tres pertinents. Un autre point intéressant a
soulever est le degré de spécificité de nos résultats par rapport a la séquence GNNQQNY.
Avons-nous caractérisé des propriétés morphologiques universelles applicables a tous
les types d’oligomeres amyloides ou avons-nous exploré des propriétés propres a GN-
NQQNY? Pour répondre a cette question, des modeles plus gros-grain, ¢’est-a-dire de
plus basse résolution mais pour I’étude de systemes de plus grandes tailles, permettraient
de simuler des oligomeres dont les constituants seraient démunis de toute information
concernant une séquence particuliere d’acides aminés et auraient, a la place, des pro-
priétés globales propres aux protéines amyloides. Des modeles comme le modele des
tubes de Auer et al. [195]] ou encore les "lattice models" comme celui de Li et al. [227]]
permettent une telle approche universelle.

Nos méthodes de simulations restent cependant compétitives et les conditions initiales
de nos simulations, des structures completement désordonnées, sont non biasées, et les
tailles de systemes simulés sont considérables pour la résolution atteinte, ce qui nous
place parmi les leaders dans la communauté scientifique pour la caractérisation des
phénomenes d’agrégation amyloide. Puisqu’une telle résolution n’est pas encore acces-
sible expérimentalement pour I’étude de la cinétique d’agrégation amyloide, notre méth-
ode numérique nous permet d’apporter une contribution significative en matiere de per-
tinence expérimentale. Néanmoins, le domaine d’étude des phénomenes d’aggrégation
amyloide doit, pour faire des avancées significatives, combiner les résultats d’études ex-
périmentales et numériques a divers échelles afin d’avoir une vision globale permettant
de mieux définir les propriétés universelles des oligomeres ainsi que leur role lors de
la fibrillisation. Alors que les études numériques les plus récentes permettent tout juste
d’atteindre des tailles de systemes pertinentes du point de vue expérimental, les tech-
niques expérimentales tendent toujours a améliorer leur résolution a un tel point que
I’on peut espérer d’ici une dizaine d’années que les deux champs de recherche pourront
bientot s’entre-valider en ce qui concerne les événements microscopiques qui régissent

la cinétique d’assemblage amyloide a une résolution atomique.



132
7.3 Recommandations futures

Cette these répond en partie a plusieurs questions sur le processus d’agrégation du
peptide GNNQQNY, mais entraine tout autant de nouvelles questions. Notamment,
pourrions-nous accéder a des tailles d’agrégats intermédiaires significatives pour un sys-
teme de 100 monomeres ou 200 monomeres, qui sont des tailles de systemes qu’ OPEP
pourra bientdt étre capable de traiter? Comment se compare le processus d’agrégation
du peptide GNNQQNY par rapport a d’autres peptides amyloidogéniques dont les struc-
tures cross-f ont été déterminées par Sawaya et al. [47]? Une autre question intéres-
sante serait de voir quel est I’effet de I’ajout d’acides aminés, normalement liés de part
et d’autre de GNNQQNY dans la protéine Sup33, sur la cinétique d’agrégation et sur les
morphologies des structures oligomériques.

A plus long terme, beaucoup d’autres aspects de la formation de structures amyloides
peuvent étre étudiés comme I’effet de I’environnement (pH, ions, glucose, etc.) sur la
cinétique d’agrégation, probleme auquel plusieurs études expérimentales et quelques
études numériques se sont attaquées récemment [[199, 228-H233]]. Des études d’arrimage
d’anticorps sur les structures oligomériques stables pourraient aussi €tre tres pertinentes
afin de vérifier les propriétés des oligomeres déja observées expérimentalement [[11]]. Les
structures oligomériques pourraient aussi étre utilisées en vue de trouver des inhibiteurs
de I’agrégation amyloide ou bien insérées dans des membranes lipidiques pour mesurer
leur effets potentiellement toxiques.

Ces recommandations, pour étre réalisées avec succes, nécessiteraient une étroite col-
laboration d’expertises variées aussi bien expérimentales que théoriques et numériques
dans le but de mieux comprendre 1’agrégation des protéines amyloides et leurs effets

dévastateurs.
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ANNEXE I
KINETICS OF AMYLOID GROWTH

I.1 Objectifs

L objectif de ce chapitre est de faire une revue de littérature complete des phénomenes
spontanés d’assemblage ayant lieu chez les protéines amyloides et d’expliquer pourquoi
la formation de fibres amyloides peut €tre vue comme un processus complexe de nucléa-
tion.

Ce chapitre, présentement sous presse, sera publié sous peu dans un livre scientifique
qui s’intitule: Alzheimer’s disease: Molecular Basis of Amyloid-beta protein aggrega-
tion and fibril formation - Insights into low molecular weight and cytotoxic aggregates

from computer simulations. — Imperial Press College

1.2 Contributions des auteurs

(Dans I’ordre d’apparition dans la publication) Jessica Nasica-Labouze a rédigé la
premiere version du texte et Normand Mousseau a participé a la révision et a la correc-

tion.

1.3 Introduction

The kinetics of amyloid fibril formation are controlled by protein concentration and
the appearance of cross-f3 structures. At high protein concentrations, for example, fibril
formation is strongly enhanced by the presence of preformed cross-f3 seedﬂ despite an
important entropic barrier. Once a large enough cross-f3 seed forms, monomers easily
join these nuclei, in a fast growth process that leads to fully-formed fibrils. This mech-

anism, called growth by nucleation, is the key element in amyloid fibrillization [25]].

A cross-f seed is an aggregate whose main structure is a cross-f structure large enough to trigger the
formation of fibrils through a nucleation process.



Xix

However, the biological nucleation process does not follow the classical physics the-
ory of nucleation due to the biochemical complexity of proteins; numerous models have
thus attempted to introduce and explain new elements missing from the classical theory
of nucleation, but necessary to understand and characterize the nucleation of amyloid
proteins as observed in in vitro experiments.

In this chapter, we focus on the elements missing from the classical theory of nucle-
ation to accurately describe amyloid aggregation and on the models introduced to ad-
dress them. These models will be compared with the most recent experimental results.

To conclude this chapter, we offer a critical discussion of the current state of knowledge.

I.4 Classical theory of nucleation

Volmer et al. [234] were the first to affirm that the nucleation rate is proportional to
the exponential of the free energy of formation for a nucleus and to provide the first for-
mulation of the classical theory of homogeneou nucleation. Although incomplete, this
theory still forms the basis on which the most recent models describing the nucleation

process of various physical systems are built [235].

I.4.1 Thermodynamic aspects of the classical homogeneous nucleation

Let us consider a homogeneous phase A in a supersaturated state at temperature T . In
order to create a phase B by nucleation from the phase A, the new phase must overcome
an important free energy barrier AF and condensate. Assuming that the phase B forms
small roughly spherical aggregates or embryos of radius r, then the free energy barrier
can be expressed as

AF(r) = 4nr*c — gnr3pRT In(S) (L.1)

where o is the tension at the embryo’s surface, p is the density of the phase B, R is the
universal gas constant, and S is a measure of supersaturation [236]. If S > 1, the function

AF(r ) has a maximum, which represents the lowest free energy activation barrier that an

2Homogeneous here means that the system is considered to be composed of identical monomers with
no impurities.
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embryo must overcome to become stable and start a spontaneous and irreversible local
growth (Fig. a)). The critical embryo siz corresponding to that free energy barrier

is defined as
N 20

= pRT—ln(S) 1.2)

This relation shows that the higher the supersaturation of the phase, the smaller the
critical size of stable embryos needed before they can continue to grow. In general, the
embryos’ formation is thus unfavorable and can only occur as a result of rare events in
a supersaturated phase. In the rare case where the critical size is reached, embryos are

short-lived and metastable and have a probability of one-half of launching the growth

process.

1.4.2 Kinetic aspects of the classical homogeneous nucleation

The kinetic treatment of the classical theory of nucleation as shown by Macdonald
et al. [237] expresses quantities in terms of g, the number of molecules in a roughly
spherical embryo of radius r. Hence g* is the number of molecules in a critical nucleus
of radius r*. Let C, be the rate of creation for embryos made of g molecules and let E,
be the rate of destruction for embryos of the same size. A g-mer can thus be created by
adding a monomer (i.e. a molecule) to a (g — 1)-mer or by removing a monomer from a
(g + 1)-mer. Concurrently, a g-mer can be destroyed by either growing into a (g + 1)-mer
or by losing a monomer. If Ny is the concentration of g-mers at an instant t , the rate of

formation of g-mers can be written as

N,

o7 (Co—1Ng—1 4+ Eg1Ng11) — (CgNg + EgNy) (1.3)

If we define I, = CgN, - Eg{Ngy as the net rate for g-mers, then Eq. can be

rewritten as
ot

3 An embryo of critical size is defined as a nucleus.

=1y 1, 1.4)
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Figure I.1: Nucleation characteristics. (a) Typical free energy barrier for the kinetic
embryo formation. A nucleus forms when the free energy maximum is overcome by an
aggregate (Ferrone, 1999). (b) Sigmoid growth curve characteristic of the presence of a
secondary nucleation process. The initial phase is known as the lag phase (i.e. the time
necessary to form enough stable nuclei). Then the growth phase is exponential, with a
maximum growth rate V,,,, (i.e. the maximum slope). Growth slows down when the
monomers start to deplete. The system is then under thermodynamical control. Fig-
ure 3.1(a) is reprinted from Ferrone (1999).
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Considering the approximation I, = constant for all g and defining I = I, /volume , the
general term for the net formation rate of g-mers per unit time per unit volume [237]], we
find that

RS (L5)

\/27kT /Q

with nge = nye~ ¥ and Q = —[9(AF (g)/98%)],--

ny is the initial population of monomers, ng- is the population of supercritical nuclei of
size g* monomers and k is the Boltzmann constant. In Eq. (L.3)), I is the net formation
rate for supercritical g*-mers per unit time per unit volume when dynamic equilibrium is
reached. This result indicates that if the supersaturation S increases, then AF* decreases

and the rate I consequently increases.

I1.4.3 Amyloid fibrillization as a nucleation process and the missing elements to

the classical theory to describe it

Based on the classical theory of nucleation, one can argue that the formation of
amyloid fibrils displays all of the features of a typical nucleation process. To support

this hypothesis, three arguments have been suggested [[111,[123]].
1. Amyloid aggregation is not possible under a certain critical protein concentration.

2. For a protein concentration slightly above the critical concentration, the fibrilliza-
tion starts after a lag time, which corresponds to the time necessary to form stable

nuclei.

3. The lag time can be reduced or even suppressed by adding preformed nuclei to a

solution of monomers.

These three aspects of nucleation have been widely confirmed experimentally for
amyloid proteins. Other characteristics of nucleation observed for amyloid proteins also
include the presence of metastable nuclei and of an exponential growth during the initial

phase of nucleation [111].



Xxiii

Nonetheless, the intrinsic nature of proteins complicates the nucleation process and
key elements are missing from the classical theory, as a result, to describe the nucleation
and growth of amyloid fibrils. Recent experiments suggest the presence of secondary
nucleation processes during the formation of amyloid fibrils and such processes are not
described by the classical theory of nucleation. Secondary processes may happen in the
form of fragmentation [[104, 109} 112114, 209, 212, 238} 239] or heterogeneous nu-
cleation (occurring at the surface of fibrils) [29, 107, [115H120, 240]. Numerous models
have been developed over the last decade in an effort to integrate secondary nucleation
processes with the general picture of amyloid aggregation, but the behavior of amyloid
proteins can vary greatly from one to another. As a result, each protein has its own
mechanism and can undergo one or several secondary processes and it has become a
real challenge to try to unify the behavior of various amyloid proteins. An account of
the different models proposed to describe the secondary nucleation processes is given in
Section 3.5.1.

In addition to secondary processes, a certain degree of cooperativity can exist be-
tween intermediary oligomers and mature fibrils that can affect the nucleation process
of amyloid proteins [2, 13, 33, 42} 43| 103, 122, 1304135} 140} 192, 241-245]]. Models
treating that aspect of fibrillization are presented in Section 3.5.2.

Finally, the intrinsic nature of proteins must be taken into account when charac-
terizing the nucleated amyloid fibrillization and considerable effort has been put into
developing a better understanding of the significance of the biochemical nature of pro-
teins and peptides in the nucleation of amyloid fibrils [[121} [246-260]. This aspect of

nucleation is explored in Section 3.5.3.

I.5 The Kkinetics of amyloid fibrillization

For amyloid proteins, a slow primary nucleation phase produces small aggregates (or
critical nuclei) composed of monomers followed by a growth phase, much faster than the
nucleation, during which the nuclei are turned into long fibrils. By definition, nucleation

is the phase that precedes and includes the appearance of critical nuclei (homogeneous
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or heterogeneous, see Section 3.5.1.2). In contrast, growth defines the postnucleation
(homogeneous or heterogeneous) phase during which the amount of polymers increases
very rapidly after a lag time 7;,, . During growth, several species can be present in
solution such as embryos, nuclei, oligomers (disordered aggregates that are larger than
nuclei), protofilaments (nascent polymeric chains), filaments (long polymeric chains),

and fibrils (lateral assemblies of several filaments or protofilaments).

I.5.1 Secondary nucleation processes

All of the models discussed here agree that the growth rate evolution as a function of
time for amyloid fibrils is best described by a sigmoid curve whose initial phase corre-
sponds to a nucleation lag phase (Fig.[[.I(b)). The lag time here takes into account two
levels of nucleation (primary and secondary) and is defined as the time necessary to form
a sufficient density of nuclei that are stable enough to generate polymers (Fig. [.1(b)).
Experimentally, the lag time is defined as the waiting time necessary for polymers, larger
than nuclei, to be first detected after a nucleation process.

In the presence of a classical primary nucleation process only, the polymerization
kinetics would be described by a parabolic curve (i.e. the growth rate would be pro-
portional to t%) [261]] and we would witness a linear polymerization with no secondary
nucleation processes. Amyloid proteins do not follow such a curve and it has been
demonstrated experimentally that the presence of a secondary nucleatiorﬁ phenomenon
is necessary to explain the kinetic curves, growth rates, and fibril morphologies observed
for a number of amyloid proteins.

Frank Ferrone [108]] established a model comparing the kinetic behavior of actin with
and without a secondary nucleation process. His conclusion was clear: the inclusion of a
secondary nucleation process leads to a growth curve with a much more abrupt slope than
the growth curve using a simple primary nucleation process. More precisely, Ferrone
found that the incorporation of a secondary nucleation process into a primary nucleation
process leads to an exponential growth curve that slows down only when the monomer

population starts to significantly deplete. The resulting growth can be described by a

4also called “double nucleation”.
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sigmoid curve with a steep slope, V,,4x, @ phenomenon that has been extensively observed
for amyloid proteins (see the references for secondary processes mentioned above). It
is important to note, however, that the impact of double nucleation strongly depends on
the quantity of fibrils present in solution. Thus, it contributes little to the total nucleation
rate at the beginning of the process, but dominates the reaction after a large amount of
fibrils have been formed. As a result, the lag time, which takes into account secondary
nucleation, depends weakly on the initial concentration of monomers, and is sensitive
rather to the concentration of assembled polymers. In addition, Ferrone’s model also
predicts that the kinetic growth curve should become convex when the nucleation step
is bypassed [[109]. Indeed, by adding preformed nuclei to a solution of monomers, the
lag time necessary for the formation of stable nuclei is avoided and polymerization may
start immediately.

Secondary nucleation is a generic term that includes any mechanism during which
the instantaneous formation of new growth sites depends on the amount of fibrils (or
filaments) already formed. The two main types of double nucleation are fragmenta-
tion (Section 3.5.1.1), which is a breaking mechanism, and lateral nucleation (Section
3.5.1.2), which includes diffusive mechanisms, bifurcation mechanisms, and thickening
mechanisms from existing preformed fibrils. Lateral nucleation is often referred to as
heterogeneous nucleation as it occurs at preferred sites on the surface of pre-existing

fibrils formed by primary nucleation.

I.5.1.1 Secondary nucleation through fragmentation

As discussed above, fragmentation is a common secondary process for many amyloid
proteins. This mechanism, which occurs after a primary nucleation phase, accelerates
the fibril-forming growth rate: as fibrils break, the number of fibril extremities increases.
Those extremities recruit more and more monomers, hence acting as secondary nucle-
ation sites during the growth phase. Numerous models have been proposed in order to
describe the influence of fragmentation on the kinetics of amyloid growth.

Knowles et al. [109] have developed an analytical model to characterize the frag-

mentation phenomenon observed for insulin, B-lactoglobulin and the domain WW from
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Figure 1.2: Experimental results (Knowles et al., 2009; Ferguson et al., 2003) show-
ing the presence of a fragmentation phenomenon. (a) Variation of the fibrillization
rate as a function of time for insulin for different monomer concentrations my,; (orange:
149 uM, green: 98 uM, cyan: 49 uM) (Knowles et al., 2009). A sigmoid curve charac-
teristic of secondary nucleation processes is apparent for values of my,, sufficiently big
(i.e. bigger than the solubility). (b) Polymerization measurements for the WW domain
of FBP28 (blue and green circles) (Ferguson et al., 2003). The blue curve represents the
best correspondence between Knowles’s model and the experimental data for my,, = 50
UM. The green curves are then obtained for different values of my,; (from left to right:
500 uM, 200 uM, 100 uM), keeping the same parameters used for generating the blue
curve. The model’s predictions agree well with experimental results and the lag time and
maximum growth rate are predicted accurately. Grey squares are data not considered for

fitting the blue curve and for predicting the green curves. Reprinted from Knowles et al.
(2009).
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FBP28 and compared their analytical results with experimental measurements. In the
case of insulin, the typical sigmoid behavior of the growth curve, obtained experimen-
tally, is entirely captured by the analytical model and is characteristic of the presence of
a secondary nucleation mechanism, here fragmentation (Fig. [.2Z(a)). A light-scattering
(LS) experiment performed on the WW domain of FBP28 [[110] and focusing on the ki-
netic behavior as a function of the initial concentration of monomers my,; found that the
lag time 7;,, decreases as my,y, is increased. Knowles er al. [109] have successfully tuned
their fragmentation model to accurately fit these experimental data, predicting the behav-
ior of the WW domain for other values of m,,, (Fig.[[.2(b)) whose maximum growth rate,
under fragmentation, can be analytically expressed as

V2mork k-

Viax = —————— 1.6)
e

where k., k_ are the association rate for monomers and the dissociation (fragmenta-
tion) rate for polymers. Here, v,,,, depends only on the association/dissociation rates
and the initial concentration of monomers as opposed to the number of formed nuclei
and the primary nucleation rate that would be expected for a pure primary nucleation
process. For -lactoglobulin, experiments studying the effect of bypassing the primary
nucleation by adding preformed nuclei to a solution of monomers [[132]] have shown that
the growth curve remains sigmoid, which means that there is still another level of nucle-
ation present in the process. A similar behavior has been observed experimentally for
other amyloid proteins such as -amyloid (Af), B2-microglobulin, the prion protein,
and Phosphatidylinositol 3-kinase’s SH3 domain (PI(3)K-SH3) [104, [111-114]. Based
on these observations, Knowles et al. [[109] have analytically set the primary nucleation
rate to zero in their model and have successfully reproduced the experimental results
for B-lactoglobulin, which reinforces the hypothesis that fragmentation is the dominant
secondary process for this protein.

During fragmentation, the growth rate is directly proportional to the concentration

of extremities of the available fibrils’ segments [112]. It was shown that fibrils under
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thermal agitation or sonicatiorﬂ undergo breakage and thus a pronounced acceleration
of their growth rate along with an increase in their average length after a period of rest
following the sonication process [113]]. This observation suggests that, in addition to
accelerating their growth rate, agitation/sonication leads to longer fibrils than those un-
dergoing a classical polymerization process. The fibril length is then proportional to
the fragmentation rate k_ [212]. Another well-observed trait of fragmentation includes
the weak dependency of the lag time on the monomer concentration [109, [112, 212].

Experimentally, the lag time is found to be

Tlag%(mmt)il/z (17)

This has been observed for a wide set of amyloid proteins undergoing natural frag-
mentation such as $2-microglobulin, Sup35 Prion protein, Ure2p protein, insulin, the
WW domain of FBP28 and the PrP Prion protein. Analytically, the model of Knowles
et al. [109] derives the lag time to be

1
Ty o ——————————r
lag vV 2m10[k+k,

The lag time in Eq. depends on the fragmentation rate k_ and is consistent with

(mtot)_1/2 (L.8)

experimental observations. One can thus conclude that 7;,, here is essentially defined by
the fragmentation mechanism, unlike the lag time from classical polymerization, which
depends mainly on the primary nucleation rate k, and hence on the concentration of
monomers present [261]. The model further shows that a minor change in the fragmen-
tation rate can have drastic consequences on the growth kinetics of amyloid fibrils.
Knowles er al. have thus successfully reproduced the experimental data and have
better characterized the growth mechanism of several amyloid proteins undergoing frag-
mentation. However, the degree of brittleness of fibrils must be taken into account to
better understand and evaluate the importance of the biochemical nature of amino acid
sequences on fragmentation and thus on the acceleration of the elongation process for

amyloid proteins.

3Sonication is the application of ultrasound energy to agitate and promote breakage of fibrils.
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1.5.1.2 Heterogeneous secondary nucleation occurring at the surface of existing

fibrils

Heterogeneous nucleation (or lateral nucleation) is a nucleation process happening at
the surface of pre-existing fibrils (Fig.[[.3)). Similarly to fragmentation, this phenomenon
displays all of the features of a secondary nucleation process: an exponential growth
and a lag time weakly dependent on the concentration of monomers before the growth
phase. In the heterogeneous nucleation process, fibrils form first by homogeneous (pri-
mary) nucleation. Then, as more fibrils are formed, the total accessible fibril surface
increases. As a result, more and more potential nucleation sites appear on the fibril sur-
face to recruit monomers and form new nuclei. This leads to a continuous increase of
the heterogeneous nucleation rate until depletion of the monomers with a simultaneous
cooperativity between the homogeneous and heterogeneous nucleation processes. This
mechanism, like fragmentation, depends strongly on the amount of fibrils formed in so-
lution, which explains the presence of an autocatalytic (i.e. exponential) growth rate and
of a long lag time before enough polymerized fibrils can be detected.

A mathematical kinetic model was developed by Frank Ferrone [[107] to describe het-
erogeneous nucleation as an explanation for the polymerization of hemoglobin S (HbS).
This model offers a good description of the heterogeneous nucleation process occur-
ring at the surface of fibrils and is applicable to amyloid proteins. In this model, the
incorporation of monomers can be performed either by homogeneous (primary) or het-
erogeneous (secondary) nucleation, irreversibly in both cases, under the assumption that
the fraction of monomers consumed in the nucleation processes is negligible compared
with the amount consumed in fibril growth. In addition, Ferrone mathematically de-
rives an expression for the concentration of heterogeneous nuclei considering that the

heterogeneous nucleation happens in two steps.

1. The formation of a m*-mer nucleus from m* monomers.

2. The adhesion of this m*-mer nucleus to the surface of a fibril.

These equations lead to an expression for both the formation rate of fibrils and the



XXX

Hotmogeneous nucleation

0 =8 =8 = § ==

Critical
nuclews

Heterogeneous nucleation

Figure [.3: Heterogeneous nucleation model. Reprinted from Ferrone (1985).
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disappearance rate of monomers that shows that the evolution of the concentration of
polymerized monomers in time is consistent with an exponential growth, typical of a
secondary nucleation process. Measurements carried out by Ferrone et al. [240] further
show a linear relation between the logarithm of the lag time and the logarithm of the
monomer concentration.

Heterogeneous nucleation is also called lateral nucleation as it occurs at the surface of
fibers. Lateral nucleation has been largely observed experimentally as a natural process
for many amyloid proteins such as insulin [29, [115]], calcitonin [116]], and Islet Amyloid
Polypeptide IAPP [[117]. Lateral nucleation can also be catalyzed by the presence of a
surface as is the case for IAPP20-29, A3, a-synuclein, and the 7 protein [118]. It has
been shown by LS, in the particular case of IAPP20-29, that the presence of a surface
facilitates a secondary nucleation by reducing the entropic cost of assembling proteins
in nuclei: (i) by allowing proteins to locally aggregate densely on the surface, (ii) by
encouraging the formation of ordered structures (i.e. the formation of parallel 3-sheets)
when in contact with the surface, and (iii) by stabilizing high-energy nuclei in contact
with the surface. Lateral nucleation at the surface of fibrils can take three different forms
[119]. If the nucleus formed at the surface of a fibril detaches itself after its formation,
the lateral nucleation is called diffusive. This phenomenon has been observed for HbS
[240] but not for amyloid proteins. If the nucleus remains permanently on the fibril’s
surface, two scenarios can occur: (i) thickening (the nucleus continues to grow along
the pre-existing fibril resulting in a thicker fibril) [29, [115H120], and (ii) branching (the
nucleus forms a new branch from the pre-existing fibril). Branching has been observed
for the glucagon protein [[119] but not for any amyloid proteins and won’t be discussed
here. Lateral nucleation by thickening, however, has been observed for calcitonin [116]
and insulin [29} [115)]. During the thickening process for calcitonin, fibrillar centers
form from which many fibers radially stretch out, as observed by electron microscopy
(EM) (Fig.[[.4(a)-(c)) [116]. The process is accompanied by a linear dependency of the
logarithm of my,; on the logarithm of 7;,, , as mentioned by Ferrone for the secondary
nucleation of HbS. As for insulin, Jansen er al. [29] have also observed a thickening

process by atomic force microscopy (AFM) and it seems that protofilaments are able to
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recruit monomers and to act as scaffolds to help form new protofilaments laterally along
pre-existing ones (Fig. [[.4(d)). Insulin fibers are hence formed by lateral interactions
between protofilaments and monomers, by a thickening process, and their aggregation
dynamics show a weak dependency of the lag time on the concentration of monomers
along with an exponential growth [115].

Thus, observations for various proteins are consistent with the general description of
the kinetic characteristics described by Ferrone’s mathematical model. However, there
remains a great diversity in the observed heterogeneous nucleation processes and each
protein follows its own mechanism depending strongly on its amino acid sequence and
on the environmental conditions during fibrillization. These aspects must be taken into

account in order to better understand the heterogeneous nucleation mechanisms.

I.5.2 Presence of intermediary species during the amyloid nucleation process

Polymorphism is the ability to adopt different morphologies for a fiber made of iden-
tical monomers. It is a widespread property of amyloid fibrils [3} 42} [140] that implies
that the same protein can form fibrils of different morphologies simply through different
mechanisms [130], depending on the environmental conditions. During fibrillization by
nucleation, the path taken varies from one mechanism to another, as well as the type of
intermediary species involved in the final product, i.e. the fibril. The presence of in-
termediary oligomers during the formation of fibrils plays an important role in amyloid
polymorphism and in fibrillization [2} |33} 122} [130, (134, [192]]. For instance, it appears
that fibrillization for the protein a-synuclein is augmented when the oligomer’s concen-
tration increases [135]], which means that oligomers can be intermediary species on the
fibril formation pathway.

Numerous models have proposed appealing mechanisms to incorporate oligomers
into the picture and to explain their role in the observed polymorphism for amyloid
proteins; despite the contradictions between the most accepted models, they explain
accurately the experimental observations for individual proteins.

One of the first models constructed by Lomakin et al. [241] for the A protein is a ki-

netic model coupled to experimental results [103]. In this model, the aggregation of free
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Figure 1.4: Experimental observations of lateral nucleation through thickening. (a-
¢) Images obtained for calcitonin by electronic microscopy (EM) (Arvinte et al., 1993).
The fibers created by lateral nucleation are arranged in star-like structures spreading
radially from a dense center. (c¢) Close-up of one branch of a star-like structure in (a) and
(b). The main core in (c) is made of several protofilaments interacting laterally (arrow).
(d) Image of insulin aggregates by atomic force microscopy (AFM) (Jansen et al., 2005).
Prefibrillar aggregates accumulate around protofibers through a thickening mechanism.
The protofibers serve as scaffolds for low-molecular-weight oligomers and monomers.
Reprinted from Arvinte et al. (1993) and Jansen et al. (2005).



XXX1V

monomers into stable ordered nuclei is considered to happen through the formation of
disordered oligomers called micelles. Micelle formation is suggested to be a fast process
as it would not require any configurational rearrangement of the monomers, leaving the
micelles in a disordered state. Thereafter, stable ordered nuclei would form from these
micelles in a very slow process as it would require a rearrangement of the monomers
inside the micelles. The model of Lomakin ef al. [[103] also considers the possibility of
stable ordered nuclei forming in parallel directly from free monomers according to a pro-
cess considered to be extremely slow. This model highlights the importance of oligomers
in the very first steps of the nucleation process. Hence, oligomers are a species present
during the nucleation lag time [134].

The role of micelles for the A protein has also been examined by a thermodynamic
model coupled to numerical molecular dynamics simulations [243]]. This second model
suggests that micelles are an important metastable intermediary species, present at the
beginning of nucleation and whose first function is to serve as monomer reservoirs [43,
103}, 242].

Other models [33| 43]] instead focus on the role of ordered aggregates, or protofibers,
acting as important intermediary species in the fibrillization process. Experimental data
collected by size exclusion chromatography, LS and EM by Walsh ez al. [122] for A
reveal the existence of ordered intermediaries, or protofibers, and suggest that these
protofibers are the product of a nucleation process (Fig. 1.5a). They also suggested
that protofibers could interact together to form fibers. The proposed mechanisms for
protofiber interactions are depicted in Fig. [[.5(b) [33] 143]]. Finally, as in the case of mi-
celles, protofibers could serve as monomer reservoirs (Fig. [.5(c)). This hypothesis is
supported by the model of Zhang and Muthukumar [[123]] who suggest that, after the nu-
cleation phase, an Ostwald ripening mechanism dominates. Ostwald ripening consists
of a process under which the largest aggregates grow larger at the expense of smaller
ones. Hence, in the presence of Ostwald ripening, protofibers would be disintegrated
into monomers to serve the cause of larger fibers. AFM results [33]], however, suggest
that protofibers are forming on the fibril formation pathway for Af3 and as such cannot

Serve as monomer reservoirs.
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Figure 1.5: Models describing the current theories on fibrillization from protofibers
for A (Walsh et al., 1997). (a) AP fibrillization is a nucleation where monomers form
nuclei (step 1), growing into protofibers by elongation (step2). Finally, the protofibers
interact to form fibers (step 3). (b) Hypotheses on the nature of the association between
protofibers, resulting into fibers. The first (top) is an end-to-end association but is very
unlikely due to the difficulty protofibers would have to find the right alignment for this
type of association. The other two possible associations are similar to an heterogeneous
nucleation process as described in Section 3.5.1.2 where protofibers associate laterally
and serve as scaffolds for monomers and/or other protofibers in order to form fibrils
similarly to Jansen et al. (c) Protofibers serve as monomer reservoirs, thus being an
off-pathway species. Reprinted from Walsh ez al. (1997).
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More models [43,130] suggest that protofibers may form by oligomer fusion, through
an aggregation pathway that does not involve any nucleation. This phenomenon was
observed for the phosphoglycerate kinase protein [133], Af [130], AB(1-40) [134], c-
synuclein [135], and the hen egg-white lysozyme protein [132]]. Oligomer fusion im-
plies that, first, disordered oligomers can form easily from free monomers. Once the
oligomer concentration is high enough, fusion may occur and give birth to protofibers
(Fig. [.6(b)) [132]. Then, protofibers can interact to form fibers. Oligomer fusion is
suggested to operate cooperatively with the nucleation process and would hence help
amyloid fibril formation [131, [132]. EM and AFM data obtained for Af by Goldsbury
et al. [130] contradict the oligomer fusion hypothesis, with their model instead suggest-
ing that protofibers form through a nucleation mechanism starting from oligomers and
by monomer addition.

It is, however, possible that oligomers escape from the nucleation or the fusion pro-
cess to end up being off—pathwayﬂ species. A mathematical model [244] predicts that
the presence of off-pathway oligomers should slow down the formation of fibrils. This
supposes that off-pathway oligomers, thought to be rare but toxic species, have a longer
lifetime than on-pathway assemblies. It is also suggested that off-pathway oligomers can
rearrange into on-pathway oligomers.

Hence, a large set of experimental data has given rise to multiple scenarios about the
role and nature of intermediary species involved in the nucleation process of amyloid
proteins and it appears that oligomers, micelles and protofibers are important actors in

amyloid aggregation.

I.5.3 Importance of the biochemical properties of amyloid proteins and peptides

in the nucleation process

Numerous protein physicochemical parameters — such as the propensity for a se-
quence to prefer a certain type of secondary structure, the charge, or the hydrophobicity

of side chains — come into play to define the aggregation kinetics of amyloid nucleation

Off-pathway means here that oligomers do not directly participate to the pathway leading to the for-
mation of fibers.
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Figure 1.6: Comparison between models describing fibril formation as (a) a
nucleation-growth process and (b) an oligomer fusion process. Reprinted from Rochet
and Lansbury (2000).

[25]]. Hence, multiple hypotheses have been formulated in order to better characterize
the respective role of the biochemical properties of proteins in fibrillization.

The model developed by DuBay et al. [254] proposes an explanation for the role of
physicochemical properties of proteins in the formation of fibrils and describes nucle-

ation by means of a phenomenological equation based on experimental measurements

lOg (k) = 0+ (thdrlhydr + apatlpm + OCchICh + apHEpH + O‘ionicEioniC + aconcEconC (19)

Eq. ([.9) relates the aggregation rate k to various intrinsic (I) and extrinsic (E) physic-
ochemical factors such as the hydrophobicity of the sequence (I | the normalized sum
of the hydrophobic contributions from each residue in the sequence as measured experi-
mentally) [246, 247]], the presence of sequences alternating hydrophobic and hydrophilic
amino acids (IP¥, a +1 factor is assigned for each pattern of more than five amino acids

alternating between hydrophobic and hydrophilic), the absolute net charge (I?" ), the pH
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(EPH ), the ionic strength (E" ), and the protein concentration (E°* ). The o coef-
ficients were obtained by linear regression over a set of experimental data. Using this
equation along with experimental data collected for 15 proteins and their variants, the

relative influences of intrinsic[] properties have been deduced.

1. The increase of a sequence’s total hydrophobicity leads to an increase in the ag-
gregation rate [121]. Given that a native protein (i.e. correctly folded) exposes
very few hydrophobic side chains to the solvent, whereas a misfolded protein ex-
poses many more, this effect is consistent with the fact that misfolding promotes

amyloid fibrillization.

2. The presence of patterns which rarely occur naturally [248], alternating hydropho-
bic and hydrophilic amino acids, is the most influential factor for the aggregation
rate. The higher the frequency of appearance of such patterns within a protein, the
higher the aggregation rate. This relation has been confirmed by the work of Wang
and Hecht [252]].

3. The aggregation rate is inversely proportional to the total absolute net charge of a

sequence. This effect has been noted experimentally [249].

Experimental data obtained by Chiti ef al. [250] by amino acid mutagenesis on the
human muscle acylphosphatase (AcP) protein further confirm the observations 1-3 ex-
tracted from the model. These researchers further observe that the rate of aggregation
increases with the increased propensity of a sequence to go from an o to a 3 state.
Moreover, a thermodynamic study of the equilibrium between monomers, oligomers,
and fibrils confirms that the parameters 1-3 do favor amyloid fibrillization through nu-
cleation and also predicts that (4) an increase in the number of aromatic amino acids in
a sequence should favor fibrillization [245]. This is observed for the 32-microglobulin

protein [251}, 255, 258]].

TThe effects of extrinsic factors are not described here.
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1.5.3.1 Hydrophobicity, patterns alternating hydrophobic and hydrophilic residues,

and aromatic residues

Amyloid nucleation cannot occur without interactions between 3-sheets. Hence, the
interdigitation of hydrophobic side chains, which allows cross-f3 structures to interact
laterally, is crucial in the polymorphism and stability of the product fiber and depends
strongly on the amino acid sequence. It has been shown by Wolf er al. [259] that
the tendency of short sequences to form fibers depends on their ability to gather the
hydrophobic side chains, coupled to the presence of patterns alternating hydrophilic and
hydrophobic side chains. Such a pattern allows a stable packing of hydrophobic side
chains inside the cross-f structure and allows a stable packing of hydrophilic side chains
outside contacting the solvent. In addition, it seems that there exists a certain degree of
hydrophobic cooperativity between the side chains, which is the basis of the nucleation
mechanism [256]. Also, it is thought that the increase of hydrophobicity could shift the
equilibrium towards the formation of a larger amount of oligomers [245]].

The importance of aromatic amino acids comes from the fact that they are not only
hydrophobic but they can also form 7-7 interactions with other aromatic residues that
are directed along the fibrillar axis and thus contribute to the global stability of fibrils
(253 257].

I.5.3.2 Net charge

The increase of the net charge of a protein slows down fibrillization. This can be
explained by recent observations [260] on the effect of the total charge of monomer
proteins on the morphology of the resulting fibers. Indeed, it seems that the fiber twisted
morphology comes from a high mutual repulsion effect between the charged neighboring
constituent monomers. This effect of the total charge could slow down fibrillization.

DuBay et al. [254], in their model, suggest that other intrinsic factors may be of
interest, such as the stability of the native protein, to evaluate the global reconfiguration
of monomers prior to nucleation, as misfolding is the key to fibril formation. Hence,

the biochemical nature of proteins strongly influences the amyloid nucleation process
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and should be taken into account in order to better understand polymorphism and the

multiple assembly mechanisms.

1.6 Critical review of the models

Models developed over the last two decades have been, for the most part, constructed
from experimentally-derived parameters and observations. For that reason, most models
are, unfortunately, designed to describe specific proteins, in vitro, under the very specific
conditions used in the experiments that the model is based on. As a result, many models
describe specific phenomena peculiar to a given sequence without providing a unified
picture of amyloid behaviors. This is not necessarily a drawback as these models are
particularly relevant for identifying and describing accurately the elements missing from

the classical theory of nucleation.

I.6.1 Kinetic models against thermodynamic models

Of the growth models presented in this chapter, most are based on the kinetics of
formation as opposed to thermodynamics. This is justifiable as thermodynamic (or
statistical-mechanical) models can only describe the equilibrium properties of a system,
whereas kinetic (or dynamic) models consider the time evolution of the system’s prop-
erties. As most experimental studies focus on the time evolution of fibrillization, kinetic
models have tended to be used for better validation. As pointed out by Wolf et al. [262],
kinetic models describe the formation of amyloid fibers as a series of assembly reaction
steps, focusing primarily on the stoichiometry and the reversibility (or irreversibility) at
each step. These dynamic models can thus be seen as coarse-grained models as they do
not take the molecular details of reactions into account.

A decisive factor in the choice of model to use (thermodynamic or kinetic) is whether
the process is observed experimentally to be reversible or irreversible [262]. Indeed, if a
process is observed to be reversible, the system can reach a dynamic equilibrium given
enough time. In this case, a statistical or thermodynamic model is clearly preferable. If,

however, a process is observed to happen irreversibly, the system is under kinetic control
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as all quantities evolve in time through reaction steps more or less irreversiblyﬁ and a
kinetic model is required. Of course, a correct kinetic model should be able to lead to
the right equilibrium allowing the evaluation of all thermodynamic properties, but this

adds to the difficulty of constructing a model.

1.6.2 Discussion of the models

All models describing secondary nucleation processes predict an exponential growth
curve as well as a lag time depending weakly on the initial monomer concentration.
These predictions are consistent with experimental observations for both fragmentation
models and heterogeneous nucleation models. Nonetheless, some elements are lacking
from the models. In the case of fragmentation, the brittleness of fibers must be taken
into account in order to evaluate the potential for a protein to undergo fragmentation.
A measure of brittleness could be derived from the biochemical composition of pro-
teins and could be integrated to current models describing fragmentation. The presence
of oligomers may also affect the relation between the observed lag time and the initial
monomer concentration. As suggested by Lomakin et al. [103] 241] and collabora-
tors, a weak dependency could be due to the rapid equilibration between monomers and
non-fibrillar oligomers. It would hence be interesting to characterize fully the relation
between oligomer concentration and lag time under fragmentation. In the case of het-
erogeneous nucleation, it has been suggested that not only do heterogeneous nuclei form
from fibers, but also protofibers might undergo a heterogeneous nucleation process for
some proteins [29] 122]. Hence, a model combining the oligomerization of proteins
coupled to the theory of heterogeneous nucleation would be required.

The presence of oligomers, although unusual in a classical nucleation process, is a
well-accepted fact for amyloid proteins. Multiple theories have been proposed, but all
of the models presented here agree that the presence of intermediary species during the

fibrillization process is one cause for amyloid polymorphism. However, many contradic-

81n a kinetic model, reaction steps are not necessarily irreversible, For instance, the nucleation reaction
is rarely seen as a reversible process in models, while the elongation process forming fibers or other
intermediary species can be reversible.
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tions remain between the various oligomerization models because each sequence seems
to display a unique mechanism, making generalization very difficult.

The physicochemical properties of proteins also play an important role in the amyloid
nucleation process and many studies have investigated the role of various biochemical
factors on the efficiency of fibril formation. What is fascinating about amyloid pro-
teins is the fact that completely different amino acid sequences can contribute positively
to the nucleation process of fibrillization, providing that they follow a pattern alternat-
ing hydrophobic and hydrophilic amino acids. Experimental observations support the
hypothesis that hydrophobicity and the presence of aromatic residues facilitate fiber for-
mation, whereas charged residues slow it down. Models based on experimental results
efficiently describe these phenomena and shed light on the consequences of mutagene-
sis on the formation of fibrils and on polymorphism. However, aggregation efficiency
and aggregate morphologies do not depend solely on the intrinsic properties of proteins.
Extrinsic properties such as temperature, pressure, pH, solvent ionic strength, oxidation
potential, and protein concentration can also influence protein misfolding, nucleation,
and fiber elongation, and must be taken into account. These factors should be and often
are included in amyloid models.

Finally, only in vitro studies have been used in the development of growth models.
Numerous questions, such as the influence of surfaces on amyloid aggregation (through
heterogeneous nucleation catalyzed by a surface), remain important as fibrillization may
arise near cellular membranes in vivo. Such aspects have yet to be included in these

models.

1.7 Conclusion

Synthesizing all of the observations, it seems that amyloid proteins find a large spec-
trum of methods to survive and to accelerate the nucleation and elongation process.
These methods, from the presence of secondary nucleation processes to the formation
of intermediary species during the formation of fibrils, are guided by the biochemical

nature of the amino acid sequence of proteins and seem different from one protein to
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another. Amyloid proteins possess a high degree of plasticity and mechanistic freedom
and can grow under many different cellular conditions [263]]. This property of amyloid
proteins makes nucleation more complex compared with a classical process.

The models presented here convey a global picture for amyloid fibril growth, but few
aspects are treated at a molecular scale because of the technical challenge of observing
atomic details of insoluble amyloid fibers. The computing power now available allows
us to obtain more atomic details by means of atomistic simulations. For example, we
can run simulations with enough particles, and over timescales long enough to observe a
nucleation growth as well as fiber growth. As a result, numerical tools are necessary to
complement experimental studies, in order to develop more accurate and complete mod-

els, incorporating molecular details of the nucleation and growth of amyloid proteins.
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