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Chapter I - Résumé de these

Les membranes cellulaires sont généralement considérées comme des barriéres physiques permettant la
compartimentation et la spécialisation du milieu intracellulaire. Ce sont des systémes dynamiques, dont
la forme, la composition et les propriétés changent sur une large gamme des échelles de temps et
d’espace. Ce remodelage des membranes a lieu au sein de différents processus cellulaires comme leur
déplacement, leur différenciation ou encore le transport de vésicules. Les membranes doivent étre
suffisamment robustes et rigides pour maintenir 1’intégrit¢ de la cellule et dans le méme temps,
suffisamment flexibles pour permettre un continuel changement de forme. Plusieurs de leurs propriétés,
telles que leurs propriétés thermodynamiques ou mécaniques ont été étudiées et associées a 1’auto-
organisation des lipides. Cependant, plusieurs questions restent ouvertes, en particulier en ce qui
concerne le lien entre la composition des membranes et leur perméabilité face a des médicaments. La
détermination de leur perméabilité est d’une grande importance pour des raisons toxicologiques, pour
mieux comprendre la problématique de résistance aux médicaments de chimiothérapie exprimée par
certaines lignées cancéreuses, mais aussi dans le but de développer de nouvelles stratégies pour le

ciblage cellulaire.

1. Modéliser la matrice lipidique des membranes plasmiques : quelles

propriétés sont liées a la perméation ?

Au cours de ce travail de thése, nous avons recherché les propriétés chimiques et physiques connectées
a la matrice lipidique des membranes plasmiques qui pourraient permettre de différencier les cellules
cancéreuses des cellules saines et qui pourraient ainsi devenir de potentiels marqueurs pour un ciblage
sélectif. Il est connu que les membranes plasmiques des cellules eucaryotes saines présentent une
asymétrie dans la distribution des différents types de lipides entre les deux monocouches qui la
composent. Cette asymétrie [1-3] est activement maintenue par certaines protéines; les flippases et les
floppases. Ainsi, la monocouche extracellulaire est principalement composée de phosphatidylcholines
(PC) et de sphingomyélines (SM) alors que la couche cytoplasmique est riche en phosphatidylsérines
(PS) et en phosphatidyléthanolamines (PE).

Dans le cas des cellules apoptotiques, il est reconnu que cette asymétrie n’est plus préservée. En 1989,
il a été montré que certaines lignées cancéreuses présentaient des signes similaires de symétrisation. La
principale conséquence de ce phénomene est une surexposition en PS sur la monocouche extracellulaire
des membranes plasmiques alors que ce lipide anionique est majoritairement présent au sein de la couche

cytoplasmique dans les cellules saines [4, 5]. Des études ultérieures [6-8] utilisant de la cytométrie en
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flux aprés un marquage avec de I’annexin V ont confirmé ces premiers résultats. En particulier, il a été
montré que cette surexposition en PS n’est pas un artefact di a la présence de cellules apoptotiques dans
I’échantillon [9]. L’exposition en PS a aussi été détectée dans le systéme vasculaire relié aux tumeurs
[10, 11]. Une analyse de la littérature [4-9, 12, 13] nous permet de conclure que la proportion en PS sur
la monocouche extracellulaire est ~7 fois supérieure dans des lignées cancéreuses que dans des cellules
saines correspondantes. Ces observations sont d’une grande importance et pourraient résulter en une
nouvelle approche dans le ciblage des cellules tumorales par le biais d’une reconnaissance sélective des
phosphatidylsérines [8, 14-17] ou de la redistribution associée en PE [18]. Malgré I’importance de ce
sujet, trés peu d’études numériques ont été menées dans le but de modéliser des membranes de cellules

cancéreuses de sorte a comparer leurs propriétés avec des modéles de membranes de cellules saines [19].

L’un des domaines de recherche les plus actifs quant a 1’étude de la structure des membranes plasmiques
concerne la présence de cholestérol. Cependant, bien que le cholestérol soit la molécule la plus
abondante dans les membranes plasmiques apres les lipides, sa distribution transversale au sein de la
membrane est toujours sujet a débat [20-22]. Tl a été observé expérimentalement que le cholestérol est
principalement situé dans la monocouche cytoplasmique [23-25]. Pourtant, une forte affinité entre le
cholestérol et les sphingomyélines a été établie expérimentalement [26] et des simulations numériques
montrent une distribution accrue en cholestérol dans la monocouche extracellulaire [27-29]. L’existence
de raft lipidiques ou de micro/nano-domaines dans les membranes est un autre domaine débattu a I’heure
actuelle. Il a été montré in vitro que la présence de cholestérol et de sphingomyélines forme des régions
plus rigides en phase liquide ordonnée (L0) dans des liposomes unilamellaires géants (GUVs) ou dans
des structures lipidiques déposées [1, 30, 31]. L’étude des rafts lipidiques présente aussi un large pendant
in silico [30, 32-34]. Cependant, aucune observation de ces rafts lipidiques dans des cellules réelles n’a
été publiée a ce jour. Cette difficulté d’observation des rafts sur des membranes cellulaires est attribuée
a leur temps de vie ou a leur taille qui pourraient étre inférieurs dans des cellules réelles que dans les
systémes étudiés [26, 32, 35]. Bien que ces rafts n’aient pas été observés, 1’influence du cholestérol et
des microdomaines riches en cholestérol sur la rigidit¢ de la membrane, sur sa perméabilité et sur le

fonctionnement des protéines membranaires est d’un grand intérét [36-39].

En dehors des aspects liés a la composition des membranes plasmiques, un aspect mécanique a retenu
notre attention. La courbure des membranes joue un réle important au sein d’une grande variété de
processus cellulaires [24, 40]. La formation de la courbure a la surface des membranes plasmiques
résulte d’une compétition entre la courbure intrinseque due a la géométrie des lipides et les influences
conjointes des protéines membranaires et du cytosquelette. Dans les cellules eucaryotes, les domaines
Bin/Amphiphysin/Rvs (BAR) [41] sont connus pour leur capacité a former des assemblages en trois
dimensions qui altérent les propriétés mécaniques de la membranes et induisent des courbures tres
importantes. Sous 1’effet de la courbure induite par des protéines ou par le cytosquelette, la matrice

lipidique doit se réorganiser lorsque sa courbure se voit modifiée. Peu d’études sur la réorganisation et
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la redistribution des lipides dans ces conditions ont été menées alors que ces effets induisant des
changements locaux de la composition de la membrane sont connus pour avoir des conséquences
importantes pour un grand nombre de pathologies telles que le cancer [42], 1a maladie d’ Alzheimer [43]
ou I’obésité [44]. La courbure est susceptible d’influencer ainsi la distribution en cholestérol dans la
membrane, 1’épaisseur de ses monocouches, le paramétre d’ordre des chaines aliphatiques des acides
gras des lipides et ainsi d’exercer un role important sur la diffusion de petites molécules ou de
médicaments. Enfin, de récentes études ont corrélé la rugosité de la membrane plasmique au caractére
cancéreux des cellules [45]. L’imagerie par force atomique montre de réelles différences entre 1’état de
surface de lignées cancéreuses et celle de cellules saines associées comme c’est le cas entre la lignée
MCF7A de cellules tumorales mammaires en comparaison aux cellules non tumorales MCF10A [46,
47]. On peut ainsi supposer que les membranes de certaines lignées cancéreuses présentent une fonction
de distribution des courbures locales bien plus large que ce I’on trouverait sur des membranes de cellules
saines correspondantes. Cette distribution est aussi potenticllement décalée vers des courbures plus
importantes. Ces hypothéses doivent étre explorées pour déterminer si la courbure membranaire joue un

role dans la cinétique du transport de médicaments vers le cytoplasme.
2. Vers des modéles numériques de la membrane plasmique

L’augmentation des ressources informatiques a permis un développement rapide des méthodes
numériques de modélisation de membranes aussi bien en dynamique moléculaire tout-atome que gros
grains [19, 48-53]. En particulier, de récentes études s’intéressent a I’hétérogénéité latérale des
membranes (rafts et micro-domaines lipidiques) [48, 49] ou a la composition asymétrique en lipides et
en cholestérol des monocouches lipidiques [29]. Bien que de plus en plus d’études numériques proposent
des modéles membranaires prenant en compte la distribution asymétrique des lipides [50-52, 54], peu
de travaux sont dédiés a I’étude de la perméation de molécules d’intérét biologique au sein de modeles

réalistes de la matrice lipidique des membranes plasmiques.

Les échelles de temps et de longueur liés au processus de diffusion passive font des simulations
numériques une des meilleurs techniques, complémentaires aux expériences in vitro, permettant
d’accéder a une échelle atomique. Avec le développement de simulations de dynamique moléculaire
gros grains, utilisant en particulier le champ de force MARTINI [55-58], la tendance a ét¢ de s’éloigner
des simulations tout-atome dans le domaine de la modélisation des membranes. Les modéles gros grains
permettent un accroissement de plusieurs ordres de grandeurs de la taille et des temps caractéristiques
accessibles. Ce type de simulations de dynamique moléculaire consiste a regrouper plusieurs atomes
adjacents sous la forme de grains qui interagissent les uns avec les autres par le biais de potentiels
empiriques. Comme le nombre de grains est nettement inférieur au nombre réel d’atomes contenus dans
le systéme, cette simplification permet d’intégrer plus rapidement la trajectoire classique des molécules

[55-58]. En particulier, les méthodes gros grains ont permis la création de modéles membranaires
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réalistes incluant une grande complexité dans la composition des systémes [51]. Cependant, cette
derniere étude était focalisée sur une membrane plane. Malgré les progres importants dans le domaine
de la dynamique gros grain, il est toujours nécessaire de recourir a des simulations tout-atome pour
assurer une précision suffisante lors de 1’étude de certains phénomeénes tels que 1’études des interactions
entre des petites molécules ou des médicaments et des membranes lipidiques. La précision atomique
permet de prendre en compte finement les effets de courbure et d’asymétrie a la fois sur la membrane

lipidique elle-méme et sur de potentielles molécules diffusant passivement.

Dans les paragraphes suivant, nous présentons des modeles de membranes lipidiques de cellules saines
et cancéreuses et le protocole utilisé pour contrdler leur courbure. Ces modeles ont été réalisés avec
I’aide de S. Yesylevskyy et reprennent les différentes propriétés des membranes détaillées

précédemment.
2.1. De la composition des membranes plasmiques aux modéles

Au cours de ce travail, nous avons réalisé deux modéles distincts utilisant le méme protocole et destinés
a modéliser, d’une part, la matrice lipidique d’une membrane saine et d’autre part celle d’'une membrane
cancéreuse surexposant PS et PE sur sa monocouche extracellulaire. Le premier modele que ’on
qualifiera de normal est basé sur la lipidomique bien connue d’un érythrocyte de mammifere [59]. Le
phosphatidylinositol, en concentration minoritaire, n’a pas été inclus dans notre systéme modele. Le
second modele, qualifié de cancéreux fait intervenir des proportions de PS et de PE accrues dans la
monocouche extracellulaire. La Figure I-1 donne une représentation schématique des deux modéeles
lipidiques et inclue les compositions lipidiques de ces modeles en les comparant avec les ressources

présentes dans la littérature.
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Figure I-1. Image des systémes modélisés représentant la matrice lipidique de membranes saine et cancéreuse. Le PC est
représenté en bleu, SM en rouge, PS en jaune et PE en vert. Pour plus de clareté, le cholestérol n’a pas été représenté sur
I’image. Les tétes lipidiques sont représentées sous forme de sphéres. Les histogrammes montrent 1’abondance (normalisée

pour chaque monocouche) relative des différentes espéces de lipides. Les chiffres 1 et 5 correspondent aux modeles présentés
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dans ce travail, le modele 2 reprend le travail de Klahn et Zacharias [19], le modéle 3 celui de Ingodlfsson et al. [50], le modéle

4 rapporte les données présentées par Marquardt et al. [24].

La bicouche lipidique initiale posséde 33% mol de cholestérol. Nous avons aussi construit deux autres
systémes ; I’un étant complétement déplété du cholestérol et le second possédant 15% de cholestérol.
Le systéme initial posséde 102 lipides et 51 molécules de cholestérol dans chaque monocouche. Un
systéme de référence composé uniquement de DOPC et utilisant le méme protocole a aussi été créé. Il

s’agit d’'une membrane contenant 288 lipides.
2.2. Aspects techniques

La premiére étape dans la construction des modeles de membranes a été la construction d’un modeéle
plan et asymétrique pouvant étre courbé a souhait par la suite. Le modéle a été préparé sous la forme
d’une bicelle ; i.e. une bicouche lipidique dont au moins 1’un des deux axes longitudinaux n’est pas
infini, limitée par des coiffes cylindrinques dans le plan xz et formant une bicouche infinie (par effet de
périodicité) le long de I’axe y (voir la Figure 1-2 et la Figure 1-3). Cette topologie permet aux
monocouches lipidiques de s’équilibrer correctement en vue d’obtenir une aire par lipide réaliste par le
biais d’échanges de lipides entre les monocouches et les coiffes qui jouent le role de réservoirs. Ces
coiffes jouent un role extrémement important, en particulier quand une courbure non nulle de la
membrane sera imposée. En effet, la courbure impose un changement différenticl de 1’aire des

monocouches, imposant ainsi une redistribution des lipides en réaction a cette contrainte mécanique.

De sorte a conserver la structure potentiellement asymétrique de la membrane, il est fait 'usage d’un
potentiel répulsif sélectif au niveau des coiffes lipidiques de sorte a ne pas autoriser d’échanges de
lipides entre les deux monocouches [60-62]. Ainsi, tous les atomes des lipides a I’exception des atomes
d’hydrogéne et de ’extrémité des chaines d’acides gras se sont vus attribuer un potentiel répulsif de
type van der Waals (6=0.8 nm, e=1-10" Jmol™) agissant entre les atomes des lipides de la monocouche
externe et ceux de la monocouche interne. Cela permet aux chaines d’acides gras de conserver une
interaction réaliste au sein de la bicouche tout en rendant le contact entre les lipides de différentes

couches énergétiquement défavorable au niveau de la coiffe lipidique.

A contrario des lipides, le cholestérol est autorisé a se redistribuer librement au sein de la bicelle, y
compris par le biais des coiffes lipidiques. Cet élément est important car la distribution du cholestérol
au sein des deux monocouches n’est a priori pas connue. Le fait d’autoriser une redistribution du
cholestérol par flip-flop ainsi que par le biais des coiffes permet de favoriser I’échanges de ces molécules

et ainsi I’acces rapide a un état d’équilibre.

Ce protocole implique que seul le centre de la bicouche, suffisamment éloigné des coiffes lipidiques,
puisse étre analysé pour déterminer les propriétés de la membrane ou son interaction avec d’autres

molécules (zone encadrée sur la Figure 1-2).
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Figure 1-2. Image du modéle de membrane “normale”. Les particules virtuelles du mur sont représentées sous la forme de
spheéres noires, le PC en bleu, SM en rouge, PE en vert et PS en jaune. Les molécules de cholestérol sont en gris. Les tétes
lipidiques sont représentées sous la forme de sphéres. La région centrale de la bicelle, utilisée lors des analyses des simulations,

est encadrée.

Figure 1-3. Schéma d’une coiffe de la bicelle permettant de prévenir la symétrisation de la membrane. Les parties inférieures
a la double liaison de 1’acide oléique et qui interagissent normalement sont montrées en vert. Les tétes lipidiques et les parties
supérieure a I’insaturation des acides oléiques sont montrés en bleu et en rouge selon la monocouche considérée. Une interaction
fictive entre ces parties des lipides a été ajouté dans notre modele, entre les lipides des différentes monocouches. Elle prend la
forme d’un potentiel de Lennard-Jones et permet de prévenir la diffusion de lipides au niveau de la coiffe, qui induirait une

symétrisation de la membrane.

Lors de ce travail, nous avons restreint 1’étude de la courbure a un cas simplifié ou notre systéme ne
peut-étre courbé que selon le plan xz. Pour contraindre la courbure du modéle membranaire, nous avons

introduit un maillage de particules virtuelles qui se présente sous la forme de deux murs de particules
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formant chacun un réseau paralléle aux surfaces des monocouches de la membrane. Chaque particule
virtuelle est composée d’une ancre fixe liée par le biais d’un potentiel harmonique (interaction de type
liée) de longueur nulle et de constante de force valant 10 kJ'mol'nm a une seconde particule virtuelle
interagissant sélectivement avec la membrane. Cette derniére interaction prend la forme d’un potentiel
de Lennard-Jones (6=0.85 nm et e=1-10° J-mol™) présent entre ces particules virtuelles et les atomes de
carbone des chaines aliphatiques des lipides. Le choix d’une distance maximale de prise en compte des
interactions (cutoff ) de 0.8 nm implique que ce potentiel n’induira que des interactions répulsives avec
les lipides. Ce protocole permet d’éviter un lien direct avec les ancres fixées dans la boite de simulation.
De plus, I’interaction sélective avec une partie seulement des lipides de la membrane laisse la possibilité

aux tétes lipidiques de s’organiser de manicre réaliste.

Les murs de particules virtuelles sont distants de 5 nm 1'un de I’autre et le maillage de particules
virtuelles est initialement créé sous la forme d’une grille de ~0,51 nm de c6té. Ce maillage de particules
virtuelles, s’il contraint le coeur de la membrane, n’empéche en rien les lipides de diffuser latéralement

et il ne perturbe pas non plus le mouvement des ions, du solvant ou des molécules de cholestérol.

La procédure visant a courber la membrane utilise au départ une bicelle plane et équilibrée, en présence
des murs de particules virtuelles. Dans la version actuelle du protocole, la membrane est
progressivement courbée en ajustant la position des particules virtuelles graduellement jusqu’a
I’obtention de la courbure souhaitée. A titre d’exemple, de sorte & obtenir les modéles de membranes
courbes utilisés lors de ce travail, présentant une courbure moyenne ¢=+0,2 nm™, trois courbures
intermédiaires ont été obtenues (c=+0,05 nm?, ¢=+0,1 nm™, ¢c=+0,15 nm™) et chacun de ces systémes a
été équilibré au moins pendant 200 ns. Pour les modéles de membranes asymétrique, comme le modéle
dit normal, le sens selon lequel la membrane est courbée importe. Dans ce cas, deux membranes courbes
ont été produites, I’une courbée positivement et I’autre négativement. Par convention, nos mod¢les de
membranes présentent la monocouche externe pour des valeurs de z supérieures a la monocouche

interne. Ainsi, une courbure positive implique que la monocouche interne soit convexe.
2.3. Estimation du biais dii au protocole utilisé

La premicere étape, avant d’utiliser le protocole décrit précédemment est de caractériser le biais induit,
en particulier par la présence des particules virtuelles. Pour ce faire, nous avons comparé le profil de
densité du modele de bicelle normale avec un modéle de composition similaire sous forme de bicouche
infinie. Nous avons aussi réalisé cette comparaison avec des systémes composés de PC uniquement.
Apreés équilibration des différents systémes, nous avons analysé les dernicéres 50 ns de la trajectoire de

nos simulations (Figure 1-4).
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Figure 1-4. Profil de densité normalisé des tétes lipidiques, des queues lipidiques et du cholestérol dans le modéle normal sous

forme de bicelle utilisant le protocole de courbure et sous forme de bicouche non contrainte.

Il est clairement visible que I’influence des murs sur la distribution des lipides est mineure. Les murs
ont une légére tendance a éliminer les tétes lipidiques les plus éloignées du centre de la bicelle mais ils
ne modifient pas le centre de leur distribution (position des pics extrémes) pour ’une ou ’autre des
monocouches. La distribution des chaines d’acides gras est trés similaire dans les cas de la bicelle et de
la bicouche a I’exception d’une différence mineure au niveau du cceur méme des membranes. La
distribution en cholestérol n’est elle aussi affectée que marginalement induisant un tres léger
élargissement de sa distribution. Ainsi, nous pouvons supposer que l’influence du protocole sur
I’organisation du modéle de membrane reste trés faible dans le cas de membranes planes. Nous ne
pouvons que supposer que ces effets ne sont pas plus importants pour des membranes courbes du fait de

I’absence de modéles de références courbes utilisables a titre de comparaison.
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2.4, Effets de la courbure sur les propriétés des membranes

De sorte a analyser les effets de la courbure sur les propriétés des membranes, nous avons réalisé trois
systéemes mode¢les basés sur la membrane normale. L’un est plan et les deux autres sont courbés

positivement et négativement avec une courbure moyenne ¢=+0,2 nm=.

2.4.1.Influence de la courbure sur [’aire par lipide

L’aire par lipide est I'une des propriétés les plus étudiées concernant 1’organisation des membranes
lipidiques. Il est connu que 1’aire par lipide dépend de la composition de la membrane a la fois en terme
de lipidomique mais aussi en ce qui concerne la proportion de cholestérol ainsi que la présence
contraintes mécaniques appliquées a la membranes (par le biais de protéines par exemple). L aire par
lipide a été calculée par le biais d’un diagramme de Voronoi [63]. La position de chaque téte de lipide
a été estimée sur un plan tangent & la membrane. L’aire de chaque polygone de Voronoi a ainsi été
déterminé sur ce plan. Cette technique permet d’obtenir une estimation précise de 1’aire de chaque type
de lipide, respectivement dans la monocouche extracellulaire et dans la monocouche intracellulaire. La
Figure 1-5 présente les résultats ainsi calculés. Tous les types de lipides suivent une méme tendance
selon laquelle leur aire par lipide est 25-35% plus faible lorsqu’ils sont présents dans la membrane
convexe. Ces variations importantes peuvent étre expliquées par de simples considérations
géométriques. Méme aprés une réorganisation et une réequilibration de la membrane courbée
(impliquant une diminution du nombre de lipides présents dans la membrane convexe), le stress
mécanique di a la courbure est encore bien présent et 1’aire totale de la monocouche convexe ayant
diminué, 1’aire par lipide de chaque type de lipides présents dans cette couche diminue elle aussi. Bien

entendu, I’effet est réciproque dans la monocouche concave, dont 1’aire a augmenté.
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Figure 1-5. Aire par lipide moyenne pour chaque type de lipides présents dans les monocouches externes et internes en fonction

de la courbure de la membrane.

2.4.2 Effet de la courbure sur la distribution du cholestérol

Le cholestérol est connu pour ses propriétés dynamiques au sein de la membrane, lui permettant de
diffuser latéralement, ou encore d’effectuer un flip-flop dans des temps caractéristiques de I’ordre de la
centaine de nanosecondes. L’orientation du cholestérol est susceptible d’étre influencée par la
composition lipidique locale — en particulier par les chaines d’acides gras qui sont en contact direct avec

les molécules de cholestérol.

Nous avons étudié 1’orientation des molécules de cholestérol en fonction de la courbure. La Figure 1-6
montre la distribution des inclinaisons du cholestérol pour chague monocouche lipidique pour trois
valeurs de courbure dans le cas du modéle de membrane normal. Tout d’abord, ces distributions
montrent deux orientations majeures du cholestérol dans la membrane : la majorité du cholestérol est
intercalé entre des chaines aliphatiques des acides gras et se trouve étre presque parallele a la normale
de la membrane, une plus faible proportion du cholestérol est située au niveau du cceur de la membrane
et est orientée perpendiculairement a la normale de la membrane. Il est intéressant de voir que
I’orientation du cholestérol dépend fortement de la courbure de la membrane. L’inclinaison du
cholestérol est systématiquement plus importante pour une couche concave que pour une couche plane,
pour laquelle elle est de méme plus importante que pour une couche convexe. Cette effet est toutefois
asymétrique, puisque 1’inclinaison est plus prononcée dans le cas de la monocouche interne. Cette
asymétrie pourrait étre attribué a la présence de SM dont I’affinité avec le cholestérol pourrait contribuer

a le maintenir davantage aligné avec la normale a la membrane.
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Figure 1-6. Distribution des angles moyens du cholestérol avec la normale a la membrane pour chaque monocouches (interne
et externe) et pour différentes courbures de la membrane. L’angle est calculé entre la normale locale a la membrane définie par
rapport a la position du groupement OH du cholestérol et un vecteur calculé entre un atome de carbone en queue du cholestérol

et le méme groupement OH. L’encart montre 1’angle le plus probable du cholestérol pour les monocouches interne et externe

en fonction de la courbure.

2.4.3.Influence de la courbure sur le profil en densité
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Figure I-7. Profil de densité des tétes lipidiques, des acides gras et du cholestérol pour les monocouches interne et externe,

pour différentes courbures de la bicelle.

Le profil de densité pour les différents groupes lipidiques a été calculé pour les trois courbures étudiées.
La Figure I-7 montre ces résultats pour les tétes lipidiques, les acides gras et le cholestérol. L’un des
principaux effets de la courbure est une diminution de la densité des tétes lipidiques de la monocouche
convexe et une augmentation correspondante de celle de la monocouche concave. Le second effet

systématique, signe d’ une empreinte importante de la courbure sur la structuration de la membrane, est
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une diminution de 1’épaisseur de la monocouche concave de ~1,3 A alors que 1’épaisseur de la

monocouche convexe ne voit pas son épaisseur varier.

2.4.4. Effet de la courbure sur ’arrangement dynamique des chaines d’acide gras
Le paramétre d’ordre des lipides est un critére important caractérisant I’organisation des lipides dans la
membrane. Il montre I’orientation et 1’ordre global des chaines aliphatiques des queues lipidiques en
fonction de leur profondeur dans la membrane. Le paramétre d’ordre de membranes planes peut étre
déterminé expérimentalement ce qui permet une comparaison directe avec les résultats issus de
simulations. Toutefois, a I’heure actuelle, la simulation numérique reste le seul moyen d’obtenir une

estimation du paramétre d’ordre pour une courbure donnée.
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Figure 1-8. Paramétre d’ordre des chaines d’acide gras pour chaque type de phospholipide étudié pour les monocouches interne
et externe et pour différentes courbures. Les sous-figures indiquent le type de phospholipide (PC, PE ou PS) suivi de

I’identification de la monocouche considérée : 1. monocouche internet et 2. monocouche externe.

La Figure 1-8 montre les valeurs du paramétre d’ordre pour les différents types de phospholipides, pour
chaque monocouche et pour différentes courbures du modéle de membrane normal. Dans le cas des
monocouches concaves, il est clair que le paramétre d’ordre est drastiquement diminué a partir de la

double liaison présente sur les acides oléiques des lipides. Cet effet pourrait étre relié a 1’augmentation
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de la densité de lipides sur les monocouches concaves du fait de la diminution du volume accessible : le
volume accessible diminuant, les chaines d’acides gras se réorganisent pour occuper 1’espace présent,

cette réorganisation diminuant leur ordre.
2.5. Effets du cholestérol sur les propriétés des membranes

De sorte a analyser les effets du cholestérol sur les propriétés des membranes, nous avons utilisé les
systéemes modéles plans pour lesquels nous voulions analyser les propriétés de perméation des sels de
platine par la suite. Ces modéles incluent une bicelle de DOPC pur, le modéle normal avec 33% mol de
cholestérol, deux variantes déplétées respectivement a 15 % et a 0 % de cholestérol et le modéle

cancéreux.

2.5.1.Profil de densité

Nous avons calculé les profils de densité des différents modéles membranaires simulés. La Figure 1-9
montre essentiellement que la quantité de cholestérol est directement et positivement reliée a I’épaisseur
de la membrane. Pour chacun de nos systémes, la distribution en cholestérol est assez symétrique a
I’exception du modele incluant 15 % de cholestérol. Le fait que le cholestérol est libre de se redistribuer
dans la membrane et la faible quantité absolue de cholestérol dans ce dernier modéle pourrait expliquer

ce phénoméne.
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Figure 1-9. Profil de densité des tétes lipidiques (A), des acides gras (B) et du cholestérol (C) pour différents modéles de

membranes. La monocouche externe correspond aux distances positives depuis le centre de la membrane.
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2.5.2.Parametre d’ordre

Le paramétre d’ordre dépend nettement de la teneur en cholestérol des membranes (Figure 1-10). Ce
dernier augmente pour des teneurs importantes. Cela s’explique par la nature du cholestérol a se

positionner entre les chaines d’acide gras des lipides, rigidifiant ainsi la membrane.
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Figure 1-10. Paramétre d’ordre des queues lipidiques pour les monocouches internes et externes des modéles de membranes

étudiés.

En outre, le paramétre d’ordre de la membrane de DOPC pur est inférieur a celui du modéle normal sans

cholestérol. Cela s’explique en particulier par la présence de SM dont les chaines d’acides gras saturées
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sont plus ordonnées. Le paramétre d’ordre des sphingomyélines suit une évolution intéressante pour les
différents systémes modélisés. En effet, en dessous d’un certain seuil en cholestérol dans la
monocouche, il est possible d’observer une rupture remarquable de la forme du paramétre d’ordre (SM1
a 0% et SM2 a 0% et 15%). Cette observation montre une nouvelle fois I’affinité forte entre SM et

cholestérol.
2.6. Limitations et conclusions

Le présent protocole permet d’étudier a la fois les effets de différentes propriétés des membranes et,
dans un second temps, I’influence de ces propriétés sur la perméation de petites molécules. Toutefois,
le protocole proposé comporte diverse limitations. En premier lieu, s’il est possible de caractériser le
biais induit par les murs de particules virtuelles sur les modéles de membranes planes, cela reste
impossible pour les modeles courbées. Ainsi, les différentes observations sur les modeles de membranes
courbes doivent étre interprétées avec prudence. Une autre limitation est directement liée a la complexité
induite par la présence de différents types de lipides dans la membrane et de cholestérol. Un systéme
d’une telle complexité a peu de chance d’étre réellement équilibré pour des simulations d’une durée
inférieure a la microseconde. Un échantillonnage idéal devrait laisser a la possibilité aux lipides de
diffuser latéralement sur toute 1’extension de la bicelle ce qui prendrait plusieurs dizaines ou centaines
de microsecondes de simulations. Bien entendu, en particulier dans le cadre de simulations de

dynamique moléculaire tout-atome, ces temps d’intégration sont largement inaccessibles.

Néanmoins, les simulations effectuées mettent en exergue de maniere explicite des propriétés différentes

dues a la courbure ou a la teneur en cholestérol :

> L’épaisseur du cceur des couches concaves diminue d’environ 1,3 A en comparaison a celle
d’une couche plane.

» L’aire par lipide des couches convexes augmente alors que celle des couches concaves diminue.

A\

Le paramétre d’ordre des lipides diminue drastiquement dans le cceur des couches convexes.

» L’orientation du cholestérol par rapport a la normale a la membrane est plus faible pour une
couche convexe que concave.

» Le cholestérol a tendance a se retrouver plus proche du cceur de la membrane lorsque celle-Ci

est courbée.

» La teneur en cholestérol augmente 1’épaisseur de la membrane.

A\

Le paramétre d’ordre est plus important pour une membrane riche en cholestérol.
» L’affinité entre le cholestérol et SM se traduit par un changement de conformation des chaines
d’acides gras de SM. Ce changement est visible par une variation de son paramétre d’ordre a

partir d’une certaine teneur en cholestérol.
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3. Perméation dans des modéles réalistes de la matrice lipidique des

membranes plasmiques

Le cisplatine, cis-diamminedichloroplatine(ll), est I’'un des agents anticancéreux les plus anciens et les
plus répandus, adopté dans le traitement d’un large spectre de néoplasies solides, en particulier pour les
affections cancéreuses des ovaires, des testicules, du colon, de la vessie, du cou et de la téte, des poumons
et pour d’autres carcinomes, sarcomes, lymphomes ou encore des affections cancéreuses de cellules
germinales [64, 65]. Dans le cas particulier des cancers des testicules, les chimiothérapies basées sur
I’usage du cisplatine montrent des résultats positifs supérieurs a 90% [66]. Malgré son succes, 1’action
du cisplatine a I’échelle moléculaire n’est pas encore totalement comprise et de nombreuses études sont
menées en vue de pallier les effets secondaires importants limitant la dose utilisée [66-68]. Une autre
problématique fondamentale dans 1’utilisation du cisplatine est I’existence de phénomenes innés ou
acquis de résistance [67, 69] conduisant seulement 1% du cisplatine présent dans une cellule cancéreuse
a interagir avec I’ ADN nucléaire qui est supposé étre sa principale cible [70]. Ainsi, une étude a 1’échelle
atomique du transport du cisplatine au niveau de la cellule est d’ une importance capitale dans 1’optique
de développer des solutions alternatives qui n’hériteront pas des effets secondaires ou des problémes de

résistance connus du cisplatine.

Au cours de ce travail, une étude précise de la bibliographie concernant le cisplatine et ses modes
d’action et de transport a été réalisée. Il est souligné que les modes d’action du cisplatine au sein de la
cellule sont plus complexes que la simple chélation d’atomes d’azote au niveau de guanines de I’ADN
nucléaire. En particulier, au moins deux autres chemins sont susceptibles de conduire a la mort cellulaire,
incluant un stress du réticulum endoplasmique ou des dommages au niveau de I’ADN mitochondrial.
La seconde complexité, rarement abordée, est celle de la chimie du cisplatine en solution. Le cisplatine
natif dans un milieu biologique va se retrouver en équilibre, selon le pH du milieu et la concentration en
ions chlorure, avec ses especes filles dont 1’un ou les deux groupements chloro ont été substitués par des
groupements aqua ou hydroxo. Enfin, le transport du cisplatine a été un sujet a débat au sein de la
communauté scientifique depuis sa mise sur le marché américain en 1978. Deux principales hypothéses
ont été étudiées quant au mode de franchissement prédominant de la membrane plasmique par le
cisplatine : la diffusion passive au sein de la matrice lipidique de la membrane plasmique et la diffusion
active assistée, en particulier, par les canaux a cuivre hctrl. Ce travail bibliographique permet de
montrer, d’une part, la prévalence du processus de diffusion passive dans le transport du cisplatine au
sein de la cellule et, d’autre part, I’importance d’une description fine du milieu biologique et des

différentes espéces platinées présentes en solutions.

Ainsi, plusieurs études ont été mises en ceuvre pour mettre a jour une image actualisée de la diffusion
passive du cisplatine au sein de la membrane. Tout d’abord, il a ét¢ montré que 1’utilisation d’une

composition proche de la lipidomique réelle de la membrane plasmique induit des résultats
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drastiquement différents que 1I’étude dans un modéle mono-composant simpliste (cf. section 3.2).
Ensuite, I’influence de I’état de la membrane a été étudiée, de sorte a savoir si le transport du cisplatine
était affecté par la distribution asymétrique des lipides dans la membrane plasmique (cf. section 3.2).
Dans le méme temps, I’influence de la teneur en cholestérol sur le processus de diffusion a aussi été
questionnée (cf. section 3.2). Apres ces études réalisées sur des modéles de membranes planes, une étude
de I’influence de la courbure sur la diffusion du cisplatine a été menée (cf. section 3.3). Cette étude tend
a avoir une portée plus générale que la simple analyse de la perméation du cisplatine dans des modéles
de membranes courbes, et 1’analyse d’autres petites molécules comme ’eau ou les ions chlorure et
sodium ou celle d’un autre médicament anticancéreux (la gemcitabine) a été menée dans 1’optique
d’apporter plus de généralité aux résultats obtenus. Ces travaux réalisés pendant cette thése ouvrent

d’autres perspectives qui sont présentées en fin de paragraphe (cf. section 3.4).

De sorte a étudier la perméation de différentes espéces au sein de la matrice lipidique de la membrane
plasmique, différentes observables ont été choisies. Le profil d’énergie libre est une observable de choix
permettant de caractériser la barriére d’énergie nécessaire pour observer une transformation. Cette
caractéristique thermodynamique est le pendant direct d’une observable mesurable expérimentalement :
le coefficient de partition. Dans le cas de systémes lipidiques, cette mesure est en quelque sorte une
estimation de la lipophilicité du systéme. Pour donner un sens relié¢ plus encore a la propension d’un
ligand a perméer une membrane, le calcul du coefficient de perméabilité est d’un grand intérét. Celui-Ci
est aussi accessible expérimentalement et se base numériquement sur la détermination combinée du
coefficient de partition et du coefficient de diffusion du ligand étudi¢. Une rapide description du mode

de calcul de ces observables est donné en section 3.1.
3.1 Le modéle de solubilité-diffusion inhomogéne (ISD)

3.1.1.Le potentiel de force moyenne
De sorte a caractériser les interactions d’une molécule impliquée dans un processus physico-chimique,
il est fréquent d’avoir recours a 1’estimation du profil d’énergie libre le long de coordonnées de
réaction . Les coordonnées de réaction § sont une restriction pertinente des coordonnées accessibles par

le systéme qui donnent une description satisfaisante du processus en cours.

Dans ce travail, il est essentiellement question de la perméation d’un ligand — généralement un
médicament anticancéreux — au travers d’un modeéle de la matrice lipidique de la membrane plasmique.
Selon I’ensemble thermodynamique utilisé¢, deux définitions de [’énergie libre sont directement
accessibles : 1’énergie libre de Helmotz, F, associée a une mesure dans 1’ensemble canonique et I’énergie
libre de Gibbs, G, associée a une mesure dans ’ensemble isotherme-isobare. Dans les discussions
suivantes, nous nous permettrons de parler abusivement d’énergie libre sans préciser s’il est question de

F oude G. La différence entre ces deux observables provient d’un terme de forme PV ou P est la pression
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et V le volume du systéme, terme qui est généralement considéré comme faible pour les systémes a

1’état liquide.

La meilleure estimation du profil d’énergie libre en fonction des coordonnées de réaction, en simulations
de dynamique moléculaire, est dénommeée potentielle de force moyenne (PMF). La principale difficulté
dans le calcul du PMF est la faible probabilité du sous-systeme considéré a échantillonner correctement
I’espace des phases sur toutes les coordonnées de réaction en un temps d’intégration limité. En effet,
certaines des conformations le long des coordonnées de réaction sont notoirement défavorables (i.e. le
ceeur d’'une membrane lipidique pour un composé lipophobe). L’une des méthodes les plus utilisées a
I’heure actuelle pour outrepasser cette difficulté est celle de « I’umbrella sampling » (échantillonnage

parapluie).

Pour simplifier la description de cette méthode, considérons un systéme type que nous allons étudier :
il s’agit d’une membrane lipidique au travers de laquelle le ligand va perméer, suivant généralement la
direction normale au plan de la membrane, notée z. La méthode consiste ainsi a diviser ’unique
coordonnée de réaction, c’est-a-dire 1’axe z, en plusieurs intervalles et d’explorer séparément chaque
intervalle. Pour ce faire, un potentiel dit de biais w(z) est appliqué et s’ajoute a 1’énergie potentielle
totale du systéme. Celui-ci prend généralement la forme d’un potentiel harmonique centré au milieu de
I’intervalle considéré (généralement ces intervalles sont nommés fenétres) et contraignant le ligand dans
la zone souhaitée. Formellement, 1’énergie libre du ligand est reliée a la probabilité P'(z) de trouver ce

ligand dans un état correspondant a une valeur de z :

t Vo
PI(z) = lim % f 8(z— 2(0)dt = p(z) = 32 kBTS(\Z,(r_) 2()dr (I-1)
0 [e ksTdr

Dans le cas de la technique d’umbrella sampling, le potentiel de biais rentre dans 1’expression (I-1) tel

que :

V() +w(z) ( )
~ kgT
L Je BT §(z—z(r))dr
Pp(z) = VD +w(z) ' (1-2)

fe kT dr

Finalement, I’expression de 1’énergie libre peut étre établie comme étant :

_w(2)
F(z) = —kBln(Pb (Z)) —w(z) — kgln (<e kBT> ), (1-3)
0
ot (... )o est la moyenne d’ensemble dans 1’ensemble canonique pour le systéme non biaisé.

La méthode la plus utilisée afin d’obtenir un profil d’énergie libre précis consiste a ne pas utiliser une
seule fenétre de simulation pour une valeur particuliére de la coordonnée de réaction, mais plusieurs

d’entre elles. Cela permet d’améliorer I’échantillonnage obtenu pour une fenétre donnée. Pour ce faire,
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la méthode d’analyse pondérée de I’histogramme (WHAM) est I’'une des plus utilisées. L’idée est de
reconstruire la distribution de probabilité sur tout I’intervalle considéré le long de la coordonnée de
réaction sous la forme d’une somme pondérée des distributions de probabilité obtenues pour chaque

fenétre Pil :

Ny

Pl(2) z (2) - P'(2). (1-4)

i=1
Les poids a;(z) sont déterminés de sorte & minimiser la variance de la distribution de probabilité par le

biais d’une méthode auto-consistante utilisant généralement les multiplicateurs de Lagrange [71].

3.1.2.Le modele ISD

Le modéle de solubilité-diffusion inhomogene (ISD) permet d’obtenir une estimation du coefficient de
perméabilité d’une membrane envers un ligand en prenant en compte 1’hétérogénéité transversale de la
membrane. Ce modele se base sur la régle de Meyer-Overton qui lie la perméabilité P au coefficient de
partition membrane/solvant K, au coefficient de diffusion D et a 1’épaisseur de la membrane d :

K-D

P = T (I'S)

Cette régle considére le milieu membranaire comme étant homogeéne dans toute son épaisseur. 11 est
connu que cette approximation est bien trop importante pour donner une estimation réaliste du
coefficient de perméabilité. Ainsi, une forme intégrale dépendant de la position z a été
proposée permettant d’avoir acces a la perméabilité P(z) et a la résistance R(z) locales:
1 W(z) i
P(z) = RD = [e KT /D(z)] : (1-6)

C’est cette définition du coefficient de perméabilité qui a été utilisée lors de nos calculs. Il est discuté
plus en détail, dans le corps du manuscrit des limites de cette méthode de calcul associées en particulier

a la détermination précise du coefficient de diffusion local D(z).
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3.2 La perméation du cisplatine dans des membranes planes
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Figure 1-11. (A) PMFs du cisplatine, W(z) ; (B) coefficient de diffusion local, D(z) ; et (C) résistance locale R(z) pour
différents systémes.

La Figure I-11 montre les résultats des calculs du PMF et des coefficients de diffusion et de résistance

pour les modéles de membranes étudiés. Le cisplatine étant connu pour étre une espéce lipophobe, il est
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normal d’observer une barriére de potentiel importante centrée au centre de la membrane. La principale
différence que ’on peut constater est le grande écart entre les modéles pluri- et le modéle mono-
composant pour lequel la perméation est bien plus favorable. L’effet de la teneur en cholestérol est lui
aussi trés marqué, et ’on constate que la rigidification de la membrane sous I’effet d’une quantité de
cholestérol accrue va de paire avec une augmentation de la résistance a la perméation. Enfin, et de
manicre surprenante, la surexposition de PE et PS dans la couche extracellulaire a pour effet de diminuer
la perméabilité du cisplatine. Les calculs des coefficients de perméabilité intégrés sur toute 1’extension
de la membrane ont été réalisés et reporté dans la Table I-1 ou ils sont comparés avec les résultats issus

de la littérature.

Table 1-1. Valeurs du coefficient de perméabilité global pour les systémes étudiés comparés a des valeurs extraites de la

littérature.

Author

System

Permeability

Présent travail

DOPC (0% CHL)
Normal (0% CHL)
Normal (15% CHL)
Normal (33% CHL)

Pm-s?!

2.2+0.05-1077
8.74+0.3-10712
48+0.1-10712

1.74 4+ 0.03- 10712

Cancer (33% CHL) 1.59 + 0.06 - 10713
Nierwzicki et al.[72] DMPC bilayer (simulations) 6.67 1077
Eljack et al.[73] Vésicules de DOPC ([CI7] = 150 mM) 1.06 1078
Vésicules de DOPC ([CI™] = 10 mM) 8.9310710
El-Kareh et al.[74] Cellules ovariennes résistantes A2780/CP3 1.87107°
Carcinome du colon COLO 205 1.24107°
Cellules ovariennes de type sauvage A2780 1.21107°
Cancer de la téte et du cou CAL 27 1.19 10710
Cancer gastrique MKN45 1.011071°
Cancer gastrique MKN74 49010711
Mélanome C32 47910711
Mélanome G361 22110711
Ghezzi et al.[75] Cancer mammaire MCF-7 6.57 10711
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3.3. Perméation au travers de membranes courbes

Dans le cas des membranes courbes, des calculs similaires ont ét¢ menés. Nous présentons ici les
résultats pour les deux médicaments anticancéreux que sont le cisplatine et la gemcitabine (Figure 1-12).
Les calculs ont aussi été réalisés pour I’eau et les ions chlorure et sodium. Bien que les effets décrits ci-
aprés présentent une intensité dépendant de 1’espéce considérée, leur aspect systématique pour chacune
des espéces étudiées est a prendre en considération. La Figure 1-12 permet d’observer que la courbure
de la membrane joue un réle important dans la perméation des petites molécules. Dans le cas des
membranes courbes, la hauteur des profils d’énergie libre et du coefficient local de résistance diminuent
de maniéres notables et les profils sont rétrécis. Il en résulte une augmentation du coefficient de
perméabilité d’un ou de deux ordres de grandeurs. Qui plus est, un décalage de la position du maximum
d’énergie ou de résistance est visible et dépend de I’orientation de la courbure. Ce décalage, toujours
dans le sens de la couche concave, est la signature du changement d’aire par lipide observé a la section
2.4.1.

Free energy, kJ mol” D,10°m?s™ Resistance

2 0 1 2 3 2 -1 0 1 2 2 -1 0 1
Distance from center, nm Distance from center, nm Distance from center, nm
Curvature, nm” -0.2 —0 — 0.2

Figure 1-12. PMFs, coefficient de diffusion local et résistance locale de la gemcitabine (Gem) et du cisplatine (CPT) pour

différents systémes plans et courbes.

3.4. Perspectives

3.4.1.Une image globale du cisplatine dans la cellule

Il a été mentionné précédemment que la chimie du cisplatine en solution est complexe, générant
différentes especes filles dont I'un ou les deux groupements chloro ont été substitués. Les études
précédentes ont été menées principalement avec un modele de cisplatine natif, qui est I’espece
majoritaire dans le milieu extracellulaire, ou la concentration en ions chlorure est importante (~110

mM). Pour autant, de sorte a établir une image précise du processus de perméation, la prise en compte
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de cette chimie en solution est d’une grande importance. L un des projets actuellement en cours consiste
en la modélisation de ces espéces filles et en 1’étude de leur perméation en vue de la création d’un
modele pharmacocinétique du cisplatine. Ce modéele prend en compte les conditions physiologiques de
pH et de concentration en ions chlorure dans deux compartiments que sont les milieux intra- et extra-
cellulaires. Les réactions de substitution sont décrites sous la forme de simples réactions de premier
ordre dont les constantes cinétiques proviennent de la littérature [76]. Les processus de diffusion sont
eux aussi représentés par des réactions du premier ordre et la constante cinétique est déduite a partir du
coefficient de perméabilité. Enfin, certaines des réactions a 1’origine de certains des phénoménes de
résistance au cisplatine, en particulier avec les glutathions et les métallothionéines, sont envisagées. Les
parameétres de ces derniéres réactions proviennent de travaux antérieurs réalisés au sein de notre groupe
[77]. Ce travail est susceptible d’offrir une meilleure image des espéces en présence a I’intérieur de la
cellule et de leurs proportions en fonction de différentes conditions de pH et de concentration en ions
chlorure. Cela pourra permettre, d’une part, de vérifier si la diffusion passive est bien le processus
majoritaire lors de son influx et de son efflux, et, d’autre part, de mieux cerner les mécanismes de
résistances reliés aux conditions physiologiques locales. La Figure 1-13 donne un aper¢u du modele en
cours de création. Le calcul du profil d’énergie libre des espéces de cisplatine monosubstituées a déja
été mené et montre bien un impact important a la fois de la concentration différentielle en ions chlorure
entre les milieux intra- et extra-cellulaires et de la topologie précise de la molécule — en particulier de

sa charge.
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Pt(NH;),Cl, = [Pt(NH;),Cly (OH,), (OH) ] { PHextra }
[

r . . Cl_ ] extra
speciation
compartiment
extracellulaire

{GSH}
MT
n+
métabolization [Pt(NH3),Cly, (OH2), (OH), ]
spéciation
{ pHL'ntra }
[Cl_]intra
compartiment
efflux intracellulaire

Figure I-13. Représentation du modéle pharmacocinétique considéré pour le cisplatine. Deux compartiments sont présents : le
milieu intracellulaire et le milieu extracellulaire. Ces compartiments présentent chacun des valeurs réalistes de concentration
en ions chlorure et de pH. La spéciation du cisplatine, i.e. les réactions de formations d’espéces apparentées en solution,est
prise en compte sous la forme de réactions du premier ordre. Les processus de détoxification sont simplifiés sous la forme de
I’interactions avec des glutathions et des métallothionéines. Les processus de diffusion sont encodés sous la forme de réactions

de premier ordre basées sur le calcul de la perméabilité pour les différentes espéces au travers de modéles membranaires.

3.4.2.Vers la sélectivité

Ce travail a bien montré les limites du cisplatine comme candidat vers un traitement sélectif des cellules
cancéreuses. Seul, le cisplatine présente une plus grande propension a perméer une membrane de cellule
saine qu’une membrane de cellule cancéreuse. Les différentes propriétés de la matrice lipidique des
membranes saines et cancéreuses nous permettent néanmoins de nous demander s’il existe d’autres
candidats qui seraient en mesure de faire la distinction. Dans cette optique, nous avons commencé une
collaboration avec I’équipe de P. Couvreur (Institut Galien, France). Cette équipe utilise le squaléne, un
précurseur naturel du cholestérol, en vue de fonctionnaliser des médicaments. Le squaléne interagit
fortement avec les cellules du fait de sa forte lipophilicité. Le procédé de squalénisation [78] a été utilisé
avec succes avec différents médicaments (gemcitabine [79] et doxorubicine [80] par exemple). Dans le
cadre de cette collaboration, nous avons commencé a étudier la perméation de la squaléne-gemcitabine
(SQGem) au sein des modeles de membrane cancéreuse et saine. Les premiers résultats obtenus nous
permettent de supposer que la forte asymétrie des membranes saines pourrait jouer le role de réservoir

envers la SQGem, effet qui n’est pas visible dans le cas du modéle de membranes cancéreuses. Ainsi,
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ces premiers résultats pourraient étre le signe d’une forme de sélectivité de la SQGem envers les

membranes surexposant PS/PE.
4. Conclusions

Au cours de ce travail, nous avons montré qu’une modélisation réaliste de la matrice lipidique de la
membrane plasmique est d’une grande importance dans la compréhension des processus de transport
passifs au travers la membrane plasmique. Les simulations réalisées montrent que les modéles de
membranes mono-composants ne représentent pas une bonne image de la structure lipidique de la
membrane plasmique. L’étude de la perméation du cisplatine dans le modéle de membrane saine et dans
la bicelle de DOPC pur montre une différence de 5 a 6 ordres de grandeurs sur les coefficients de
perméabilité. Cela provient principalement de deux facteurs : I’hétérogénéité des lipides et la teneur
en cholestérol. Le cholestérol est connu pour jouer un rdle important sur la rigidité de la membrane et
pour étre I’une des pierres angulaires dans le processus de formation de rafts lipidiques. Dans le présent
travail, nous avons montré que la variation de sa proportion de 0 a 33% abaisse la perméabilité de la
membrane au cisplatine d’un ordre de grandeur. La différence restante étant ainsi attribuée a la
différence de composition lipidique entre les modeles de membrane. Cette hétérogénéité, dans le cas de

la perméation du cisplatine conduit & une membrane moins perméable.

La courbure locale de la membrane induit d’importantes modifications sur la structure méme de la
membrane ainsi que sur les processus de perméation. Le stress mécanique résultant de la courbure de la
membrane conduit a une modification de 1’épaisseur de la couche convexe et de ’aire par lipide des
deux monocouches. Le cceur de la membrane — i.e. la fin des chaines d’acide gras — se réorganisent et
leur paramétre d’ordre décroit dans cette région. La courbure joue aussi un rdle sur la distribution et
I’orientation du cholestérol qui se retrouve plus proche du cceur de la membrane quand celle-Ci est
courbe, ce qui explique en partie les variations susmentionnées du paramétre d’ordre. Ces propriétés
structurelles ont un impact visible sur la perméation de différents ligands. Les coefficients de
perméabilité de 1’eau, des ions chlorure et sodium, de la gemcitabine et du cisplatine augmentent avec
la courbure quel que soit le type de membrane étudié. Toutefois, si cet effet est d’une grande importance
dans la compréhension des processus de diffusion, cet effet semble systématique et donc ne pas pouvoir

étre utilisé dans le but d’améliorer directement la sélectivité de médicaments.

Enfin, I’asymétrie transversale de la membrane plasmique joue un réle important dans les processus de
perméation. Il est connu que cette asymétrie est maintenue activement lors du fonctionnement normal
de la cellule. Dans le méme temps, il a été montré dans la littérature, que des cellules apoptotiques ainsi
que des cellules non-apoptotiques issues de lignées cancéreuses montre une symétrisation de la
répartition des lipides visible sous la forme d’une surexposition en PS, et possiblement en PE, dans la

monocouche extracellulaire. Nous avons montré que le cisplatine est assez peu affecté par cet effet, et
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d’une maniére négative : la perméabilit¢ du modele de membrane cancéreuse est un ordre de grandeur
plus faible que celle du modele de membrane saine dans le cas du cisplatine. Suite a ces résultats, nous
avons voulu savoir si cet effet de surexposition de lipides dans la monocouche extracellulaire pouvait
étre utilisé dans le but d’obtenir un effet de sélectivité des médicaments envers les membranes
cancéreuses. Nous avons donc débuté une étude sur la SQGem dont les premiers résultats indiquent une
différence dans la perméabilité au travers des modéles de membranes saines par rapport aux modéles de
membranes cancéreuses. Ces résultats pourraient indiquer que la SQGem présente une plus grande
facilit¢ a perméer au travers de membranes de cellules cancéreuses pour lesquelles PS/PE seraient

surexposés sur la monocouche extracellulaire.

Pour conclure, nous avons mis en exergue quatre parametres intercorrélés qui influencent tous le
processus de diffusion passive : 1. I’hétérogénéité des lipides, 2. la teneur en cholestérol, 3. la courbure
de la membrane et 4. ['asymétrie de la membrane. Bien sir, les modéles de membrane développés ne
dessinent pas une image parfaite de la matrice lipidique des membranes plasmiques réelles. Tout
d’abord, leur complexité est limitée a quatre types de tétes lipidiques excluant les acides phosphatidiques
(PA), les phosphatidylglycérols (PG) ou d’autres types plus exotiques. L une des raisons principales de
cette simplification est la volonté d’obtenir des systémes dont la taille ne devienne pas prohibitive en
terme de ressources de calcul. En effet, si I’on augmente la diversité des lipides représentés, leur
présence dans la membrane doit rester statistiquement pertinente ou les temps de simulations doivent
augmenter pour échantillonner correctement cette complexité. C’est pour la méme raison que nous nous
sommes limités a 1’utilisation d’un seul type de chaines d’acide gras dans nos modéles. Les modéles de
membranes qui sont aujourd’hui la vitrine des possibilités numériques [50, 51, 81, 82] et qui embarquent
une trés grandes variétés de lipides, incluant une représentation réaliste de la distribution des chaines
d’acide gras sont actuellement étudiés par le biais de dynamique moléculaire gros grains.
Malheureusement, ces simulations ne permettent pas d’obtenir une analyse fine des processus de

perméation, laissant ainsi une place de choix a la modélisation tout-atome.
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Chapter II - Introduction

A large part of the research in the development of anticancer drugs is devoted to the improvement of the
ADME-T profile, i.e. administration, delivery, metabolism, excretion and toxicity profile. In this optics,
many studies are focusing on the delivery/metabolism issue. The most common agents used in
chemotherapy are administrated intravenously. One of the major issues in this case is the low efficiency
of the transport from the blood vessels to the tumor due to the metabolization of a large amount of the

drug and because the tumor tissues are generally not specifically targeted by the medicine.

To tackle these important problems many studies were devoted to the use of nanocarriers [83-85].
Different techniques are in-development and consist either in the encapsulation or in the
functionalization of the drugs in order to reduce their chemical availability during their transport to the
cancer tissues. One of the trends from the mid-2000’s is the use of carbon nanostructures. However,
these materials are known to exhibit a low biological compatibility as well as problems with their
excretion, making them not widely accepted by the medical community. Many other candidates in the
search of an improved ADME-T profile were proposed, including encapsulated drugs in polymeric

micelles or dendrimers or in liposomes [85].

Many of the anticancer drugs aim at intracellular targets which require them to diffuse though the plasma
membrane of the diseased cells. Another major problem of the existent drugs related to their delivery is
the poor efficiency of these drugs on site to selectively permeate the cancer cells. Many drugs will exert
their cytotoxicity to normal cells and possibly face intrinsic or acquired mechanisms of resistance on the
way to their targets. The central topic of this work resides in giving a better understanding of the passive
permeation process of different classes of anticancer agents. One of which is one of the most used
families of anticancer drugs: the platinum salts. These salts are known to induce severe side effects. It
is known that various cancer cell lines exhibit resistance phenomena towards them, lowering their
efficiency. The study of their permeation could give a better understanding of their modes of transport
to the cell and possibly give insights into more efficient drug designs which could selectively diffuse in

cancer cells, lowering the required dose and thus the associated side effects.

One of the key aspects of these issues is the scale, both in space and time, involved in the processes of
diffusion. The plasma membranes of eukaryotes are ~4nm thick, the most of the drugs are in between
several angstroms and 1 nm long and the whole diffusion process takes several tens or hundreds of
nanoseconds. In order to access relevant observables, these characteristic times and lengths should be

sampled sufficiently — meaning that the resolution of the probe should be at least one order of magnitude
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higher than these quantitiest. These scales are on the edge of the nowadays best equipment, but they
enter plainly the ranges of computer simulations which could help having an atomistic description of
the problematic and of the phenomena at play. Especially, in this work, we have been using all-atoms

molecular dynamics simulations to estimate the interactions of different drugs with model membranes.

The main problem to model passive diffusion of ligands in the plasma membrane is to create a relevant
model of the membrane. Yet, it is known that the plasma membrane of eukaryotes is a complex and
organized mixture of thousands of types of lipids, of hundreds of proteins and carbohydrates which can
exhibit a variety of compositions depending on the precise cell origin. Thus, one of the parts of the
present work was to select the relevant properties of the membrane which should be embedded in the
model in order to give a realistic picture of the diffusion process. Since the present study deals with the
passive diffusion of drugs; it can be assumed that treating only the lipid matrix of the plasma membrane
is relevant. The lipids are the main component in number of the plasma membrane. However, the goal
of the work was to enhance the general model membranes which are often considering one only

component.

Chapter I11 -presents the all-atoms molecular dynamics — the main tool used in the thesis. The description
of the quantum mechanical origins of molecular dynamics simulation is detailed. A discussion of the
choice of the force fields for our systems is presented. Chapter 1V -presents lipid model membranes
developed during this work and discusses their properties. Especially, the setup for a bicelle model with
controllable curvature is discussed and the influence of the curvature on the membrane properties is
analyzed. Additionally, a simple model for the lipid matrix of cancer cells is discussed. Chapter V -gives
first an insight in the knowledge of the modes of actions and of transport of cisplatin as well as about its
chemistry in biological media and then gives an analysis of the permeation of cisplatin in different model
membranes, studying the effect of the lipid transversal asymmetry and the cholesterol content. Chapter
VI -presents a study of the permeation of different small compounds and anticancer drugs in order to
quantify the effects of curvature on the permeation. Chapter VII -gives general conclusions on the
present work and opens towards the important issue of the design of a membrane selective anticancer

drug.

! To be more precise, one could make a link with the sampling theory to which C. Shannon and many others
contributed.

| Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020



Chapter III - About all-atoms

molecular dynamics

The core of my thesis was done using all-atoms (AA) molecular dynamics (MD) simulations. It is though
essential to justify why we choose this technique among others and to describe the theoretical
backgrounds and technical details implemented in the corresponding softwares. Many books, reviews
and manuals are available and detail thoroughly the basics of this method [86, 87]. However, the
complexity of our systems and the setups that have been developed in the present work required to
understand better and deeper what is “behind” the AAMD technique and its numerical implementation.
Up to now, AAMD methods are still under very active development and restricted to a small research
community. Indeed, their development requires a strong knowledge in quantum mechanics and
statistical physics. In this chapter, | try to give an overview of my current understanding in such

simulations on the basis of my physics backgrounds.

The choice was made not to present every method of analysis used in this thesis in the present chapter,
but to link them with the discussions in the following chapters. Hence, the methods devoted to the study
of the permeability of ligands through the model membranes, including the computation of the potential
of mean force (PMF), the diffusion coefficient, the permeability coefficient, etc. and the methods
devoted to the study of the properties of the membranes, namely, the computation of the area per lipid,

the order parameter, etc. are presented in the following chapters.
1. The road to classical atomic simulations

AAMD provides the motions of an ensemble of atoms. However, it would be wrong to believe that
molecular dynamics is essentially based on the foundations of classical mechanics and that it relies on
the motions of the atomic nuclei governed by “string-like” interactions. Both the classical description
of the interatomic interactions (which are mainly governed by electron-nuclei and electron-electron
interactions) encoded in any MD force field and the equations of time evolution of the atoms in the
system are originally described by quantum mechanics. There is thus a “jump” to do from pure quantum
dynamics (QD) to classical AAMD that requires necessarily some approximations. The most common
road to extract classical molecular dynamics goes generally through the Born-Oppenheimer
approximation [88] which separates slow (nuclei) from fast (electrons) motions and describes the

motions of atoms as a classical ensemble of point particles whose energy is defined by their nuclear
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Hamiltonian only. There are other methods which derive from this “electron-nuclei” separation
treatment such as, for instance, ab initio molecular dynamics (AIMD) methods. An elegant, but not so
widespread, demonstration [87] of the emergence of MD simulations as a classical limit of the time-
dependent Schrodinger equation goes through the time-dependent self-consistent field (TDSCF)
method. The advantage of this latter demonstration is that it keeps a more general and powerful form at
the beginning of the reasoning when one separates the total wave function in two terms (electrons and
nuclei) as well as it conserves the time-dependency in the electronic Schrédinger equation up to an
advanced stage. TDSCF theory is also remarkable in the sense that it really helps to understand at which
steps and degree of approximation which methods (AAMD, AIMD, etc.) could originate.

In a general way, the time evolution of atoms and molecules in the non-relativistic limit is given by the

time-dependent Schrodinger equation such that:

d _
in— () = AYO), (111-1)

where |W(t)) is the state vector of the quantum system at the time t such that the wave function in space
representation is written as W(r, t) = (r|¥) with |r) being the position eigenvector, H is the Hamiltonian

operator representing the system energy and such that H = T + U where T and U are the operators
corresponding respectively to the kinetic energy and to the potential energy and 7 = % is the reduced

Planck constant.

For a system with N, atoms and N. electrons, the Hamiltonian operator can be approximated as the sum

of the nuclear and electronic contributions to the kinetic and potential energies:

AT}, (R = Ta((Ri)) + Te({ri}) + Unn (R} + Uee (1) + Uen((ri}, (ReD,  (111-2)

where {rj} =ry ...1;...ry, designates the ensemble of coordinates of the Ne electrons and {R;} =
R; ...R;...Ry refers to the ensemble of coordinates of the N» nuclei. Hence the Hamiltonian operator

can be written in the following form referred to as the Coulomb Hamiltonian:

No Ne
A ) == 3 |- | D5 ZZ
ri}, =- — - —Ap
it 2M; N Li2m, " 41'[80|R[ R,|
I=1 i=1
Np Ne

zz4nso|r,—r]| ZZ4R£O|RI— |/

i=1 j>i I=1 j=

(11-3)

where Z, is the atomic number of the I-th atom, M, is the mass of its nucleus, me is the mass of an
electron, g, is the vacuum permittivity, R, is the position of the I-th atom and r; is the position of the i-

th electron. For the sake of clarity, these different terms can be rewritten in a more compact way,
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introducing U and H, which are respectively the sum of the potential energy contributions and the so-

called electronic Hamiltoninan:

Np Ne
_ n? n? ~
AR (R = —{ ) 5ida | = | ) gt |+ 0, (R
I=1 i=1
N, (-4)
n _
== NARI + He({ri}, {R}) .
=T
1.1 Separation of the total wave function

Solving the time-dependent Schrédinger equation in this pure QD approach reaches obvious technical
limits for any system more complex than a few atoms. The key point used to solve such a system is to
separate the total wave function W into an electronic and a nuclear contributions. In the frame of the so-
called single-determinant ansatz, it is supposed that ¥ can be written as the product of an electronic

wave function and a nuclear wave function, respectively ¢ and x so that:

P, R = (0 (R, Ox((Re); 1), Do (PXHeh (RIDpd) i
where the semicolons separate the variables written on the left from the parametric dependences written
on the right. The exponential term in the total wave function expression is a phase factor introduced in
order to obtain a simpler and more meaningful set of equations later on [89]. The parametric
dependences inside the bra and ket vectors are omitted for the sake of clarity and |x$) = |x)®|d). Both

wave functions are taken so that they are individually normalized:

(¢UR}DIP{R} D) = 1V{R}, 6 (x({ri} OIx({r;}, ©) = 1 v{r}, ¢ (111-6)
One can then insert this last expression (111-5) in the time-dependent Schrodinger equation and multiply

by (] or (x| which would yield the following system of time-dependent Schrodinger equations:

( 9 Ne 72
ih = [§(Re}, ) = ZEA PR}, B)
) (), O[O}, R}, D)RIS R, V) (-7
N
9 N 1 )
ih = be({ri}, ) = = EZ—MIARI XCCri,0)
\ HO((R}, O|He (1}, RD[SR}, 0)®Ix ({133, 1)

This set of equations shows that each type of particle now evolves in the mean field of the other, through
the average values (x|U|x) for the electrons and (¢|H,|¢) for the nuclei. This dynamics for nuclei and

electrons ruled by parametrically time-dependent effective potentials was introduced as early as in 1930
by Dirac [90] and forms the basis of the time-dependent self-consistent field (TDSCF) method.
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1.2. Nuclei as classical particles

The second main approximation is to assume that nuclei can be treated as particles instead as of wave
functions. Indeed, since the nuclear de Broglie wavelength is at least one order of magnitude lower than
the interatomic distances in liquids, the nuclear wave packets can be taken as a non-coherent sum of the
individual nuclear wave functions. Also, the nuclei masses are such that the nuclear wave functions are
well localized. Thus, the nuclei are systems for which the classical mechanics could draw a satisfying
description. This approximation is the basis of many ab initio and classical dynamics methods and the
first step towards the numerical implementation of simulation techniques with a lower complexity and
a better scalability. In this frame, the nuclear wave function x is expressed as a simple wave of amplitude
A({Ry}; {r;}, t) and phase S({R;}, {r;}, t), both being real values:

i
(R {1}, ©) = ARy, {1}, Der> R0, (11-8)
Using this last expression of the wave function in the nucleus time-dependent Schrodinger equation

leads to the final form of the TDSCF equations for the nucleus:

N

Nn n
N 1 2 N 2 1 ARIA
R +IZ‘MI (Vg,S) +fdrq) Hep =1 23, A
- Ny, - (11-9)
0A? A?
F‘FV{RI} ZEVRIS = 0
I=1

This system is intrinsically equivalent to the nuclear Schrodinger equation. The second equation is the
continuity equation which ensures the conservation of the norm of the wave function |x| and thus of the
nuclear density of probability with time (see [91] for more details, especially chapters IV and VI). The
road to derive this last system of equations is not straightforward. One should assume that the total
nuclear wave function is a non-coherent sum of the individual nucleus wave functions. This assumption

relies on the classical treatment of the interactions of the nuclei in between one another.
1.3. Classical limits of the TDSCF equations

The two TDSCF equations have different meaning. The second one does not depend on 7% and though

represents already a classical feature. If one identifies the probability density to find the nuclei in the

2
positions {R;} as P"({R;}) = A? and the probability current as ] = [Z}\L“l;—VRIS], one will find the
I
expression of the continuity equation in quantum mechanics:
oP
= + Vg, J=0. (11-10)

This equation has exactly the form of the continuity equation in hydrodynamics describing a fluid of

probability density P" and of flow J.
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Interestingly, the first equation of the previous system (111-9) can be rewritten if one considers that the

second term containing 7 vanishes at the classical limit?:

Np
aS 1 2 s
= ZE(VRIS) + f dré*fl,b = 0, (11-11)
I=1
which is an isomorphic expression to the Hamilton-Jacobi equation of motion. To make it be clearer,
. . . VR,S . .
one can introduce the velocity field v = % = ?:"1 % and V., the electronic potential such that:
I
S
5t MvZ +V, = 0. (11-12)
I=1

This last system can be written in the same form as the Newton equation noting that it embeds the same

term as in the fluid dynamics equations from Euler:

d
EMlvl = —VRlve
d
9 EMIV[ = _VR[VE . (I“'13)
7 My, VN, = —VRry Ve

In the light of these developments, one can see that Newton’s second law for nuclei emerges from

quantum mechanics with few approximations which are namely:

» The assumption that the total wave function can be separated in a nuclear and an electronic wave
functions.

» The classical nature of the nuclei, which permits to assume that every nucleus state vector is
orthogonal to one another.

» The classical hypothesis for the nuclear equation which tends to take # — 0 and leads to the

Hamilton-Jacobi equation.

Thus, one obtains a simple system of Ny+1 coupled equations which forms the basis of the so-called

Erhenfest dynamics:

2 For a rigorous demonstration which does not involve the classical approximation 7# — 0 which should not be
applied directly in this case, one can read the work by Bornemann et al. [92].
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(2 1) = Ml
d
aM1V1 = —Vg,Ve

- ‘ . (111-14)
aMIVI —Vg,Ve

\dt My, VN, = _VRNnVe

Hence, the Erhenfest dynamics embeds a fine description of the electronic structure which includes
electronic transitions. This can be shown by developing the electronic wave function ¢ on the basis of
the electronic states {¢ }:

o

lb) = Z ckldr), (111-15)

k=0

where ¢, (; t) are complex coefficients such that X5_,|c, ;)% = 1. It is possible to restrain the study
to the adiabatic hypothesis which states that any transition from the state k is most unlikely to occur.
This drives to lose the time-dependency in the electronic Schrédinger equation and to have only an
eigenvalue problem of eigenvalue Ex. At this step, the present formalism is written in the very same way
than the Born-Oppenheimer MD method for a chosen state k. If one chooses the state k to be the ground
state denoted k=0, under the approximation that the transition energy in between the ground state and

the first excited state is big compared to the thermal energy ky T, then one obtains:

ﬁelq)o) = EOlq)O)
d
aM1V1 = —Vg, Ve
{ d ' . (111-16)
aMIVl = —Vg,Ve
d
a MNn VNn _VRNn Ve

Technically, it is possible to decouple this previous system in order to solve the electronic eigenvalue
problem separately than the classical mechanics equations of the nuclei. Thus, if one determines
Eo({Ry}) for all configurations {R,}, one will determine the full potential energy surface (PES), i.e. the
electronic energy for all the accessible configurations of the nuclei. Classical MD relies on this scheme;
the PES is determined for different configurations. The critical step is to fit these quantum mechanically
obtained data with analytical functions for pair, 3-bodies or 4-bodies interactions?, creating an analytical

form of the PES from which the forces can be deduced. The set of parameters of the different atomic

3 This assumption that the interactions can be developed as an expansion of many-body interactions allows to
reducing the complexity of the task. Generally, no more than 4-bodies interactions (dihedrals) are taken into
account.
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properties including especially the partial charges and the parameters of the interactions is referred to as
the force field (FF). Only the Newton’s equations remain to be solved which will drive the system of
atoms to explore the PES. On the other hand, one may prefer to solve on-the-fly the electronic eigenvalue
problem and enters the realm of a wide range of ab initio (Al) MD techniques. Obviously, classical MD
and AIMD technigues are complementary and three criteria are to be considered to define the type of
techniques to use to treat a system: 1. its size, 2. the scale of the relaxation time involved in the
phenomena of interest and 3. its “chemical” complexity. AIMD techniques are necessarily having a
much higher cost than classical MD, limiting this technique in the frame of the present work. The
membranes which are studied here are embedding several hundreds of thousands of atoms and the
longest characteristic times of the main processes of interest — i.e. passive permeation processes — are
on the order of tens to hundreds of nanoseconds. These constraints drive us to stick to highly efficient
classical MD methods which are the only ones, at the date, to permit to explore such complexity. At the
same time, the needs for a precise description of the molecular interactions binds us to the use of an
atomic scale precision and forbids us to consider coarse grained techniques.

2. Classical force field and interactions in MD simulations

AAMD relies on a set of parameters building the so-called force field. A classical force field is the set
of all the atomic parameters, including the atomic masses and partial charges of every atoms of the
system as well as a simplified representation of the PES which encodes all the interatomic interactions
in the form of additive many-body terms. These interactions strongly depend on the precise
neighborhood of the given atoms. In this sense, the set of parameters describing the interactions of one
atom with its neighbors is not related only to its atomic number but also to the precise nature of the
molecule in which this atom is present as well as to the environment surrounding the atom (e.g. a precise
solvent, a surface, a lipid membrane, etc.), meaning that there exist potentially more than one unique set
of parameters for one precise atomic type. This is driving to the development of numerous specialized
force fields. It is worth mentioning that these different force fields are a priori incompatible and that
building an atomic system strongly relies on both the choice of the parameters and on their coherence.
One way to achieve such a coherent description is to use one only method to determine the whole set of
parameters forming the force field. This could be done by the use of experimental methods — mainly
scattering and spectroscopy measurements — by means of ab initio computations, or by a mix of the both

approaches.
2.1. An appropriate force field for lipid membranes

Importantly, in the frame of simulations of biological systems where different environments are in
presence (e.g. water based solvent and lipid membrane), the choice of accurate parameters is of first

importance. In this work, since the angular stone resides in a realistic description of the lipid matrix of

Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020 | [53]



[54]

the plasma membrane and of its properties, the precise choice of the lipid parameters is an essential
guestion. The so-called Stockholm lipids (Slipids) force field [93-96] was used to describe all the lipids
as well as cholesterol. This force field was created in the aim to reproduce the experimental behavior of
self-assembled lipid structures made of one precise lipid type. Mainly, the agreement with scattering
form factors from X-ray or neutron scattering, deuterium order parameters from NMR studies, area and
volume per lipid and lipid bilayer thickness have been checked. Since the systems we are interested in
are bringing much complexity — especially by involving a mix of several lipid types along with
cholesterol and since the studies of the membrane properties are of first interest — an all-atomistic
description is needed. Indeed, coarse grained force fields as well as united-atoms ones might induce
more variations of the order parameters than AA FF. However, it is known that the transition temperature
in between gel phase (L) and the liquid-crystalline phase (Lg) might be artificially increased if one uses
explicit hydrogen atoms which may result in a too low area per lipid (AL). Jimbeck and Lyurbatsev [93]
tackled these limitations with the Slipids FF which has the advantage to be used in the natural isobaric-
isothermal conditions which permits to have a direct link in between the MD observables and the
experiments. To build the FF, an iterative process was used. The initial set of parameters was first based
on the CHARMM36 FF [97]. The partial atomic charges were then computed with ab initio methods at
the same level of theory. Then, the Lennard-Jones parameters were altered in order to agree with
experimental values of heat of vaporization. At the end, the torsional terms were recomputed with ab
initio methods. At the same time, in order to take into account the natural environment of the lipid head

groups, computations of the partial charges were done for them in a dielectric continuum with € = 78.4.
2.2. Force fields of the ligands

In order to study the interactions of various ligands — especially cancer drugs of different kinds — with
the lipid matrix of the plasma membrane, different force fields were developed in our group. More
discussions on these force fields can be found on the relevant sections were the interactions with the
membrane of cisplatin (cf. Chapter V -4.1), its speciated species (cf. Chapter V -5.1), carboplatin (cf.
Chapter V -5.2), oxaliplatin (cf. Chapter V -5.2) are discussed.

2.3. General form of the PES functional

In order to build complex biological systems in interaction with numerous compounds, including
potentially proteins and small molecules, the Slipids FF was made using the very same formalism than
the general AMBER force field [98] (GAFF) for amino acids. The implementation of the AMBER force
fields in the Gromacs package embeds parameters for a wide range of ions as well as for water. In the
frame of our studies, the parameters of the AMBER99SB force field were used for different molecules,
including the AMBER TIP3p parameters for the water model which is also known to be compatible with
the Slipids FF [95]. Both the Slipids FF and the GAFF use the same potential energy functional form,

denoted as V({R;}), which can be written as follows:
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V{R,)) = 2481, << > _ <%> >+ 4111?] + Zk (Ry — R%)’
Rjj

i<j Y

+ Z kl]k(ellk el]k) +k1]k(Rik_B0 2

i<j<k
¢ o))
+ z K (1 + cos(ndyjg — ¢ijkl))
i<j<k<l
- Z Vi) (Ri, R &5, 037) + Z Ve (Ry, Ry 3, q5) (H-17)
i<j i<j

+ Z vy (R;, R;; kB, RS

i<j
1]k
+ Z (RI’R Ry 1]k'k1]k'el]k'
i<j<k
ijkl 1.9 0
+ Z VI (Ry Ry, Rig Ris K 1, §81)-
i<j<k<l

In this last expression, R; = |R;—R;| is the distance in between two punctual atoms, and
{sij,ci]-,qi,q],k”,R?], 1]k,kuk,euk, lk,kf].’kl,q>?jkl} is the set of parameters for every i-th, j-th, k-th and

I-th atom, respectively. The terms of this functional can be split in two categories:
> The non-bonded terms, VE.]](RI' R], EijJ O'i]') and Vé] (Ri' Rl’ di» q])

Two terms describe the interactions which do not involve a chemical bond. The first term which is on
the form of a Lennard-Jones 12-6 potential represents the attractive van der Waals interactions and the
atomic repulsion originating from the Pauli exclusion principle. This potential is characterized by a well
of depth &;; and by the closest distance from the i-th atom to the j-th, denoted o;, at which the potential
is null. The second term concerns the Coulomb electrostatic interactions and depends on the charges g;

and g; of the atoms i and j.

> The bonded terms, VE(R,,R kP, RY), V 1’k(Rl,R Ry ki Kile, 051 Bik

1j’
jki
and Vl] (Ri; Rj, R, Ry; k?j)kl, n, (I)?jkl)'
These terms include the pair interactions in the form of a simple harmonic potential Vli)j(Rl,R k. c)
where kit} is the bond force constant and R‘i’]- is the equilibrium distance. The so-called Urey-Bradley

potential, V. ”k

5 (R, Ry, Ry ki, kil 00y, B, ), describes the bond-angle vibrations between a triplet of
atoms and consists in a harmonic potential depending on the angle ei]-k(Ri, R;, Ry,) as well as a harmonic
correction term. The angle force constant is denoted ké; ijk and Y ijk Is the equilibrium angle. The Urey

Bradley constants, written kl]k and Bj). are the ones embedded in the expression of the harmonic

Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020 | [55]



[56]

correction. Finally, a dihedral potential V(iil'kl (Ri, R;, Ry, Rl;kf]-’kl, n, <I>?jk1) is parametrically depending

on k?j’kl, the dihedral constant, n is the multiplicity and ¢?jkl the dihedral angle equilibrium. This last

potential is a description of the interactions resulting from the torsional degrees of freedom of any chain

of four covalently bonded atoms.
2.4. Non-bonded interactions

The computation of all the terms of the energy potential functional described in eq. (111-17) would lead
— in the frame of simulations of biological systems embedding hundreds of thousands of atoms —to a
computational cost exceeding the present computational possibilities. In order to run simulations on
pretty big systems for hundreds of nanoseconds, some more approximations are in need. Especially in
the case of non-bonded interactions, several strategies are used.

2.4.1.LJ potential

» Dealing with the number of terms in the PES functional

One should note that not all the LJ parameters are computed at the ab initio level but generally only the
interactions on the form Vﬁi](Ri, R;; &;;,051) and that, for cross terms, a specific combination rule is

applied. In the case of the present FF, the Lorentz-Berthelot rules were used such that:

&j = (Sii?—ji)l/z

oii + 0 - (11-18)
W T
These rules save a lot of preliminary computations at the cost of a certain increase in the error; for
instance, it is known that the Berthelot rule consisting in a geometric mean of the well depth mainly

gives overestimated values of the van der Waals interactions.
» Dealing with the complexity for computing the LJ terms

The LJ terms have an infinite range and the number of pairs to be taken into account for, say, the i-th
atom, increases as the squared of the distance to this atom. This drives rapidly to a bottleneck problem
where the computational cost for computing the long range LJ interactions will become prohibitive. To
tackle this technical limitation, it is customary to apply a cut-off distance after which the potential is
considered to be null. Thus, the pair interactions are computed only if the distance in between the two
atoms does not exceed the cut-off radius. In the frame of LJ interactions where the repulsive term rapidly
drops down and the vdW term reaches zero in the limit of long range interactions, this approximation
does not lead to dramatic errors. One should note that MD simulations are using periodic boundary

conditions (PBC) which are applied — generally — to every surfaces of the simulation box. In this case,
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the application of a cut-off becomes necessary to avoid some interactions, i.e. the cut-off radius should

be smaller than half of the smallest edge of the simulation box.

Technically, the computation of the pair interactions relies on the efficiency of algorithms dedicated to
neighbor searching. In a nutshell, most of the MD packages use algorithms for the generation of pair
interaction lists. The update of such list is generally less often than the integration of the Newton
equations. This is another reason of the inaccuracy in the computations of non-bonded terms which leads

to an energy drift.
» Dispersion corrections

The cut-off applied to the LJ term is used because of its believed small influence on the repulsive term
of the LJ 12-6 potential. Nonetheless, it is known that the use of a cutoff biases substantially the potential
energy contribution as well as the computed pressure. It is stated that for simulations computed in
isobaric conditions, the observables computed from these simulations, especially the estimation of the
free energy profile which is of first importance to characterize the permeation of molecules through
membranes, might significantly lose accuracy if no corrections are applied [99]. Hence, energy and
pressure corrections on the dispersion term of the non-bonded interactions were used in the present
simulations as it is advised by the creators of Slipids FF. These corrections are not optimal yet, especially

for inhomogeneous systems such as the membranes in water solvent we simulated. Indeed, this

corrections assumes that the values of (Cf,fgter) = <4swatero-\6/vater)~<C1(i6p)id)v where the average

c(® 2

dispersion (Cy,aer? = N(N-1)

N, 2N 4e;0f. New developments for the computations of the LJ
interactions are starting to use the so called particle-mesh Ewald method primarily dedicated to

electrostatic interactions and mentioned in the next paragraph.

2.4.2.The electrostatic potential

In the case of electrostatic interactions, applying a simple cut-off for long-range interactions might lead
to important errors since the potential decreases as r which leads to non-negligible values even at a
distance of several nanometers. The use of periodic boundary conditions (PBC) gives, here, the
opportunity to apply the so-called Ewald summation method or its extensions such as the particle mesh
Ewald (PME) method; both of which being developed for periodic structures (crystals). The PME
method keeps at the same time a good accuracy and a computational cost not much greater than that of

cut-off methods. The total Coulomb energy of an infinitely periodic system of N particles is given by:

oo o N !

VC(Ri,Ri,n;qi,qj)=8“1£0 Z Z i ZZ

Ny=—00 nyz—oo n;=—0o0 j=1 i=1

0

iqj

)
ijn

(111-19)

=
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nXLX
where n = [ nyLy |, with {LX, Ly, LZ} the lengths of the edges on the axes of the simulation box. Rj;, =
nZLZ

|Ri - Rin| = |Ri - (Ri + n)l . The double-counting of the interactions drives to a factor % in the first
term of this expression. The « ' » stands for the exclusion of the self-interaction, i.e. for j=i and
nx=ny=n,=0. The convergence of this last expression is not only slow but also dependent on the order to
sum up the terms. The conditional convergence of this sum was addressed by Ewald in 1921 [100]. The
N punctual charges in the simulation have each a charge density distribution

p given by the Dirac distribution such that:

pi(R) = q;8(R — Ry). (11-20)
The first step in the Ewald summation is to split the charge density distribution in two contributions; a
short-range one, denoted p{ and a long-range one denoted pt. In this aim, one may use an arbitrary

Gaussian distribution:

pi(R) = p{(R) + pL(R)
pP(R) = q;8(R— R;) — q;G(R — R;), (In-21)
pi'(R) = q;G(R — R;)

IR|2
with G(R) = se 20Z, the Gaussian distribution where o is the standard deviation of the Gaussian
(2mo2)2

distribution. Thus, the Coulomb interactions can be written again taking this transformation into account

so that:

VC(R, R',n; q;, q]-)

o o N’ N _ ,
=8nl£0n=z Z q]quIWS(R R)_l()‘}l(lR R) o .

- - z=—00 j=1 i=1

k=0

From a physical point of view one should remember that the punctual charge hypothesis can be taken

as a limit case of the Gaussian distribution for a null standard deviation. Thus, in the first term, V£,
subtracting a Gaussian charge distribution to the Dirac charge distribution creates in some way a
screening of the long distance interactions, making this sum converging rapidly for short-range (“S”)
interactions. In order to obtain the expression of the Coulomb potential energy, one may solve the
Poisson’s equation of the potential field ¢ (R). Since both the short and the long ranges terms involve a

Gaussian distribution, let’s solve the Poisson’s equation for this distribution:

G(R)

€o

Adpg(R) = — (111-23)
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The Gaussian distribution being invariant by rotation, one can write the previous vector equation as a
scalar equation depending only on r, the distance from the center of the Gaussian distribution, using

spherical coordinates:

1 62 G
5 g (1)] = 60 (111-24)
€0
Integrating two times over r yields:
r 0_2
fdo(®) = | T oo (111-25)

0

2 . e ..
It is then possible to introduce the error function erf(r) = \/iﬁfor e~ " dr’ which is intrinsically related to

the Gaussian distribution, noting that:

f( d ) 2 1 [ e (111-26)
er =——— | e 20%dr’, -
oV2 \/EO'\/EO
which finally gives:
(r;0) = — f(r> I11-27
bg(rio _41Tsorer o2/ (-27)

This allows writing the expressions of the potential fields for short and long ranges:

1 q;j R;
.S .t = il !
B (R;;0) = =g erfe ( )

1 qi_ ‘Q/E (11-28)
LRy o) = L f( ! )
q)l( 1 0-) 41_[80 Rl €r o"\/i

with erfc(r) = 1 — erf (r), being the complementary error function and R; = |R — R;|. We thus can

write the potential energy of the different contributions:

(o) 0o N N
di (R1]n>
R;, R; = f
VC( i Ry, 1n; ql,q],c) 8T[€0 Z Z Z Zq]ZRinerc s
—oony —oon =—00 j=1 i=1
| o NN . (I-29)
di ijn
VC (Rl' R]'n i, q]: G) - Z Z Z Z er f( )
81-[80 Nyx=—00 Ny=—00 Nz=—00 j=1 i=1 lln 0-\/_

With these last expressions, one can really see the physical meaning of this separation: the short-range
term vanishes for r — oo leading to the common sense attributed to these both terms denoted as “short
range” and “long range” interactions. A further separation of the long-range term is usually done to
make the computations simpler. The self-interaction term is computed separately and thus subtracted
from V& so that Vi = V& — V&I, One can estimate the self-interaction contribution for long-range

interactions by considering the limit:
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I f(R”“)— 21e 111-30
Jim ert (S = —r, (1130

therefore:

N

1

Vée”(Qii 0) = 25/2n3/2£002 aj (1-31)
i=1

If the short-range sum can be directly computed thanks to the erfc function which ensures a fast
convergence, the long-range term has to be computed differently. The idea beneath this separation
introduced by Ewald [100] is to obtain a converging sum in the reciprocal space. The total charge density
field can be expressed as a periodic function which will allow applying the Bloch’s theorem further on:

o] o]

p“(R) = Z Z i ZN:piL(R+n), (11-32)

Ny=—00 ny=—oo nz;=-—oo i=1
thus one may take the Fourier transform of the total charge density p* (k) and of the long-range potential

field (k) which is also periodic:

( N
pl(k) = g f p*(R)e kRdR = g f ; q;G(R + n) e"*RgG3R

< , (111-33)
30 = fvff LRI FRER

where V is the volume of the supercell, i.e. the volume of the simulation box. Therefore, the expression

of the charge density field can be written as:

I
ﬁL(k;G)=2qie“k'Rie 2 (111-34)

Once again, to find the expression of the potential energy, one has to solve the Poisson’s equation which
links the charge density field to the potential field:
p“(R)

AP (R) = — — (111-35)

Noting that, given a function f(x) absolutely continuous, the Fourier transform of its derivative is
f'(k) = ikf(k) which yields:
ph(k)

k2pl(k) = — (111-36)
0

Hence, the Fourier transform of the potential field takes the following expression:
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a\)L(k;G):Zﬁe‘ik'Rie_ z- (111-37)
R

One has then to apply the inverse Fourier transform to find the potential field in the direct space:

0.2|k|2

N
1 .
¢L(R,Ri;qi.o)=szk2—‘e—‘k'("—“i)e‘ z . (111-38)
el

This last expression can be further simplified if the total charge of the simulation box is neutral by noting

that, in this case, ¥\, q; = 0. This will give no contribution for k=0. In MD simulations, the systems
should have a null global charge, since the use of PBC conditions would make a non-null value added
theoretically an infinite number of times. Hence, one can write the long-range Coulomb potential energy
such that:

N N
q B _0'2|k|2
Ve (Rll R]; n; qj, gj, G) VZ Z 2 kzso ik (R~ l)e 2 (111-39)

k#0 j=1 i=1
It is customary to introduce a structure factor, analog to the one in crystallography, to simplify the
previous expression:

SRy, k; q;) = 2 gie®Ri, (111-40)
therefore, the expression of the electrostatic interactions can be written as follows:

VC(Ri, Rj, n,k; q;, qj, 0)

= V(S: (Ri' R]' n, q;, dj, 0) + V(]:J(Rl' R]' Kk; di, 9j» 0) - V(S:elf(; i G)
N N’
di ijn
0 ) s erie()
1 ) o1 1 jn 0\/_
2|k|2

ZVSOZZZ k2 IS(Rl'Rl'k ql’q])l

k#0 j=1 i=

Ny =—00 Ny=—00 Nz=—00 j=

(IN-41)

le =
Mz

53
22T €90 i=1

The idea beneath this separation in the previous expression is to obtain strictly converging terms. The

short-range term converges rapidly for long distances thanks to the presence of the erfc function and the
0'2|k|2

long-range term converges rapidly in the reciprocal space due to the e 2 . Thus, one can truncate the
direct space sum with a cut-off in the order of the nanometer and the reciprocal space sum by computing
it for £10 wave vectors in each direction. Although the convergence of the electrostatic potential is

ensured, the complexity inherent to this method is generally of @(N?) which remains really pricy for
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big systems as it is customary to find in the frame of membrane simulations. The optimal choice of o

has been proven to improve the convergence of these sums driving to a complexity of O(N3/2).

The choice of o is directly related to the further evolutions of the Ewald summation method which, in
its raw state, remains prohibitive for systems with N>10°. For big values of o it can be shown that the
complexity of the direct sum can be bound to O(N). The initial idea in order to improve the Ewald
summation method relies on the proposition of an efficient method to tackle the computation of the
reciprocal sum. The basis of the nowadays most-used method was mainly provided by Darden et al.
who based their developments on the so-called particle-mesh (PM) and particle-particle particle-mesh
method (P*M) developed by Hockney and Eastwood and released the particle-mesh Ewald (PME)
method [101]. The main idea of this method is the use of the efficient fast Fourier transform (FFT)
algorithm in the system by computing the Gaussian contributions of each particle on a grid that discretely
meshes the simulation box. On each node of this grid, the electrostatic contributions are interpolated,
resulting in a lattice of charges in the supercell, easy to treat with the highly efficient discrete Fourier
transform algorithms such as FFT. PME methods are now the standard methods used in all the MD

softwares and greatly improved the scalability of the simulations giving a complexity of O(N . log(N)).

2.4.3.1-4 interactions

It has been shown that inside molecules, the use of the non-bonded terms in between close neighbors,
potentially directly covalently bonded, is detrimental to the accuracy of the computations. Instead, in
such close-distances, the bonded terms are used to define the stretch, angle or dihedral interactions in
between atoms i and i+1, i and i+2, i and i+3 and i and i+4. The second and third atoms involved in the
interactions with a first atom i, respectively denoted as i+1 and i+2, are considered to be too close to this
first atom and are simply excluded from the non-bonded interactions. The fourth atom, i+3, is generally
a limit case where the repulsive, dispersion and electrostatic interactions are generally weighted by a
given coefficient to obtain a weaker interaction closer to reality. In the case of the implementation of
AMBER99SB in the Gromacs package, the weight coefficient for the LJ interactions is of 0.5 and the
one for the electrostatic interactions is of 0.8333. The second and third atoms around any i-th atom create
the so-called exclusion list and the fourth ones form the so-called 1-4 interactions. Generally, from the

fifth atom, no further weights or corrections are applied.
3. The statistical nature of MD simulations

The apparent determinist nature of MD simulations shown in the Newton’s equations is somewhat
illusory. Since one wants to obtain macroscopic observables from any atomic system, one should do an
ensemble average. This means that one should sample all the microstates, as it is the way in Monte Carlo
simulations, by generating successively different configurations. A big enough number of these

configurations will finally give a good estimate of the observables. MD simulations are first a tool to

| Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020



generate efficiently a set of these configurations in the aim of sampling the phase space. In that respect,
one should not see MD as a purely determinist technique and should especially avoid to give any
conclusions on the dynamics of a system without extreme caution. Indeed, the time progression only
becomes a propagator of the system from one state to another and allows — in the case of an ergodic
system — to make such ensemble average as if we generate as many systems with different initial

conditions and the estimate of the macroscopic variable A will be its average (A):

(A(I‘, p))ensemble = (A(I‘, p))time = ff A(l‘, p)p(r' p)dl‘dp
vr (11-42)

t
1
= tlim Ff A(r, p; t)dt’,
0

with T representing a point in the phase space, i.e. a set of {r, p} and p(r, p) the normalized probability

density function of the given ensemble such that:

prp) _p(rp)
fvr ﬁ(r: p)dl‘dp Z(r' p)’

p(r,p) = (111-43)

with p(r, p) the plain density in the phase space and Z the partition function of the given statistical

ensemble.

The dynamics resulting from the time integration of the equations of motion will give trajectories which
— due to the inner nature of MD simulations — might be far from real trajectories. Indeed, the many
approximations in MD simulations result in an imperfect description of the many-fold potential energy
surface (PES) functional. Thus, while the system is making a path on the PES, the classical
approximations leaving the system in its fundamental state only, the fixed time-step which might not
sample accurately some fast atomic processes, the classical estimation of the parameters of the potential
energy functional as well as its limited formal expression or the finite numerical precision of the
computations make this path potentially far from the real path on the real PES. Thus, not only the idea
of ensemble average is necessary to estimate macroscopic observables, but only macroscopic
observables should be measured and ultimately, no “true” causal relations should be considered in
between two successive frames of a trajectory. Nonetheless, macroscopic state transitions can be studied
by means of MD simulations if one can sample accurately enough the phase space in the different
macroscopic states. This allows MD to be a tool of choice for the study of docking, of protein unfolding,
of lipid flip-flopping, etc. even if these phenomena are by nature time-dependent. This leads to another
concern: the ergodic hypothesis is never proven for the systems one studies. Not only we do not know
if this hypothesis can be applied but we know that the typical times (in the range of the tens to the
hundreds of nanoseconds) used for sampling the phase space of a system with a dynamic equilibrium

are usually extremely small towards the real time range that should be used if one wants to explore most
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of the phase space. However, MD simulations have proven to give a precise and useful insight in the
studies of atomic and molecular processes, and have proven to lead to trustworthy estimations of
thermodynamic observables. This is mainly because, working in the vicinity of some local minimum of

the PES, the macroscopic observables are converging rapidly to some values close to the true values.
3.1. Integrating the equations of motion

Considering the classical equations of motions described earlier, one can assume that there exists a finite
time-step At which will allow sampling the resulting trajectories well enough. To take into account the
fast vibrational modes of C-H bonds, it is customary to take a time step of 1 fs. In the Gromacs package,
the time step is defined system wide at the contrary of some other MD packages. However, the use of
constraints to describe some of the bonds involving fast relaxation times might allow the user to increase
this time step up to 2 fs in the frame of AAMD.

Formally, the discretization of the Newton’s equations can be obtained by a simple Taylor expansion of

the coordinates and the velocities of any atom i:

At? A3 .
r;(t + At) = 1;(t) + v; (DAt + F;(t) ot ¥ (t) ET 0(At%)
L s . (111-44)

At A2 At .
v;(t+ At) = v;(t) + Fi(b) -~ + vi(t)T + vi(t)? + 0(AtY)
i !

One of the simplest numerical implementations of an integration algorithm is the Euler algorithm which
truncates the Taylor expansion at the second order. However, this algorithm lacks different fundamental
properties in need when one deals with Hamiltonian systems which are conserving different quantities.
The main one is the direct consequence of the Liouville’s theorem which states that a canonical
transformation — such as the time-integration of the equations of motion — should conserve the volume
of the phase space for any Hamiltonian system. The kinds of transformations which are conserving such
quantity are called symplectic. If one wants to compute one real trajectory in the phase space of an
ensemble of particles, the integrator should fulfill such property as symplecticity. Otherwise, the
computed virtual trajectory will rapidly become far from the real one implying that the system will not
follow the real dynamics and that its a priori conserved properties, such as its energy in the case of time-
independent Hamiltonian systems, might not be conserved anymore. At the same time, conservation of
energy, angular momentum or other conserved quantities directly depends on the property of time-
reversibility of an integration algorithm. Indeed, in the case of time-reversible algorithm, any backwards
transformation in time will lead ultimately to the set of initial conditions, i.e. to the initial values of the
conserved quantities, meaning that the drift on these values should be null. The Euler algorithm is neither
symplectic nor time-reversible leading to important energy drifts for long time integrations, which sum

to the ineluctable round-off errors, resulting in trajectories far from the real trajectories.
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This is on these bases that the Verlet family of integrators was developed. The original Verlet algorithm
is based on the knowledge of both the current positions of the atoms r(t) and the positions of these
atoms at the previous time step r(t — At). On top, the forces at the time t, derived from the interatomic
potential are also necessary. This algorithm does not couple positions and velocities as it is the case for
the Euler algorithm:
r;(t+ At) = 2r;(t) — r(t — At) + Fi(t)ZA—i + 0(AtY). (111-45)
i

The Verlet algorithm gives rise to numerical imprecisions because a small term of order At? is added to
a difference of O(At) terms. But the inner nest of the problem resides in the computations of the
velocities. The first drawback of this formalism is that the computation of the velocities is subsequent
to the update of the position by one step, the velocities being computed as follows:

r;(t+ At) — ry(t — At)
2At
Finally, if the error in positions is of the fourth order, it remains on the second order for the velocities.

+ 0(At?). (111-46)

vi(t) =

Mainly two algorithms were proposed to address the issues of the Verlet integrator; namely leap-frog
and velocity-Verlet. These two algorithms are implemented in the Gromacs package but the last one
does not allow the use of every option and may be more time-consuming. On the other hand, the use of
leap-frog algorithm might lead to bigger imprecisions than velocity-Verlet, especially when one does
not work in the microcanonical ensemble. However, the size of our systems, the important number of
simulations which had to be undertaken and the in-development status of the MD techniques and setups
we used in this thesis drove us to stick to the leap-frog algorithm, especially in a demand of performance

and stability.

Though better algorithms exist, the errors induced by the use of the leap-frog integrator in the frame of
our work with mid-size systems (several 100 000 atoms) remains small®. The leap-frog algorithm
requires the expression of the forces determined from the potential energy and permits to compute the
new set of positions and velocities where these both sets of parameters are calculated with half a time-

step of difference:

rt+AtY) =r(t) +v (t + %At) At
1 1 AC (1-47)
v(t+§At> = v(t — EAt) + F(t)ﬁ

4 Main errors involved, due to temperature/pressure coupling, are decreasing with 1/N.
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3.2, MD simulations in other statistical ensembles

The notion of measure in statistical physics is linked to the statistical ensemble in which one works. The
Hamiltonian ruling the atomic interactions is intrinsically time independent. Hence, the system naturally
conserves its energy. Similarly, the Hamiltonian used in MD simulations describes traditionally a closed
system where the number of atoms N is also conserved. Finally, the intrinsic definition of the simulation
box conserves the volume of the system: by default, integration in time has no consequences on the box
size. Thus, the natural ensemble in which MD simulations are applied is the microcanonical ensemble
(NVE).

If the NVE ensemble is natural in MD simulations, NVT, NPT, NPH or other ensembles are more
common in real-life experiments. Working in isobaric and/or in isothermal conditions is generally
achieved by coupling the system to a barostat and/or to a thermostat. In other words, one generally
couples the system to a big enough environment whose macroscopic properties are the ones to be
reached by the system; the size of this environment will allow it not to be perturbed by the coupling so
that one may consider that the environment is all the time at the equilibrium with the same macroscopic

properties as in the initial conditions.

The use of a thermostat or of a barostat means that one should modify the Newton’s/Hamilton’s
equations of motions. In such case the incompressibility of the phase-space assured by the Liouville’s
theorem does not apply since the system is not Hamiltonian anymore. This might drive the measures in
the system not to be invariant upon canonical transformation and thus, the time average of an observable
may not give an ensemble average of this observable. Thus, some methods that are used as thermostat,
e.g. the Nosé-Hoover method, tackle this problem by conserving the measure for canonical

transformations.

A more general problem when one wants to work in a statistical ensemble is that the coupling should
give not only a coherent averaged value of any macroscopic observables but also of its fluctuations. The
most widely used thermostat and barostat are based on the Berendsen method. Applied as a thermostat,
the velocities are scaled during the integration process so that the variation of the temperature will be
proportional to the difference in between the target temperature and the measured one:

dT(t) 1

& = (T, — T(®), (111-48)

with the time constant t determining the strength of the coupling in between the system and the heat
bath at the temperature T,. This last parameter has a crucial importance: the coupling is null for T — oo
and instantaneous for T = 0. For too small values, the strong discontinuities in the particle velocities and
the unrealistic fluctuations of the temperature will result in a dramatic bias. Generally, the values of t

are in the range of 1/10 ps. Importantly, applying this thermostat drives the system not to sample the
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canonical ensemble. The error on ensemble averages being inversely proportional to N, most of the
computations using this thermostat for big enough system will still lead to quite correct estimates of the

observables.

In this work, we have been using the velocity-rescaling method which is a variant of the Berendsen
thermostat at the notable difference that a stochastic term is included in order to generate a correct kinetic
energy K distribution [99]. The fluctuations given by the use of this thermostat would be statistically

relevant in the frame of the canonical ensemble.

More complex approaches were developed and it worth mentioning the existence of the Nosé-Hoover
dynamics. This thermostat implies a more complicated scheme where the Newton’s equations of
motions are modified to include explicitly a friction term which plays the role of the coupling term to
the thermal reservoir. This method shows some bad performances during the equilibration process and
might generate — in some cases — non-ergodic systems. In the light of this information, we decided to

keep to the simpler velocity-rescale algorithm whose performances and accuracy are proven.

The very same kinds of methods are applied once one needs to work with constant pressure. In the case
of membrane simulations, it has been proven that the NPT ensemble is the most appropriate, with
modern FF, to reproduce accurately physicochemical properties. In this thesis, we assumed that the
efficiency of the Berendsen algorithm and the rather limited bias it implies were justifying its use over

more sophisticated methods such as Parrinello-Rahman.
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Chapter IV - Realistic model
plasma membranes of

normal and cancer cells

Membranes in cells are usually considered to act as physical barriers that allow compartmentalization
and specialization of the intracellular medium. They are also highly dynamic assemblies, changing their
shape, composition and properties on a variety of spatial and temporal scales. This dynamical reshaping
of membranes occurs during different cell processes such as motion, division, differentiation and vesicle
trafficking. Membranes must thus be sufficiently rigid and robust to maintain the integrity of the cell
compartments and flexible enough to allow continuous changes of their shapes. Since the introduction
of the fluid-mosaic model [102], many structural/property relationships like thermodynamic and
mechanical properties have been elucidated on the basis of lipid self-organization arguments. However,
many open questions remain concerning the links between membranes composition and their
permeability to drugs. Determination of permeability membranes to drugs is indeed of great importance
for toxicological reason, for addressing cell resistance issues to chemodrugs, but also for finding new
strategies for targeting cells, especially cancer ones. In this thesis, we searched for chemical and physical
features connected to membrane lipids that could help to differentiate cancer and normal cells and
though be potential markers for selective targeting. We investigated three “main ingredients” that may
play an important role on the membrane permeation to drugs, namely composition (lipids and cholesterol
contents), curvature and asymmetry between leaflets of the lipid membranes. In the following section,
a short review based on an analysis of a large set of results extracted from literature, is given. It helped
us to build two realistic models of “cancer” and “normal” lipid matrices of the plasma membranes which
could be subsequently used to study the permeation of small molecules — especially of cancer drugs. Of
note, this literature search and the way these two models were built have been published recently in two
articles [54, 103].
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1. Plasma membrane properties at a glance: asymmetry, cholesterol
distribution and curvature

The continuous increase of computer power has stimulated the rapid development of computational
approaches for the modeling of realistic cell membranes using both atomistic and coarse-grained
molecular dynamics techniques [19, 48-53]. In particular, recent works address such phenomena as
lateral heterogeneity of the membranes (lipid rafts and micro-domains, lipid sorting) [48, 49] or the
asymmetry of the lipid composition and the cholesterol content between the monolayers [29].

Although more and more computational studies are trying to mimic an actual asymmetric lipid content
of the membrane monolayers [50-52, 54], a really few works are making these model membranes
involved in a controlled setup aiming at studying the permeation properties of molecules of biological

interest.

One of the main insights from the community in the structure of membranes concerns cholesterol (CHL).
However, the transversal distribution of CHL — the most abundant molecule in eukaryotic membranes
after the lipids, is subject to debates [20-22]. It has been observed experimentally [23-25] that CHL
resides mostly in the cytoplasmic leaflet. On the other hand, the affinity of cholesterol to sphingomyelins
(SM) has been shown experimentally [26] and in silico simulations also tend to show an increased
distribution of CHL in the outer leaflet [27-29]. The existence of lipid rafts or micro/nano-domains in
the membranes is another debated concept. It is shown that cholesterol and sphingomyelin lipids form
regions of rigid liquid-ordered phase (Lo) in vitro in giant unilamellar vesicles (GUVs), in liposomes or
in deposited lipid structures [1, 30, 31]. The rafts were also extensively studied in silico [30, 32-34].
However, there are difficulties in observing the rafts in real cells, which are usually attributed to their
small life time or to their size, which appears to be much smaller in real cells in comparison to artificial
membranes [26, 32, 35]. Despite the fact that the rafts are not yet observed directly in living cells, the
influence of cholesterol and cholesterol-rich microdomains on the membrane rigidity, on permeability

for small molecules and on the functioning of the membrane proteins is of great interest [36-39].

In normal eukaryotic cells, an asymmetry in the lipid composition between the monolayers of the plasma
membrane is usually present. It is now recognized as an important factor of membrane functioning. In
that case, the composition of the membrane leaflets is highly uneven [1-3] and is actively maintained by
a group of proteins — the flippases and floppases. This results in an extracellular leaflet composed mostly
of phosphatidylcholine (PC) and SM and a cytoplasmic leaflet enriched in phosphatidylserine (PS) and
phosphatidylethanolamine (PE). In apoptotic cells, it is known that this asymmetry is not preserved. In
1989 it has been proposed that the plasma membrane of some cancer cells can also exhibit such a
symmetrized structure. As a consequence, PS may be more exposed on the extracellular leaflet of their

plasma membranes, while this anionic lipid is predominantly located in the intracellular leaflet in the
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normal cells [4, 5]. Subsequent studies using flow cytometry after labeling by annexin V confirmed
these findings [6-8]. It was also shown that exposure of PS in cancer cells is not an artifact caused by
the presence of apoptotic cells in the sample [9]. PS exposure was also detected in the vasculature of the
tumors [10, 11]. Table IV-1 summarizes the existing literature about PS exposure in different cancers
and cancer cell lines. It is now clear that the outer monolayer of cancer cells contains on average ~7
times more PS than the normal control cells. These findings are of importance since they could result in
a new approach in targeting tumors by selective recognition of exposed PS [8, 14-17] or related
redistribution of PE [18]. Despite the growing importance of this field we have found little research
where in silico modeling of the membranes of cancer cells was performed [19].

Table IV-1. Overview of the relevant publications referring to a quantitative increase in PS exposure in the extracellular leaflet
of the plasma membrane of tumorigenic cells. A group of publications addressing specially the overexpression of PS (and
possibly the phosphatidylethanolamine) in the tumoral vasculature cells has been omitted. If this was possible, the relative
increase in proportion of PS in the extracellular leaflet in a tumoral cell versus a reference one has been indicated. The cited
papers are the work of Connor et al.[4], Utsugi et al.[5], Rao et al.[7], Sugimura et al.[12], Cichorek et al.[13], Schroder-Borm
et al.[8], Kirszberg et al.[6] and Riedl et al.[9].
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PS exposure
Author Year Investigated cell line(s) / Primary cell culture (PCC) toward the

control cell

Connor et al. 1989|Tumorigenic Friend murine erythroleukemic cell (MELC)

Control cell line — Nontumorigenic differentiated murine erythroleukemiccell (dAMELC)

Utsugi et al. 1991|Melanoma (A375)
Carcinoma (A431)

Carcinoma (Colo-16)
Control cell line — Normal human epidermal keratinocyte (NHEK)
()
Control cell line - Human platelet activated with calcium ionophore (A23187)
Sugimura et al. | 1994(Gastric carcinoma (?)

Cichorek et al. 2000({Melanoma (?)

Schroder-Borm et al. 2005|Neuroblastoma (NB LA-N-1)
Neuroblastoma (SH-SY5Y)
Colorectal adenocarcinoma (SW480)
Colorectal adenocarcinoma (ATCC CCL-228)
Lymphoma (U-937)
Leukemia (K-562)
Acute lymphoblastic leukemia (Jurkat)
Acute lymphoblastic leukemia (MOLT-4)
Normal human lymphocyte
2009|Murine melanoma (B16F10)

Human melanoma (WM-266-4)

Nontumorigenic murine melanocyte (melan-A)
Riedl et al. 2011|(Glioblastoma (U87-mg)
Rhabdomyosarcoma (TE671)
Kidney carcinoma (769-P)
Prostate adenocarcinoma (LNCaP)
Human melanocyte (SBcl2)
Human melanocyte (WM35)
Human metastatic melanoma (WM9)
Human metastatic melanoma (WM164)
Glioblastoma (GBM); PCC
Melanoma metastasis to the brain (MMB); PCC
Rhabdomyosarcoma (T22); PCC
Control cell line — Human melanocyte (FOM101); (Synoviocytes from synovium of Osteoarthritis)
Average
Standard deviation
(*)N/A: Not Available

(**) Data omitted for the average since control cell is from a different type

Besides the asymmetry of the membrane, its curvature also plays an important role in many cellular
processes [24, 40]. Recent studies have shown that membrane curvature is not a passive consequence of
cellular architecture but an active driving force in many processes involving membrane remodeling and
trafficking [104]. Local differences in membrane curvature form microenvironments in which specific
molecular interactions are more likely to occur. Formation of the membrane curvature is achieved by
the complex interplay between intrinsic curvatures of the lipids in the membrane leaflets, the influence
of integral and peripheral proteins and the influence of the cytoskeleton. While the intrinsic spontaneous
curvature of the membrane is mostly determined by its lipid composition, instantaneous local curvature
is usually dynamically modulated by proteins which are either integrated into the lipid bilayer thus acting
like wedges or attached to its periphery. In eukaryotes, the bin/amphiphysin/rvs (BAR)-domains
containing proteins [41] are well-known for their ability to form 3D assemblies and act as molecular
scaffolds that reshape the membrane and alter its mechanical properties. While the membrane proteins

and the influence of the cytoskeleton could lead to dramatic changes in the membrane shape and
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curvature, the membrane lipids should redistribute and repack to adapt to these changes. Surprisingly,
little attention is paid to lipid repacking and redistribution in curved membranes despite the fact that
changes in the lipid composition are known to be important for a range of pathologies, such as cancer
[42], Alzheimer’ s disease [43] and obesity [44]. The curvature influence in the distribution of
cholesterol in the membrane, in the thickness of its leaflets and in the order parameter of the lipid tails
as well as on the passive diffusion of drugs and small molecules through the membrane remains an

opened question.

Some recent studies start to correlate the roughness of the plasma membrane to their potential cancerous
character [45]. It is visible on Atomic Force Microscopy images of different cancer cell lines and sane
cells, such as the breast cancer cell MCF7A and the sane breast cell MCF-10A [46, 47] that the surface
shape of the cells is drastically different. One can expect that the curvature distribution function of
malignant cells will be much larger than one of normal cells. This distribution function of the curvatures
is possibly not only widened but also shifted to bigger curvatures. These hypotheses should be explored
to understand if membrane curvature could result in different transport kinetics selectively towards the

cell status.

Cellular phenomena such as the formation of synaptic vesicles [105] and apoptotic bodies [106, 107],
the membrane fusion [108, 109], budding of enveloped viruses from the plasma membrane [110, 111],
formation of the blebs during apoptosis [106, 107], blood cell maturing [112] and mitosis [113] are also
likely to be influenced by phospholipid asymmetry, membrane curvature and cholesterol distribution
[114]. That is why numerical simulations are nowadays considered as the best complementary
techniques in membrane science since they are able to operate at an atomistic level. With the
development of high-quality coarse-grained (CG) methods, such as the MARTINI force field [55-58],
the global trend of membrane simulations shifted away from atomistic simulations. Coarse-grained
models allow increasing time and length scales of simulations by several orders of magnitude. In the
CG models the groups of adjacent atoms are combined into “beads” which interact with each other by
means of empirical potentials. Since the number of beads is much smaller than the number of individual
atoms, a significant increase in the speed of computations could be achieved [55-58]. In particular, CG
methodology allows the simulation of very large membrane patches with a large number of lipid species,
and which could be considered as accurate models for real cell membranes in terms of lipid content [51].
However, this study was focused on a flat membrane. Despite impressive progress in the field of CG
simulations atomistic molecular dynamics studies of the membranes are still necessary to achieve an
accurate atomistic description. Notably, atomistic simulations are necessary in the studies of detailed
interactions of ligands and drugs with the membranes. An atomistic description also provides the most
detailed view on the effects of curvature and asymmetry on the membrane properties including the
translocation of ligands and drugs through the lipid bilayer. In the following sections, we present realistic

lipid model membranes of normal and cancer cells with a tunable and controlled curvature. The
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properties of the membranes with different cholesterol content ranging from 0% to 33% molar ratio are
compared. Also, a special focus has been put on the study of the effects of curvature, both on the CHL

distribution and on the structural consequences on the membrane.
2. A realistic lipid model of plasma membrane with controllable curvature

Curvature, asymmetry, lateral heterogeneity and their non-trivial relationship make real cell membranes
very complex objects, making them hard to study experimentally at a nanoscopic resolution.
Discriminating membranes of cancer cells from normal ones is certainly beyond the possibilities offered
by current experimental techniques. That is why numerical simulations at the molecular level are

nowadays considered as the best complementary techniques in membrane science.

Building models with a given amount of different lipids and cholesterol is not a difficult task but
controlling asymmetry and curvature of these systems remains a numerical challenge. To the best of our
knowledge, there is no comprehensive and systematic study which addresses the influence of curvature
on realistic membranes with asymmetric lipid content of monolayers. One of the possible reasons for
this is the methodological difficulty of setting up, running and analyzing such simulations. Indeed, the
membrane curvature is a transient property of the membrane which changes from one region to the other
and evolves quickly over time [115]. In order to study the changes of various membrane properties as a
function of curvature, one needs either to fix the curvature or to sample only those regions of the
membrane which display the needed curvature at each simulation time step. The second option seems
to be more attractive since it does not impose artificial constraints on the membrane and the methods
for determining both local [61] and global [116] membrane curvatures as a function of atomic
coordinates are available. However, sampling a sufficiently wide range of curvatures in free all atom
MD simulations is problematic because of the required simulation times (up to hundreds of
microseconds). Such times are accessible only in a few individual state-of-the-art simulations but they
are still prohibitively large for routine use and especially for any systematic analysis. In contrast,
restricting global membrane curvature to a particular predefined value is much more promising in this
respect since it makes the problem much more computationally viable. However, no technique for

restricting membrane curvature to some given value was available to date before this PhD work.

With the help of S. Yesylevskyy, we developed a new method for simulating membranes with a pre-
defined curvature; the method is applicable at both the atomistic and coarse grained levels. It allows
keeping free the lateral diffusion of the lipids without introducing major bias or artifacts. This technique
does not change the basic properties of the membrane such as density, thickness or area per lipid and

allows the influence of the membrane curvature to be studied.
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2.1. Asymmetric flat membrane model of normal cells

At first, we designed a model for flat and asymmetric membranes which could also be subsequently
used to force it to any designed curvature. The membrane was prepared as a bicelle which is limited by
cylindrical caps in the xz plane and forms an infinite bilayer along the y direction (see Figure V-1 and
Figure 1V-2). This allows the monolayers to relax to their optimal areas by exchanging lipids with the
bicelle caps, which serve as “compensatory reservoirs”. These caps are very important especially when
the curvature on that membrane will be further imposed. Indeed, the areas of concave and convex
monolayers become different in that case and the lipids have to redistribute in order to compensate for

the resulting mechanical strain.

Another method using “inverted domains” was used in previous studies on the spontaneous bending of
asymmetric membranes [62]. This method is not optimal for the current work because it doubles the size
of the system and makes it less computationally friendly. To avoid these drawbacks we designed this
present setup relying on this bicelle geometry of the membrane. The lipid content of inner and outer
monolayers is different and their mixing in the regions of the bicelle caps should be prevented. In order
to achieve this we used selective artificial repulsive potentials similar to the one used in previous works
from our group [60-62]. All heavy atoms of the lipids (except the carbon atoms of the distal parts of the
tails below the double bond) were assigned an additional weak Van der Waals repulsive potential (6=0.8
nm, e=1-10" Jmol™) which acts between the lipids of inner and outer monolayers only. This allows the
ends of the lipid tails to interact normally in the bilayer region of the bicelle while the lateral contacts
between the lipids from the different monolayers in the caps of the bicelle become energetically
unfavorable. Such a setup prevents the mixing of the monolayers effectively without any detectable

effect on the bilayer part of the system.

The cholesterol molecules could diffuse freely through the bicelle caps which allows their redistribution
between the monolayers during equilibration of the system. This is important because the correct
cholesterol content in each monolayer is not known in advance and such mechanisms of cholesterol
exchange between the monolayers facilitates to achieve an optimal cholesterol content in the
equilibrated system. Only the middle of the bicelle, where the bilayer structure is not perturbed by the

caps (shaded region in Figure 1V-1), is used for analysis.
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Figure IV-1. Snapshot of the simulated “normal membrane” system. The wall particles are shown as black spheres. PC lipids
are blue, SM are red, PE are green and PS are yellow. Cholesterol molecules are gray. Head groups of lipids and cholesterol

are shown as spheres. The central region of the bicelle which is used for analysis is shaded.
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Figure 1V-2. Scheme of the bicelle cap which prevents mixing of the lipids from different monolayers. Distal parts of the tails

Y%
o/

(below the double bond), which interact normally, are shown in green. Proximal parts of the tails and head groups of lipids
from different monolayers are shown in blue and red respectively. There is an additional artificial van der Waals repulsion
between blue and red atoms (shown by the arrows) which prevents the mixing of the lipids from different monolayers.

Approximate boundary between the monolayers is shown by gray dashed line.

2.2. Asymmetric curved membrane model: the bending procedure

We used artificial dummy particles for bending the previous asymmetric flat membrane described in the
previous section. The idea was to put the membrane between two repulsive surfaces of artificial particles
— the walls — which restrict the global shape of membrane but which do not affect the lateral dynamics
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of individual membrane lipids (Figure 1\VV-3). We decided to bend the membrane in a single xz plane for

simplicity; however, our method is applicable to any desired shape in three dimensions.

Figure 1V-3. Perspective view of the simulated “normal membrane” system. The wall particles are shown as black spheres.
PC lipids are blue, SM are red, PE are green and PS are yellow. Cholesterol molecules are gray. Head groups of the lipids the
cholesterol are shown in as spheres. Four periodic images of the system are shown in the y direction. The blue frame shows the

simulation box.

The walls are composed of independent non-interacting beads which consist of an anchor and a shell
particle. The anchor is a dummy particle which is fixed in absolute coordinates and which does not
interact with any other particles in the system. The shell particle is connected to an anchor by a harmonic
bond of zero length with a force constant of 10 kJ-mol™*-nm2. The shell particles selectively interact
with the carbon atoms of the lipid acyl tails by van der Waals interactions only. The parameters of this
Lennard-Jones interaction are 6=0.85 nm and e=1-10"° J-mol™* which means that the potential is purely
repulsive within the short-range cut-off r.=0.8 nm widely adopted in Amber force field [117]. Such a
setup eliminates unwanted direct interactions of the lipid atoms with fixed anchor particles and allows

the walls to be positioned precisely at the same time by moving anchors to the desired position.

The walls are initially at the level of lipid head groups of each monolayer of the flat bilayer at a distance
of 5 nm from each other. The dummy beads are arranged in a rectangular grid in the plane of the wall
with a spacing of ~0.51 nm.

The shell particles of the walls are impermeable for the hydrophobic lipid tails but completely
transparent for all other atoms. Thus, they restrict the general shape of the membrane hydrophobic core
effectively without influencing the lateral diffusion of the lipids or the dynamics of lipid head groups,
cholesterol, ions or water molecules. The distance between the walls and the parameters of repulsive
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Van der Waals interactions are adjusted empirically in order to minimize the influence of the walls on
the membrane structure and properties. The density profiles of various chemical groups of the lipids

were compared for planar bilayers with and without the walls.

The procedure of bending the membrane starts from the planar bicelle equilibrated in the presence of
the walls. The shape of the membrane is changed gradually by moving the anchor particles of the walls
towards their new locations, which correspond to the membrane with the desired curvature. The shell

particles push the hydrophobic core of the membrane and force it to bend accordingly.

Figure 1V-4 shows three production systems used in this work: the initial planar system with zero
curvature (c = 0 nm™, middle panel in Figure 1V-4), the system with positive curvature (¢ = 0.2 nm?,
top panel in Figure 1V-4) and the system with negative curvature (¢ = -0.2 nm', bottom panel in Figure

IV-4). All systems were subject to production runs which were 250 ns long.
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Figure 1V-4. Snapshots of the simulated systems with the curvature ¢ = 0.2 nm-1 (top), ¢ = 0 nm-1 (middle) and ¢ = -0.2 nm-
1 (bottom). The wall particles are shown as black spheres. PC is blue, SM is red, PE is green and PS is yellow. Cholesterol
molecules are gray. Head groups of lipids and cholesterol are shown as spheres. The sectors which are used for analysis are
shaded.

In order to produce the curved membranes, the following procedure is used. The planar bilayer
equilibrated in the presence of the walls is used as the initial system. The mean curvature ¢ which we
wanted to obtain is set and the center of the curvature is determined as shown in Figure IV-5. New
positions of the anchor particles, which correspond to desired curvature, are also computed. The
distances between the dummy beads within each wall are kept constant to ensure that the density of
dummy particles per unit area of each monolayer is the same as in the planar bilayer. After that all
anchor particles are moved with a constant rate towards their new positions during a time period of 5
ns. The dummy particles push the hydrophobic core of the membrane and force it to bend accordingly.
Due to the different arc lengths of upper and lower walls some beads of the latter, which appear beyond
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the needed sector, are removed as shown in Figure IV-5. The system is then equilibrated for 200 ns with
the anchor particles fixed in their new positions in order to relax any strain introduced by the forced
bending. The bending is performed in several stages with a curvature step of 0.05 nm™ (from 0 to 0.05
nm, from 0.05 to 0.1 nm, etc.) to reduce the mechanical stress imposed on the bicelle at each stage.
For our asymmetric bicelle, the direction of the bending (upwards or downwards) is important due to
the different lipid content of the monolayers. Nine systems were generated with curvatures of -0.2, -
0.15, -0.1, -0.05, 0, 0.05, 0.1, 0.15 and 0.2 nm where positive curvature means bending downwards
(inner monolayer is concave as shown in Figure 1VV-5) while negative curvature means bending upwards
(outer monolayer is concave). The two systems with the largest curvatures (¢ = 0.2 nm™, top panel in
Figure IV-4, and ¢ = -0.2 nm, bottom panel in Figure 1V-4) were used for the production runs which
were 250 ns in duration.
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Figure 1V-5. Scheme of membrane bending showing a model bicelle with a final curvature of 0.15 nm. The initial planar
bicelle is shown as pink lines. The final curved bicelle is light blue. Wall particles are shown as red (initial positions) and blue
(final positions) spheres. The wall particles from lower wall, which are dropped after the bending, are gray. The arrows show
the trajectories of pulling of the wall particles. Green point indicates the center of curvature and the dashed lines indicate the

sector occupied by the walls.

2.3. The “normal” and “cancer” model membranes

With such bicelle-like systems and bending procedure, any type of membranes could be in principle
generated with good accuracy. In the course of this PhD, we created a realistic model of the lipid matrix
of the plasma membrane, referred to as “normal membrane” hereafter, which was designed according
to well-established lipid content of mammalian erythrocyte membranes [59]. Phosphatidylinositol was
not included into the present simulations due to its small concentration which results in about one
molecule per system. In this model, the asymmetry of real mammalian plasma membranes is taken into

account — the outer monolayer is enriched in sphingomyelin (SM) and 1,2-dioleoyl-sn-glycero-3-
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phosphocholine (DOPC), while the inner monolayer is enriched in 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS).

The model of the lipid matrix of the plasma membrane of a cancer cell, referred to as “cancer membrane”
hereafter, was built using the same protocol but with increased proportions in DOPS and DOPE in the
extracellular leaflet. Figure 1V-6 shows a schematic representation of the normal and cancer membranes
along with their lipid compositions and a comparison to available experimental data. Table 1V-2 shows
the lipid content of the monolayers of normal and cancer membranes. In the case of the cancer membrane
the distribution of the lipid species was symmetrized to emphasize the overexpression in PS/PE in the
extracellular leaflet.

Lipid Composition Lipid Composition
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Figure 1V-6. Snapshots of the simulated systems for cancer and normal membrane models. DOPC is shown in blue, SM in
red, DOPS in yellow and DOPE in green. For the sake of clarity cholesterol is not shown. Head groups of lipids are shown as
spheres. The histograms show the relative abundance of different lipid species for inner and outer monolayers for each
membrane model (normalized for each monolayer). Numbers 1 and 5 correspond to the cancer and normal models presented
in this work respectively, model 2 refers to the work by Kldhn and Zacharias [19], model 3 to the work by Ingblfsson et al.
[50], model 4 to the data reported by Marquardt et al. [24].

Table IV-2. Lipid content (absolute number of molecules) of the monolayers of simulated membrane models.

Component Normal Cancer
Outer Inner Outer Inner

SM (sphingomyelin) 42 12 27 27
PC (1,2-dioleoyl-sn-glycero-3-phosphocholine) 46 14 30 30
PE (1,2-dioleoyl-sn-glycero-3- 14 46 30 30
phosphoethanolamine)

PS (1,2-dioleoyl-sn-glycero-3-phospho-L-seringe) 0 30 15 15
Cholesterol 51 51 51 51
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The initial bicelle has a cholesterol molar content of 33% relative to the lipids. We also constructed the
systems with cholesterol contents of 15% and 0% by randomly removing half of the cholesterol
molecules in the former and all of them in the latter. An equal amount of cholesterol was removed from

both monolayers in the case of 15% content.

Initially each monolayer contains 102 lipids and 51 cholesterol molecules (for the systems with 33%
CHL). Cholesterol molecules are allowed to diffuse through the bicelle caps and redistribute themselves
between the monolayers during the simulations. The lipids are arranged initially into a 17x6 grid in each
monolayer with cholesterol molecules intercalated randomly between them. The system is pre-
equilibrated as an infinite bilayer with periodic boundary conditions for 10 ns and then converted to a
bicelle by adding extra layers of water from both sides in the x direction. After the addition of the

restricting walls, the system is equilibrated as a planar bicelle for ~500 ns.

A reference single-component DOPC membrane was also simulated. This system was also arranged as
a bicelle using the same setup except for the fact that no repulsive potential is applied in the caps since
the mixing of the monolayers is allowed in this case. The flat bicelle with the walls was built separately

using the procedure described before. It contained 288 lipids and ~46000 water molecules.

For comparison, a pure DOPC bilayer containing 128 lipids and 5120 water molecules was also built as

an unconstrained normal bilayer.
3. Accuracy of the membranes models: the influence of the walls

In order to check whether the repulsive walls, which are used to maintain the membrane curvature,
influence the structure of the membrane, we prepared a reference bilayer, which is free from any
restraints and has the same lipid content as the flat part of the bicelle with restricting walls. We used the
last 50 ns of the trajectory of equilibrated flat bicelle and counted the mean number of lipids and
cholesterol in its bilayer region excluding the caps. We then constructed the flat infinite bilayer with the
same composition and simulated it using the usual setup with semi-isotropic pressure coupling for 200
ns without any restraints. We computed the density profiles for the lipid heads, lipid tails and cholesterol
molecules across the membranes in the cases of flat reference bilayer and the bid.celle with zero

curvature. The results are shown in Figure IV-7.
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Figure 1V-7. Normalized densities of lipid head groups, lipid tails and cholesterol in reference flat bilayer and flat bicelle of

the same composition.

It can be clearly seen that the influence of the walls on the distribution of lipid head groups is minor.
The walls slightly decrease the outer parts of the distribution for head groups in the region around 2.5
nm from the center. Thus the walls marginally decrease the number of headgroups protruding far into
the bulk phase while keeping their average position and other parts of distribution unchanged. The
distributions of the lipid tails with and without the walls are almost indistinguishable except for the
central region where minor deviations are observed. The thickness of the hydrophobic membrane core
is not affected by the walls. The distribution of cholesterol is marginally broader in the bicelle with the
walls, but this effect is very small. Differences in the central region of the membrane are rather chaotic
and are likely to be caused by an undersampling of cholesterol diffusive motions, which is inevitable in

such a complex multi-component system.

In order to verify if the influence of repulsive walls depends on lipid composition we additionally studied
simple monocomponent membrane composed from pure 1,2-dioleoyl-snh-glycero-3-phosphocholine

(DOPC). For this membrane we prepared the reference bilayer without restrictive walls and the planar
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bicelle with the walls in the same way as for asymmetric membrane, described above. We then computed
the density profiles for the lipid head groups and tails in both systems. The results are shown in Figure
IV-8. They are very similar to Figure IV-7, which confirms that the influence of the walls remains minor

regardless of the lipid composition of the membrane.
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Figure 1V-8. Normalized densities of lipid head groups and tails in reference flat bilayer and flat bicelle for symmetric pure
DOPC membrane.

At that step, it is possible to conclude that the repulsive walls in our setup have almost no influence on
the major structural properties of the flat membrane such as the thickness of the hydrophobic core,
average location of the head groups and distribution of cholesterol. In the case of the curved bicelles it
is not possible to separate the influence of the walls from the influence of the curvature itself because
the walls are necessary to maintain the curvature. We assume that the effects observed in the curved
bicelles are caused mostly by the membrane curvature itself while the influence of the walls remains as
small as in the flat system. Such extrapolation may not be completely accurate but, given the absence of

any reference system for curved membranes, it remains the best possible assumption.
5. The effects of curvature on the membrane properties

5.1. Area per lipid versus curvature

The area per lipid is one of the basic properties used to characterize lipid bilayers. It is known to depend
on the mechanical strain of the membrane, lipid composition and cholesterol content. Thus, it is expected

to depend strongly on the membrane curvature as well. The areas per lipid were determined using the
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Voronoi tessellation [63]. In brief, the tangent membrane plane was determined in the vicinity of the
head group of each lipid. Positions of adjacent lipid heads are projected onto this plane and the area of
the Voronoi polyhedron centered at the target lipid is computed. This technique allows us to compute
the areas per lipid and to obtain statistics per lipid type. This provides reliable estimates of the average
area per lipid for all lipid species in inner and outer monolayers (Figure 1\VV-9). All lipid species follow
the same trend, namely a decrease of the area per lipid from convex to flat and from flat to concave
monolayers. This decrease is remarkably large and reaches between 25-35% depending on the lipid type.
The areas per lipid of the same lipid species in the inner and outer monolayers are different but large
standard deviations make the significance of these differences less reliable.

The observed dramatic changes in the areas per lipid could be explained by geometrical considerations.
Indeed, the head groups of the lipids become congested in the concave monolayers while much more
space is available to them in the convex monolayers. As a result, the area per lipid is expected to be

maximal in convex monolayers and minimal in the concave ones.

The contribution of the lateral mechanical strain to the changes of the areas per lipid is minimal in our
setup. The inner and outer monolayers equilibrate their surface areas and volumes quickly due to the
bicelle caps, which serve as adjustable reservoirs for extra lipids. We also calculated the mean number
of lipids found in the inner and outer monolayers of the bicelle for different curvature. We observed that
the number of lipids in both monolayers changes in accordance with the membrane curvature. The caps
of the bicelle effectively accommodate excessive lipids from the concave monolayer and donate
necessary amount of lipids to the convex monolayer which prevents development of mechanical strain

effectively.

Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020 | [85]



(86]

T —=—PC1/
144 |Convex Convex | g pc2
—e— SM1
—e— SM2
121 —A— PE1
€ _ —A— PE2
< . —<4— PS2
o 1.0+ | o4
2
o)
2 0.8 l
©
o
< h
0.6 L
Concave Concave
0.4
| — | | | |
-0.2 0.0 0.2

Figure 1VV-9. Average areas per lipid for all lipid species of inner and outer monolayers as a function of curvature.

5.2, Cholesterol distribution versus curvature

Cholesterol molecules are known to be highly dynamic in the lipid bilayer. They diffuse quickly in the
lateral direction, change position vertically in the lipid monolayers and exhibit flip-flop transitions
within the time scale of hundreds of nanoseconds. The orientation of cholesterol may also change

following the topology of lipid tails, which usually surround rigid sterol rings.

Figure 1VV-10 shows the distribution of the cholesterol inclination angle depending on the curvature and
the monolayer. Two distinct fractions of cholesterol molecules could be distinguished. The major
fraction is intercalated between the lipid tails with a vertical orientation (roughly parallel to the
membrane normal). The minor fraction is located in the center of the hydrophobic core of the membrane
and is oriented horizontally (perpendicular to the membrane normal). The existence of these two
fractions was also found shown before in coarse-grained [62] simulations, however, their dependence

on the membrane curvature was never previously studied.

The main maximum corresponds to the major cholesterol fraction while the minor fraction is visible as
a residual probability density around 90°. The position of the major peak shows a pronounced
dependence on the curvature. The inset in Figure 1V-10 shows that the inclination angle of the
cholesterol decreases when the curvature of a particular monolayer changes from concave to flat or to
convex. This decrease is equally pronounced for both monolayers. The absolute value of the inclination
angle is systematically larger in the inner monolayer. This may be caused by the influence of high SM
concentration in the outer monolayer which aligns cholesterol molecules to the membrane normal and

decreases the inclination angle.
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Figure 1V-10. Distribution of inclination angles of cholesterol molecules in inner and outer monolayers as a function of the
membrane curvature. The inset shows the position of the major maximum of cholesterol distribution as a function of curvature.
The angle is computed relatively to the local membrane using the normal position of the cholesterol -OH group. The long axis

of the cholesterol molecule is defined as a vector from the carbon atom at tail branching to -OH group [63].

Figure 1\VV-11 shows the distribution of the depth of cholesterol location in the membrane depending on
curvature and the monolayer. The minor cholesterol fraction is clearly visible in this figure as a small
peak near ~1.75 nm. The position of the peak which corresponds to the major cholesterol fraction
changes significantly depending on the curvature. The distance of cholesterol head groups from the
membrane surface is minimal in the flat membrane and increases upon bending (inset in Figure 1V-11).
This effect is less pronounced in the outer monolayer. Regardless of the curvature it is also evident that
cholesterol molecules are located deeper in the inner monolayer than that of the outer monolayer. This
effect is likely to be caused by the complexation of cholesterol with SM lipids in the outer monolayer

which results in its lower vertical mobility.
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Figure IV-11. Distribution of the distances of cholesterol molecules from the membrane surface in inner and outer monolayers
as a function of the membrane curvature. The distance is measured from approximated membrane surface to the OH group of

cholesterol. The inset shows the position of the major maximum of cholesterol distribution as a function of curvature.

The minor cholesterol fraction resides in the central region of the membrane, thus it cannot be reliably
attributed to either the inner or outer monolayer. It should be considered as a single pool of cholesterol
molecules located between the membrane leaflets. The strong dependence of the relative abundance of
the minor cholesterol fraction (relative to total number of cholesterol molecules in the system) on
curvature in observed (see Figure 1V-11). In the membrane with positive curvature (¢ = 0.2) there are
no cholesterol molecules in the minor fraction between the leaflets. In the flat membrane (¢ = 0) about
1.7% of cholesterol is in the minor fraction. Finally, in the membrane with a negative curvature (c = -
0.2) the minor fraction increases to 2.5%. This effect is again in good agreement with higher SM
concentration in outer monolayer. Indeed, for ¢ = -0.2 the outer concave monolayer is compressed at the
level of head groups. Rigid complexes of cholesterol with SM are likely to become less energetically
favorable in such conditions and some cholesterol molecules are expelled towards the center of the
membrane, which helps to relax the conformational strain of SM lipids. In contrast for ¢ = 0.2 the outer
monolayer is convex. This creates some extra free volume for the cholesterol molecules between the

rigid saturated tails of SM lipids, and the minor cholesterol fraction disappears.

Our results are in line with previous observations showing the high mobility of cholesterol and
sensitivity of its position and orientation to the state of surrounding lipids. In addition to the well-known
effects of the lipid content and mechanical strain, the depth and inclination of cholesterol molecules in

the membrane appears to be highly sensitive to the curvature of individual monolayers.
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5.3. Density profiles versus curvature

The density profiles of the different chemical groups of lipids are the most obvious indicator of the
membrane structural changes upon bending. These profiles are very well-known for flat model
membranes from both experiments and simulations. It is thus interesting to see if the density profiles

change upon bending.
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Figure 1VV-12. Density of lipid head groups, lipid tails and cholesterol of inner and outer monolayers of the bicelles with

different curvatures.

For the sake of clarify, we provide the relation between the curvature of the bicelle and the topology

(concave or convex) of its inner and outer monolayers in Table 1V-3.

Table 1V-3. Relation between the curvature of the bicelle and the topology (concave or convex) of its inner and outer

monolayers.
Curvature, nm* 0.2 0 -0.2
Outer monolayer | Convex Flat Concave
(PC1, SM1, PE1)
Inner monolayer | Concave Flat Convex
(PC2, SM2, PE2, PS2)

Figure IVV-12 shows that the curvature leads to visible changes in the density profiles. In particular it
leads to a significant decrease in the density of lipid head groups on the convex membrane surface while
it leads to an increase in their density on the concave surface (Figure 1V-12 top panel). The peak, which
corresponds to the concave surface shifts closer to the membrane centre by ~1.3A. At the same time,
the peak corresponding to the convex surface does not move.

The edge of the tail distribution (the boundary of the hydrophobic region) of the concave monolayer
also shifts towards the center of the membrane by ~1.2-1.3A while the tails of the convex monolayer
are not affected. In the case of ¢ = 0.2 there is also a visible depletion in the density of the tails in the

inner concave monolayer (Figure 1V-12 middle panel).

The general shape of cholesterol distribution is similar in both flat and curved membranes (Figure IV-12
bottom panel). The density of cholesterol in the inner monolayer exhibits the same behavior as that of
the head groups: it increases for ¢ = 0.2 and decreases for ¢ = -0.2. The density in the outer monolayer
changes in a less systematic way but clearly follows a decrease in the thickness of this monolayer for ¢
=-0.2. The outer monolayer has a much higher content of SM which is known to form strong complexes
with cholesterol. Due to this interaction, changes in the density of cholesterol in the outer monolayer

could be less pronounced.

The results obtained show marked asymmetric behavior of the concave and convex monolayers. The
density profiles of convex monolayers are barely affected by curvature while the concave monolayer
becomes thinner by ~1.3A due to decrease in the thickness of its hydrophobic region. This effect is
unlikely to be easily detectable experimentally due to the lack of resolution of the experimental

techniques and small magnitude of the effect (about the lengths of one C-C bond in lipid tails). However,
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it may lead to changes in the macroscopic properties of the curved membranes, such as the permeability

for hydrophilic compounds.
5.4. Dynamical behavior of the tails versus curvature

The order parameter of the lipid tails is an important criterion that characterizes the lipid packing in the
membrane. It shows the orientation and the general ordering of the hydrocarbon tails for particular depth
in each membrane leaflet. The order parameter in flat bilayers could be determined experimentally and
compared directly to simulation results. However, it is not clear how to determine this experimentally
in curved membranes since the curvature is rapidly evolving as a local property. Thus, numerical
simulations remain the only technique up to date to estimate the changes of lipid ordering in curved
membranes. Our results suggest that the order parameter of lipid tails changes significantly and non-

trivially upon membrane bending.

Figure 1V-13 shows the order parameter of the tails of all phospholipid species in both the inner and
outer monolayers for different values of curvature. It can be clearly seen that the distal parts of the tails
(below the double bond for carbons 9-10) of all phospholipids become much less ordered in concave
monolayers, while keeping approximately the same ordering as flat membranes in convex monolayers.
This result is expectable from the purely geometrical point of view. Indeed, in the concave monolayers
the lipid head groups are “congested” while the volume available to the distal parts of the tails is larger
than in the flat membrane. As a result distal parts of the tails fill available space by becoming less

ordered.

The proximal parts of the tails (atoms between the head and the double bond) show lipid-specific
behavior. The proximal parts of PC tails are less ordered in curved membranes in comparison to the flat
one but there is almost no difference between the convex and concave monolayers. The proximal parts
of PE and PS tails in concave monolayers are ordered equally or even higher than in the flat membrane.
In contrast, the proximal parts of PE and PS tails in convex monolayers are much less ordered than in
the flat membrane. These results are not easily explainable by simple geometric considerations because
the chemical nature of the lipid head groups becomes important for structuring proximal parts of the

tails.
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Figure 1V-13. Order parameter of the lipid tails for all studied phospholipid species in inner and outer monolayer as a function
of curvature. Each panel shows order parameter of indicated lipid in outer (1) or inner (2) monolayer. Topology of the

monolayer, which corresponds to each curve (convex, concave or flat), is indicated.

Table 1V-4. Summary of the influence of curvature on the order parameter of phospholipids. The symbols show the change of

ordering of proximal and distal parts of lipid tails in comparison to flat membrane.

@ 9

means moderate decrease of ordering,

“--” strong decrease of ordering, “-=" slight decrease or no change, “+=" slight increase or no change.
Monolayer curvature Convex Concave
Part of the tail Proximal Distal Proximal Distal
PC - += - -
PE - -I= +/= -
PS - -I= +/= -

Table V-4 summarizes the observed effects of the curvature. Curvature never leads to a significant
increase in the ordering while a dramatic decrease of ordering occurs in the distal parts of lipid tails in
concave monolayers. A smaller but still significant decrease of ordering is observed in the proximal
parts of the tails in a convex monolayer. The scheme in Figure 1VV-14 illustrates this effect. The areas of

lipid tails where there is a significant decrease of ordering is observed and marked.
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convex distg/

Figure 1V-14. Scheme of the effect of curvature on the ordering of lipid tails. Proximal and distal parts of concave and convex
monolayers are marked. The parts which show no significant change of ordering upon bending are shown in light gray. The
part which shows a moderate decrease of ordering (convex proximal, “-” in Table 1V-4) is shown in light blue. The part with

show a significant decrease of ordering (concave distal, “--” in Table 1\VV-4) is shown in blue.

The changes of ordering in saturated sphingomyelin tails are different and should be analyzed separately.
The most ordered part of SM tails in the flat membrane is in the region of carbons 7-8, while the proximal
and distal parts of the tails are much less ordered. This maximum shifts to carbons 6-7 in the convex
monolayers and to carbons 8-9 in the concave monolayers. Surprisingly, in the case of ¢ = -0.2 the
ordering of SM tails in both monolayers decreases significantly for all carbon atoms. In the case of ¢ =
0.2 such a decrease is observed in the proximal part of the concave inner monolayer and in the distal

part of convex outer monolayer (Figure IV-15). The reason of such inconsistent behavior is not clear.
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Figure 1V-15. Order parameter of the sphingomyelin tails in inner (SM1) and outer (SM2) monolayers as a function of
curvature. Topology of the monolayer, which corresponds to each curve (convex, concave or flat), is indicated.

An observed non-trivial decrease in the lipid order parameter in certain parts of the curved membrane

could also be detected directly in specifically designed experiments. For example the ordering-sensitive
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fluorescent dyes with the chromophores located at a well-defined depth may allow us to observe the
curvature-related decrease of ordering directly. This effect may also influence the permeability of the

membrane to bulky compounds, which may allow the ordering of surrounding lipid tails.
6. The effects of cholesterol on the membrane properties

It is well known that cholesterol content changes the physical properties of the membrane significantly,
in a way referred to in the literature as the “condensing effect|” [36]. In order to assess these changes in
our systems we computed the density profiles of head groups and tails (Figure 1V-16) and the order

parameter of the lipid tails (Figure IV-17).
6.1. Density profiles vs cholesterol concentration

It is clearly visible from Figure 1V-16 that the distance between the head groups (the thickness of the
membrane) increases with cholesterol content. This trend is shown as a function of cholesterol content
in Figure 1VV-18. The trends for the inner and the outer leaflets of the normal membrane exhibit slightly
different slopes but both of them demonstrate perfect linear dependence (the correlation coefficients of
linear regression are 0.998 and 0.988 respectively). The pure DOPC bilayer is the thinnest, which is
expected taking into account a more compact conformation of its unsaturated lipid tails. The cancer
membrane with 33% cholesterol has identical thicknesses of both monolayers which is comparable with

the thickness of the outer leaflet of the normal membrane with the same cholesterol content.
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Figure 1V-16. Number densities of the lipid head groups (A), lipid tails (B) and cholesterol (C) for different model membranes.

Outer leaflet corresponds to positive distances from the membrane center.

[94] | Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020



The density profiles of cholesterol for normal and cancer membranes at 33% CHL content are
comparable. For both normal and cancer membranes, the inner and outer monolayers contain
approximately the same number of CHL molecules (the density profiles are symmetric). In our setup
the CHL molecules could diffuse freely over the bicelle caps and redistribute between the monolayers.
This may explain the visible asymmetry of the cholesterol distribution in the system with 15% of

cholesterol.
6.2. Dynamical behavior of the tails vs cholesterol concentration

Such redistribution of cholesterol influences the density of the lipid tails. It is evident from Figure 1\V-17
that the density of the tails decreases substantially upon an increase in the cholesterol content. This is
expected since CHL molecules intercalate between the tails and increase the total volume of the
monolayer. The redistribution of CHL to the outer monolayer correlates with smaller tails density in this

monolayer at a 15% cholesterol content.
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Figure 1\VV-17. Order parameter of the lipid tails for all studied phospholipid species in the inner and outer monolayers for the

The order parameters of the lipid tails also show remarkable dependence on cholesterol content. All

phospholipids (PC, PE and PS) show very similar trends. The order parameter increases with the
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increase in cholesterol content in the corresponding monolayer. This general trend is logical and easily
explained by the fact that rigid CHL molecules intercalate between the lipid tails and increase their
ordering. Such behavior has already been observed in pure 2,3dipalmitoyl-D-glycero-1-
phosphatidylcholine (DPPC) and 3-palmitoyl-2-oleyl-D-glycero-1-phosphatidylcholine (POPC) model
membranes [33, 118]. Asymmetric distribution of cholesterol at 15% is also clearly visible by the
different position of the corresponding curve for inner and outer monolayers (the orange curve is much
higher for PC1 and PE1 than for PC2 and PE2).
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Figure 1VV-18. Absolute distance from the center of the membrane to the peak of head groups density for different membrane
models as a function of cholesterol content. The lines show linear regression of the corresponding values for inner and outer
leaflets.

The ordering of PC tails in pure DOPC membrane is lower than the ordering of PC tails in the normal
membrane with 0% cholesterol. This is explained by the influence of a more ordered saturated SM tails

in the normal membrane.

The ordering of the tails of SM lipids themselves follows the same pattern except there is a remarkable
difference of the curves with low content of cholesterol (SM1 at 0% and SM2 at 0% and 15%). In the
absence of cholesterol the order of saturated SM tails decreases monotonously towards the center of the
membrane. In contrast, in the presence of cholesterol the ordering increases and reaches the maximum
in the middle of the tail near carbons 7 and 8. This clearly demonstrates the formation of strong SM/CHL
complexes. The similar changes of the order parameter were also reported in the case of pure DPPC
membranes with an increasing cholesterol content [118] which is in line with the well-known affinity

of cholesterol to saturated lipid tails [30].

It is thus possible to infer that cholesterol concentration changes the physical properties of the membrane

more than the redistribution of the lipids between the leaflets.
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The effect of cholesterol in our simulations is consistent with previous studies which suggest significant
ordering and stiffening of the membrane upon an increase in cholesterol concentration. Such stiffening
and decrease of the flexibility of the lipid tails is known to have important consequences on the

membrane permeability.

However, there is one puzzling observation in our results: a pronounced asymmetry of cholesterol
density distribution in the system with 15% of cholesterol. The question of cholesterol distribution in
large heterogeneous and asymmetric systems has only rarely been addressed in MD simulations, but
uneven distributions of cholesterol between the leaflets of two model membranes has been reported
recently by Ingolfsson et al. [50, 51]. Close inspection of our system shows that the asymmetry comes
from only three cholesterol molecules, which go from the inner to outer monolayer in the course of
equilibration. Thus, statistical significance of observed asymmetry is questionable since it could be
easily caused by the random motion of few cholesterol molecules rather than systematic reasons. At the
same time there is a well-established strong affinity of cholesterol to sphingomyelin which may drive
cholesterol molecules to SM-reach outer monolayer of the normal membrane. It is possible to speculate
that cholesterol tends to populate the outer leaflet up to a saturation concentration first and then
redistributes to the inner leaflet. 15% cholesterol content is likely to be insufficient to saturate the outer
leaflet completely which may cause the observed asymmetry. In contrast, 33% cholesterol content is
enough for saturation which leads to an equal distribution between the monolayers. One should consider
this speculation with care because lateral diffusion and the flip-flop processes should be sampled much
better to draw reliable conclusions. It is rather straightforward to test this hypothesis in a series of

simulations with different cholesterol distributions but this is beyond the scope of the current work.
7. Properties of the cancer membrane

The distribution of different lipid species in the membranes of cancer cells is usually discussed in terms
of PS exposure, while the distribution of other lipids is rarely considered. This limits available
experimental data concerning lipid content of the cancer cell membranes. Taking into account the lack
of reliable data we decided to consider the simplest model of the cancer cell membrane where
distribution of all lipid species is the same in both monolayers. We are aware that this model is likely to
be oversimplified and in reality the membrane is likely to remain somewhat asymmetric. However, a
fully symmetric model is the ideal reference system, which could be used to compare the membranes of

different cancer cells if their lipid composition and distribution become available.

The differences in order parameter between normal and cancer membrane with 33% of cholesterol are
rather small. The tails of PC and PE lipids are less ordered in the cancer membrane while the tails of PS
are more ordered in the inner monolayer. This is easily explained by the redistribution of SM lipids. In

the cancer membrane SM is distributed evenly between the monolayers, while in the normal membrane
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most of SM is in the outer leaflet. This leads to a decrease in the ordering in the outer monolayer and its

increase in the lower monolayer.
8. Limitations and conclusions

Our simulations have several limitations which need to be mentioned. The major limitation of our
technique is that of maintaining the membrane curvature by the external walls, due to the mechanical
restraints imposed by the walls. In the case of the flat membranes we have shown that it is was possible
to compare the bicelle with the walls with a free lipid bilayer with periodic boundary conditions. We
show that the influence of the walls is minor in this case and could be neglected. However, no such
control is possible for the curved membranes. Strictly speaking it is not known if the influence of the
walls remains as small for the curved bicelles as it was in the flat membrane. That is why the effects of
curvature revealed in this work should be interpreted with caution. It is very unlikely that the effects
themselves are artifacts produced by the simulation setup, but their absolute values could be influenced

by the walls and thus should be interpreted at the semi-qualitative level.

Another limitation comes from the fact that such complex multicomponent system as a model plasma
membrane is unlikely to be equilibrated completely at sub-microsecond time scales. Ideal sampling of
such heterogeneous membrane may only be reached at larger times than the time of lateral diffusion of
lipids through the whole bicelle (tens or even hundreds of microseconds). Unfortunately, such times are
not reachable in all atom simulations providing limited access to computational resources, which is a
common limitation of all MD studies in the field. Moreover, SM-rich outer monolayer is likely to exhibit
spontaneous demixing of the lipid species and the formation of raft-like complexes of cholesterol and
SM are at the microsecond time scales. No such events are sampled in our simulations. Despite limited
sampling, our simulations revealed reliable differences in behavior of different lipid species which are

likely to stand at larger time scales as well.

We provide — along with a tested setup to build realistic model membranes — an insight in the changes

of various properties of the plasma membrane upon bending. This could be summarized as follows:

» The thickness of the hydrophobic core of the concave monolayer decreases by approximately
1.3 A in comparison to that of the flat membrane, while the thickness of the convex monolayer
does not change. This effect is almost symmetric in both the inner and outer monolayers.

» The area per lipid increases in the convex monolayer and decreases in the concave monolayer
in comparison to that of the flat membrane. As a result the density of the head groups decreases
in the convex monolayer and increases in the concave monolayer. This effect is pronounced to

different extent for inner and outer monolayers

Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020 | [99]



[100]

» The order parameter of the phospholipids decreases significantly in the distal parts of the tails
in the concave monolayer and to a lesser extent in the proximal part of the tails of convex
monolayer.

» The cholesterol inclination angle decreases when the curvature of a particular monolayer
changes from concave to convex. The magnitude of this effect is larger in the outer monolayer.

» The distance of the cholesterol heads from the membrane surface is minimal in the flat
membrane and increases upon bending. The magnitude of this effect is larger in the inner
monolayer.

» The amount of cholesterol in the minor fraction located between the membrane leaflets is zero
in the membrane with positive curvature and increases to 1.7% in the flat membrane and to 2.5%

in the membrane with negative curvature.

On another hand, changes in cholesterol content in cancer cell membranes significantly influence the

membrane properties, including their thickness as well as the order parameters.

Finally, the cancer model shows that the lipid redistribution also has strong influences on the
membrane structure, showing important variations in the order parameters.
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Chapter V - Cisplatin — at the

molecular level

Cisplatin (cis-diamminedichloroplatinum(ll)), later referred to as cDDP is one of the oldest and most
widely used anti-tumor agents (see Figure V-1 for its chemical structure), which is adopted for the
treatment of a wide range of solid neoplasms including ovarian, testicular, colorectal, bladder, head and
neck, small and non-small cell lung and other carcinomas, sarcomas, lymphomas or germ cell tumors
[64, 65]. In the special case of testicular cancer, chemotherapy based on cisplatin exhibits cure rates
which exceed 90% [66]. Despite this large success, research studies are still conducted to improve the
understanding of the action of cisplatin at the molecular level in order to circumvent the severe dose-
limiting side effects such as neurotoxicity or ototoxicity and other adverse effects such as nephrotoxicity
or emetogenesis [66-68] which are generally addressed by hydration and/or the use of diuretics. As
another concern, a molecular insight is of great need to understand and palliate both the intrinsic and
acquired resistances® [67, 69] which require an increase in the dose and thus in the side effects in the
best cases or which can totally prevent the use of cisplatin in other cases. Finally, as the family of metal
complexes used for chemotherapy is vast (see [68, 123-125] for some insights), it is of major concern,
for better drug design in this field, to understand how to create drugs of this family which will not inherit

the side effects nor face the chemoresistance of cDDP.

5 Only 1 % of the cisplatin in the cell will finally interact with nDNA [70] which is commonly admitted to be one of the main
cell target of that drug. Resistance is a major issue extensively investigated in the literature [67, 68, 119-122], which involves
upregulation of some nucleophilic proteins or molecules such as thiol-containing ones like glutathiones (GSH) or
metalloproteins (e.g. metallothionein), a potential modification and downregulation of the cisplatin uptake was hypothesized,
as well as an increase of cisplatin efflux by means of the conjugated actions of the multidrug resistance protein MRP1 and the
GS-X pump for instance. Also, it was hypothesized that the cell might improve the DNA-repair processes [67, 69].
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Figure V-1. Chemical structures of the platinum salts used the most in chemotherapy. The lipoplatin structure — which is under

patent (Regulon®) — is not represented.

1. A question of pathways — the modes of action of cisplatin
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Since it was first approved by the US food and drug administration — the FDA — back in 1978, its modes
of action were actively investigated. It is known that a cell infused with cDDP will probably undergo

apoptosis, necrosis or senescence.
1.1. Cisplatin interacts with the DNA

The first mechanism shown to lead to the cell death takes place in the nucleus where the active forms of
cDDP covalently binds to nuclear DNA (nDNA)- as discussed by Rosenberg and coworkers, in 1971
[126], forming nDNA adducts. It was shown [127-129] that before the bonds formations, the native
cisplatin experiences one or two substitutions® of its chloro ligands to form the active and so-called
aquated species [Pt(NH;),CI(OH,)]* or [Pt(NH;3),(OH,),]%*. The precise nature of these adducts has
been widely discussed in the literature [65, 67, 122, 130], and it is shown that cDDP binds preferably to
the N7 position of the imidazole ring (see Figure V-2 for a closer view) of the purine bases of nDNA,
namely guanine (G) and — in a lesser extent — adenine (A). One may note that cisplatin may also bind to
N1 atoms of adenine or N3 of atom of cytosine [131]. These adducts can be either mono- or bi-
functional. The first ones, if they still present their second chloro ligand, were shown to lose it in 90 %
of the cases [67] and thus become bi-functional adducts. The last ones were shown to occur mostly on
the same strand of NDNA [67] and are thus referred to as intrastrand crosslinks, while other bi-functional
adducts being on the both strands are called interstrand crosslinks. Experimental and theoretical studies
(see [65] for a review) were dedicated to find the most biologically significant cDDP-nDNA adducts.
Figure V-2 shows the most representative conformations and indicates their probability of occurrence.
It is clear that most of the adducts (in between 82 and 92 %) appear to be intrastrand crosslinks [130].
Moreover, it was shown that a majority of them involve bases adjacent to one another [130]. Once cDDP

is linked to nNDNA, there can be a variety of protein-dependent processes — e.g. nDNA-repair pathways.

6 More details concerning the chemistry of cDDP in solution are given in the section Error! Reference source not found..
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Figure V-2. cDDP-nDNA main crosslinks, their relative proportions P and a representation of the chemical structure of guanine
exhibiting the atom N7 of the imidazole ring of a guanine being attacked by a monoaquacisplatin [65, 130, 132]. In the case of
monoadducts, the distinction is present in between speciated cisplatin in the medium and cisplatin bound to any nucleophile
present in the environment (on the scheme, a glutathione molecule is represented). The two strands of DNA are represented in

blue and red ribbons, the N7 atoms of the guanines are represented as large blue or red spheres.

If the adducts stand still, they can impeach some cellular processes such as nDNA replication or RNA
transcription. Especially, interstrand adducts forbid the strand separation required by some of these
previous processes. The presence of adducts is also positively correlated to signal-transduction processes
pathways. The link in between impeded cellular processes and the cell death is still not completely
elucidated, but the outcome is most likely the cell apoptosis or — in some cases the cell necrosis or
senescence [122] (see Figure V-3 for a schematic representation of cell-death/survival pathways in the
presence of platinum-nDNA adducts). For a more complete discussion on the subject, one is invited to

read one of the numerous works on this precise topic [66, 119, 120, 130].
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Figure V-3. Schematic representation of the principal modes of action of cisplatin inducing the cell death by apoptosis, necrosis

or senescence. Cisplatin mainly induces damages to nDNA and mtDNA as well as to ER proteins which involves various cell
mechanisms in cascade. The activation of the DNA damage repair pathways results in different cell mechanisms including
DNA repair which may end in the cell death if the amount of death signals become statistically relevant, meaning that the
damages are numerous and/or the reparation processes failed. The modes of action of cisplatin at the mitochondrial level are
still not elucidated. However, it is hypothesized that mtDNA damages may involve mitochondrial outer membrane
permeabilization (MOMP) and finally end in cell apoptosis. Endoplasmic reticulum (ER) stress main pathway does not lead to
MOMP. It involves calpains which ultimately activate the ER stress-specific caspase 12 [66, 119, 121, 122]. Unknown
processes involved along one pathway are indicated by broken lines.

1.2. Cisplatin induces endoplasmic reticulum stress leading to cell death

Another mode of action of cisplatin is shown to take place in the endoplasmic reticulum (ER) [65, 67,
120, 122] which may also end in the apoptotic death of the cell. Mandic et al. [133] have been using
three enucleated human cancer cell lines (cytoplasts) to demonstrate that cisplatin-induced apoptosis
can still occur. They show that a specific marker of the ER stress-induced apoptosis — caspase-12— is
activated in cisplatin-infused cytoplasts as well as in the native cancer cell lines in similar time scales
and proportions, thus proving that cisplatin induced ER stress leading to apoptosis is another valid
pathway. Caspase-12 is a protease’ involved in the unfolded protein response (UPR). This last process
is the response of the cell to the ER stress. It involves a complex pathway activating notably different
caspases which may end in the cell death by apoptosis. The authors of the study infer that alterations in
calcium homeostatis and/or accumulation of unfolded proteins due to the intake in cisplatin may result

in this ER stress. An hypothesis for the ocurrence of cDDP-induced ER stress may be an increased level

7 Proteases are enzymes catalyzing hydrolysis of peptide bonds of a protein, resulting in breaking the protein down in smaller
peptides: this process is called proteolysis.
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of reactive oxygen species (ROS). Upregulation of ROS can induce oxidative stress and — subsequently
—altering calcium homeostasis and resulting in ER stress. However, the authors used on the studied cells
(but apparently not the cytoplasts) some ROS scavengers. They showed that the low ROS concentration
does not inhibit ER stress. Nonetheless, it was shown that cDDP directly plays a role in the intracellular
calcium concentration [120]. Three years later, the same research group published a new study [134]
showing that the nuclear-dependent and the ER-stress pathways are concurrent processes which depend
on the cisplatin concentration. It was shown that for high doses of cisplatin greater than ten times the
ICso, the prevalent death pathway is mostly independent from nuclear processes. On the other hand, at
low concentrations, nDNA damages-induced apoptosis prevails. Figure V-3 includes the ER stress as
one of the pathways potentially leading to the cell death.

1.3. Cisplatin strongly interacts with mitochondria

It is now shown that some anticancer drugs, including cDDP, have the propensity to penetrate
mitochondria and have adverse effects on their functionning, i.e. damaging mitochondrial DNA
(mtDNA) [135]. Mitochondria are considered as reservoirs of cationic species since their membrane
exhibit an electrochemical gradient due to the difference in pH in between the inside and outside
environments of this organelle and to the membrane intrisic potential. The special case of cancer cells
arises some strategic interests in designing drugs effective at the mitochondrial level. Cationic species
would comparably diffuse in cancer cells mitochondria better than in normal ones since the membrane
potential was shown to be higher in the case of several cancer cell lines as MCF-7 when compared to
that measured in normal cells. Moreover, the population of mitochondria is shown to be decreased in
cancer cells which makes them easier to address. Altogether, these properties make mitochondria choice
targets for the design of selective medicine if one can find any compound sufficiently effective through
this pathway [120]. Nonetheless, the propensity of mtDNA damages to alter the cell survival was long
believed to be negligeable, especially considering that the amount of mitochondria in a cell can be
important. Furthermore, the potential direct pathways leading to cell death upon mtDNA damages are
still not unraveled. However, several studies show that mtDNA might be as sensitive as 300 to 500-fold
the nDNA [135, 136] which could be explained by the lack of protective proteins as histones and the
limited damage repair processes involved for mtDNA as compared with nDNA. It is worth noting that,
in 2004, Tacka and coworkers [137] state that the damages directly provoked by cDDP in Jurkat cells
mitochondria do not lead to cell apoptosis. These results seem not to be specific to the Jurkat cells since
Liang and Ullyatt [138] found an increased sensitivity to cDDP in U937 cell lines depleted from
mtDNA. One of the hypothesis, recently supported by Podratz et al. [139], is that cDDP-induced
damages of the mtDNA can be one of the sources of the side effects in normal cells — in particular its
neurotoxicity. However, the past 15 years has shown more and more evidences of the mitochondrial
activity of cDDP on top of its side toxicity. Yang and colleagues [136] used head and neck squamous

cell carcinoma (HNSCC) enucleated cells and cells free from mtDNA. The cytoplasts — free from nDNA
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— have shown the same dose-dependent sensitivity to cDDP as parental cells whereas the cells free from
MtDNA have shown 4- to 5-fold more resistance. Other studies support that mitochondria are a major
target of cDDP leading to cell death [140, 141]. Finally, one interesting work by Wisnovsky et al. [142]
present a novel modification of cDDP by a mitochondria targeting peptide which actively uses mtDNA

as an effective target inducing cell death.

These new and contradictory results on the action of cDDP on mitochondria which are shown either to
promote cell death or cell resistance might be the signature that cDDP effects on cell life are more
complex and maybe dose-, time- or line-dependent [143]. For a complete and recent review on the
different subcellular targets of cDDP, the reader is invited to read the complete review by Sancho-
Martinez et al [144].

2. Cisplatin: a simple molecular structure but a complex reactivity in biological

media

The mechanisms of actions of cDDP inside the cell are not yet elucidated. At the same time, its transport
through the membrane is also not well understood. The complexity now comes from the chemistry of
c¢DDP and more specially, to its reactivity. One should mind that the chemistry of cisplatin in solution
is complex [131] and that the question of the permeation of cDDP is intrinsically linked to that of the

proportions of the different cisplatin species [128] as well as its direct environment [73].
2.1. Cisplatin speciation via aquation/hydroxylation

In various solvents, the chloro ligands of cDDP undergo nucleophilic substitution, in particular,
aquation® or hydroxylation. These processes of nucleophilic substitutions driving to different cisplatin-
derived species in equilibrium are often referred to as a chemical speciation process. Hence, due to these
only reactions, five species are in a dynamic equilibrium along with the native cisplatin (see Figure V-4);
the cationic mono-, di-aqua- or aqua-hydroxo-cisplatin and the neutral mono- or di-hydroxo-cisplatin.
The reactions of protonation/deprotonation depend on the pH of the solution [128]. The pKa of these
reactions was partially determined experimentally [76, 145-147] for pH in the range 4 to 8. The reactions
of aquation or hydroxylation are highly affected by the pH as well as by the chloride concentration®
[148]. One of the cornerstones in the studies of the speciation of cisplatin is the work by House and
colleagues [76, 145-147, 149-153] who have been determining the reaction constants and, when
possible, the kinetic constants, in numerous cases. These previous studies were corroborated by many

works including spectroscopic analyses [154, 155] as well as mass spectroscopy potentially associated

8 The term aquation is apparently preferred to hydrolysis in the case of (metal) complexes. One should note that the term
hydrolysis is more precise and appropriate in the case of cisplatin since it refers only to substitution reactions whereas the
aquation does not forbid reactions where the water molecule binds to the target molecule without any departure group.

% The chloride concentration is sometimes expressed as the pCl in the literature. In the following, chloride concentration and
pCl will be used with the same meaning.
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with liquid chromatography [156-160] or theoretical computations [161-165] in different media trying
to reproduce different conditions found in the biological environment (urine, blood, intercellular or
intracellular medium) in order to access to the relative proportions of the different species in each case

in a hypothetical steady state.

1 NH; 2 NH; 3 NH;
§ s X
Cl—Pt=—NH; # 1,0—=Pi=—NIl; = — H,0 — Pf4——NI1;
cr cr OH,
4 NH; 5 NH;
HO—»Pi4—NH, —— HO—Pr4——NI;
T

or OH,

AN

6 NH,

HO —=Pt¥—NH;
OH

Figure V-4. Representation of the aquated and hydroxylized species of cisplatin in equilibrium in saline solution.

Different parameters influence the dynamic equilibrium in between the solvated species of cisplatin,
including notably the pH and the pCl which are not the same in the extracellular medium (pH~7.4; [CI
]~104mM) as in the cytoplasm (pH~7.4 or slightly less; [CI']~4mM) [166]. Nonetheless, the pH in the
vicinity of tumoral regions and inside cancer cells may significantly drop down whereas the intracellular
concentration in chloride ions might be greater than in normal cells (pH~6-7.4; [CI']~20-55mM) [128,
155]. Other important factors in the relative proportions of the different Pt species in solution are the
initial concentration in salt [148] and the effect of temperature. Many studies have addressed the main
species in different environments similar to the cytoplasm or the extracellular medium (see Table V-1
for the references and the main results and Figure V-5 for a concise representation of the results). These
studies give consistent results showing that above 150mM the native form of cisplatin accounts for
~90% or more of the species in presence. In the conditions of the extracellular medium — i.e. for [CI-
]~100-110mM, pH~6.8-7.5 and a temperature of 37°C — the native cisplatin is the major species which
mainly counts for more than 2/3 of the species (at the exception of the results by Miller et al. [76]). The
second species to be favored is the monohydroxocisplatin which is in most of the recent studies in the
10-30% range. Monoaquacisplatin and aquahydroxocisplatin are the only two other species in such

conditions which are not yet in negligible amounts, ranging from 0 to 7%. Since the pH is greater than
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the pKa of the protonation reaction (2= 4) in between the monoaqua- and monohydroxo-cisplatin, it is
quite expectable to see mostly monohydroxyspecies. Also, if the formation of monoaquaspecies is not
favored in such conditions, one should remark that the formation of diaqua species is extremely
unfavorable since the second hydrolysis (2/73) requires acidic conditions to be in real competition or
any other external catalyzing contributions and that the deprotonation reaction of aquahydroxocisplatin
(5 = 3) exhibits a pKa as low as 5.9. At this high chloride concentration, it is interesting to note the
influence on both the pH and the temperature. Lowering the pH (which can be a good model of the
human urine environment) was shown to decrease the amount of monosubstituted species and to favor
the native cDDP at levels above 95% [148, 166]. On the other hand, increasing the temperature has
exactly an opposite end [76].

Inside the cell, the chloride concentration drops considerably, reaching the commonly accepted value of
4 mM. However, the work by Jennerwein et al. [166] made measurements of different cancer cell lines
and state that this last value is underestimated in such conditions. They finally advise to use values
ranging 20-50mM in models and computations. At the exception from the work by Falta et al. [157], in
between 10 and 30mM of chloride ions, the native cisplatin was always found to in the 40-60% range
while its proportion drops to less than 30% around 4-5mM. In these conditions, and especially at low
chloride concentrations, aquahydroxocisplatin becomes an important species and some studies have
shown also a non-negligible presence of dihydroxocisplatin. Jennerwein et al. [166] found that for
chloride concentration as low as 1.5mM, the three species involving hydroxide group count for more
than 90% of the species. On the other hand, in acid conditions, even with such low chloride

concentrations, only native cisplatin (30-50%) and monoaquacisplatin (40-60%) remain notably.

Interestingly, for water solutions with no chloride content, native cisplatin disappears for the both pH
ranges stated before, while monoaquacisplatin and aquahydroxocisplatin become the main species along

with diaquacisplatin which can form in sufficiently acid conditions.

These results are possibly some clues to a better understanding of both the cisplatin transport and its
efficiency in the cell. First, it is possible to infer that resistance can be related to changes in the
environment. Indeed, we see that an increase in the chloride concentration from 4mM to 25mM
decreases drastically the amount of monoaquacisplatin —which is the form known to interact with nDNA
and mtDNA — to promote its native form. Although the diaqua form is more reactive with the DNA
bases than the monoaqua, in normal conditions, its concentration in the cytosol is extremely low.
Furthermore, such reactive species as the diaqua form would have a much lower lifetime before being
metabolized by any other nucleophilic compound. These conclusions are in line with the actual kinetic
scheme of cisplatin-DNA bindings where first appears a monoadduct in between one DNA base and the
aqua ligand of monoaquacisplatin [127, 129]. As a major conclusion, it is clear that the cellular

environment have a drastic impact on the chemistry of cisplatin. It is visible that there is still a lack of
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understanding of the preponderant chemical forms of cDDP in the vicinity of tumoral regions. To our
knowledge, no recent studies have already addressed the speciation of cisplatin in different cancer cell
lines, in a long term experiment (>48h), at body temperature, and with a pH found in these conditions
of 6-7. These parameters may influence drastically the distribution of the species in presence, especially
by inducing both an important increase in the monoaquacisplatin concentration at the expense of a quasi-
null concentration in hydroxo species and by inducing a more global redistribution of the species present

inside and outside the cell, having potential implications on cDDP or on the plasma membrane.
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Table V-1. This table summarizes the proportions of the different cisplatin species one can expect in a solution of water and chloride ions. The basic pH are shown in green, while in acid conditions,

pH is shown in red.

Reference Year [Pt]o Time T pH [C17] Cl/Cl Cl/OH2 CI/OH OH/OH2 OH/OH OH2/OH2 Other  Sum
pmol-L~* h °C mmol - L1

Yotsuyanagi et al.l® 2002 [107%;10%] ooll 25 74 154  89.00%  3.00% 8.00% 0.00% 0.00% 0.00%  0.00% 100.00%
[148]

Yotsuyanagi et al. ° 2002 [1072; 10%] oo 25 56 154  97.00%  3.00% 0.00% 0.00% 0.00% 0.00%  0.00% 100.00%
[148]

Yotsuyanagi et al.l® 2002 [107%;10%] o 25 74 110 85.00%  4.00%  11.00% 0.00% 0.00% 0.00%  0.00% 100.00%
[148]

Jennerwein et al. 1995 NA [e%9) 37 74 108,2 84.00% NC NC NC NC NC NC 84.00%
[166]

Martin®? [167] 1999 "low"13 e 25 74 104  67.00% 4.00% 26.00% 0.90% 1.20% 0.01% 0.00%  99.11%
Howe-Grant [169] 1980 NA NA®  NA 74 103 84.00%  3.50% 3.50% 3.90% 4.90% 0.06%  0.00%  99.86%
Leroy et al.!6 [170] 1979 1 © 7Y 75 100 83.00% 4.00% 12.00% <1.00% <1.00% <1.00% 0.00%  99.00%
Miller et al. [76] 1990 1000 oo 25 74 100 68.00%  7.00%  24.00% NC NC NC  0.00%  99.00%
Miller et al. [76] 1990 2200 0 45 74 100 50.00%  20.00% 30.00% NC NC NC 0.00% 100.00%
Leroy et al.1®[170] 1979 1 oo g 5 100 95.00%  4.00% <1.00% <1.00% < 1.00% <1.00% 0.00%  99.00%
Jennerwein et al.l® 1995 50 o0 37 7.2 22,7 59.20%  4.60%  28.60% 3.80% 3.70% 0.06%  0.00%  99.96%
[166]

Falta et al. [157] 2011 50 13 4 74 15 89.60%  0.00%  10.40% 0.00% 0.00% 0.00%  0.00% 100.00%
Falta et al. [157] 2011 50 13 4 74 15  79.52% 16.64% 0.00% 0.00% 0.00% 3.85%  0.00% 100.01%

10 The authors provide an analysis of the speciation as a function of the initial concentration in platinum species.

11 Stands for results intended for the steady state from pharmokinetics computations at the opposite of uptake experiments following the concentrations of each species individually.
12 The authors provide an analysis of the speciation as a function of the pH.

13 «“Low” values are used because such a "low" concentration induces less parasite reactions as oligomerization.

14 Values reported by Berners-Price and Appleton [168]. The original reference was not found.

15 Not available

16 The authors provide an analysis of the speciation as a function of the chloride concentration in the environment.

17 The values of the equilibrium constants were measured at different temperature ranging from 25 to 37°C.
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18 These values are meant for computations with no initial chloride ions, but, as far as the cisplatin releases chlorides, the media, considered to be closed, is enriched and the pCl changes, which,
for important concentrations of Pt species, drives at the end to lower the presence of diaqua species and favors the mono aqua. Obviously, in sufficiently acid pH, the monohydroxy species are not

proned to appear (pH<pKa).
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Figure V-5. Main species of cDDP derivatives in the different conditions reported in the literature. The values are averages from the data in the literature reported in Table V-1. Values smaller
than 3 % are not reported on the charts. Data on the left chart correspond to a pH close to the normal physiological conditions while the data in the right chart correspond to acid conditions. One
may easily see that for the both pH values, the amount of native cDDP varies greatly with the chloride content. Native cDDP becomes the preponderant species for much lower concentrations in
chloride ions in acid conditions than in normal physiological conditions. Normal physiological pH drives to the creation of monohydroxo species as well as — in a lesser extent, monoaqua species.

On the other hand, in acid conditions, monoaqua and eventually diaqua species might be present, but pure hydroxo species are in negligible amounts.
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2.2. Other relevant interactions of cisplatin in the biological media

Thiols — or R-SH- are a group of nucleophiles from which different cysteine-containing peptides or
proteins are involved in metal metabolization inside and outside the cell and have proven to bind
efficiently to cDDP. The action of GSH and metallothioneins — the two most representative thiol-
containing metal chelators in biological environment — was studied in order to understand their role in
cisplatin resistance, either intrinsic or acquired as well as the kinetics of the reactions involved in these
processes [171-173]. The concentration of these both species which is in the order of the millimolar in
the cytoplasm and the strong affinity of cDDP to them make them be part of efficient intrinsic resistance
mechanisms. Furthermore, this is known that these species have tendency to see their levels increased
upon continuous exposure to platinum compounds. Pt-glutathione may be selectively excreted by an
ATP-dependent process or form monovalent nDNA adducts which are shown not to be cytotoxic.
Reactions in between thiol-containing molecules and platinum-based anticancer drugs are complex and
numerous. They were the topic of a recent thesis in our team [77]. The pKa of the thiol function being
of 10.4, we could easily think that the only species present in the biological environment are protonated
ones. However, even with a global pH of 7.4, the dynamic equilibrium as well as local variations of the
direct environment of a precise thiol group might induce a deprotonation followed by the chelation of
cisplatin. It is not easy to weigh the importance of this reaction pathway with the possibility of a
complexation of platinum with a free sulfur electron pair occurring before the deprotonation. If the both
reactions might happen, one should note that the kinetics of the substitution is prohibitively slow for
protonated species, indicating that most of the reactions should occur with deprotonated species. On top
of this kinetic argument, many complex processes occur and the role of enzymes should be considered,

since it is known that some enzymes are involved in the deprotonation of the GSH thiols.

Another important type of reactions of cDDP occurs with carbonates'® which are naturally present,
especially in blood (see Figure V-6 for a representation of some of these species). These reactions were
shown for the first time by the groups of J. C. Dabrowiak, J. Goodisman and their collaborators [174,
175] who were studying before the speciation of cDDP and its interactions with thiols. Interestingly, is
should be noted that monocarbonatocisplatin present in the extracellular media is shown to rapidly

disappear in presence of Jurkat cells. This might be the sign of a rapid and selective uptake.

19 In reality, in biological medium, one will most likely observe an equilibrium in between carbone dioxide (CO2), carbonate
ions (CO3%™), bicarbonate ions (HCO3) and carbonic acid (H2CO3), but, for the sake of clarity, this dynamic equilibrium will be
referred to as carbonate.
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Figure V-6. Representation of some species present when cisplatin is in presence of carbonate ions.

Finally, one should know that oligomerization is another active process of cDDP (see Figure V-7).
Dimers or trimers might be in majority for very high cDDP concentrations (above 20 mmol - L™1): while
only 8% of the total compounds are monomers, 50% are dimers and 42% are trimers [167, 168]. Whether
or not those compounds exhibit cytotoxicity is a complex issue which is not yet fully answered. Note
that most of the studies dealing with cisplatin assert that oligomers are formed in negligible amounts in

physiological conditions and unstable [131].
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Figure V-7. Most common dimers and trimers in present in concentrated cisplatin solutions.
3. Permeation of cisplatin: the state-of-the-art

In the two previous sections, we have shown that the modes of action of cDDP are more complex than
a simple binding to the DNA strands. In addition, because of a complex speciation in solvent (depending
on pH, pCl and temperature), but also because of a high propensity to react with R-SH or carbonate
groups, cDDP can have many derivatives with various concentrations. Only some of them can certainly
reach their target (DNA, mitochondria, etc.) or participate to the resistance mechanism to this drug.
Another complexity rises now concerning the permeation of these species through the membrane of the
cells. Which species are more likely to enter the cell and by which means? Do they undergo passive
diffusion or do they use any active transporters? The two major species in the extracellular environment
— namely the native cisplatin and monoaquacisplatin — exhibit similar partition coefficients® in
octanol/water systems (log(P) of -2.4 and -2.7, with P, the permeability). Obviously the both species are
rather hydrophilic, however, it is known that the native cisplatin has the propensity to passively diffuse
through lipid membranes [176]. Thus, the first hypothesis on the transport mechanism was still the one
of passive diffusion. Meanwhile, the past 20 years has seen many publications dealing with active
transport of cisplatin to the cytoplasm though ion channels. It is thus of importance to understand how
these possible mechanisms of transport function to address the problems of drug resistance mechanisms

which might be intrinsically linked to the entering in the cell.
3.1. Cisplatin interacts with copper transporter 1 (ctr1?) protein

Since 2002 and the works by Ishida et al. [177] and Lin et al. [178], the idea which was for a long time

disregarded, that active transport plays a significant role in the cisplatin permeation, was explored again.

20 The partition coefficient is — de facto — measured as the ration in between the concentration of the compound of interest in
the organic phase versus its concentration in the water phase.

21 For the sake of clarity, the convention was chosen to write in capital letters for referring to the so-called CTR1 gene and in
lowercase to designate the so-called ctrl protein.
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The high affinity copper transporter 1 (ctrl) is the main transmembrane protein known to selectively
carry copper ions in a wide range of organisms’ cells including fungi or mammals. Uptake studies in
knockout yeast (Saccharomyces cerevisiae) from their CTR1 gene as well as in mice cell lines lacking
one or the both CTR1 alleles show an increased resistance to cisplatin. Hence, these authors conclude
that ctrl protein was certainly engaged in the transport of cisplatin and that its underexpression might
be a cause of the observed resistance of some cancer cell lines to cDDP-based chemotherapies. In
addition, Ishida et al. [177] have shown that the increase of resistance to cisplatin was related with none
of the other consequences of the CTR1 gene deletion but the expression of ctrl proteins. Consequently,
not only the Pt-nDNA adducts are less present in mutated cells (by ~40 %) but this decrease correlates
the decrease in Pt uptake. Furthermore, competition in between Cu?* and Pt was also studied: an increase
in Cu?* extracellular concentration lowers the Pt uptake. One should note that this might also be related
to the internalization of ctrl proteins upon high Cu?* concentrations. The authors have shown a similar
effect upon Pt exposure which is another proof of the cDDP affinity for the ctrl proteins. Finally, authors
of the both studies remind that previous research was done showing the affinity of cDDP for other copper
transporters, the ATP7A and ATP7B which are implied in copper efflux and were shown to be possible

mediators of the cDDP efflux as well.

Thereafter, the group of Howell who led one of the two previous studies made similar measurements in
human cancer cell lines to define the role of the human ctrl (hctrl) protein in the transport of cisplatin
[179] by inducing a 20-fold increase in the expression of the hCTR1 gene in A2780 ovarian carcinoma
cell line%. If it was shown that such an increase in the hCTR1 gene expression leads to an increase in
the Pt uptake, this resulted only in a little increase in the sensitivity to cisplatin (1.8%) which significance
is not asserted. This last observation was further investigated by showing that the increased Pt uptake is
not followed by an increase in the amounts of Pt-nDNA adducts. One should note that, although the role
of the ctrl proteins is the same in yeast, murine and human cells and that murine and human CTR1 genes
have 92% of respective sequence in common, the ctrl protein of each of those organisms have distinct

amino acid sequences which may influence their interactions with cDDP in rather different manners.

Up to now, there is an important debate concerning the transport of cisplatin through the copper
channels. Different studies support the hypothesis that hctrl plays a major role in the transport of
cisplatin, showing an increase in the sensitivity to cisplatin of human cancer cells where hctrl was
overexpressed in comparison with normal cancer cells [180] or indirect proofs [181]. However, more
and more studies show contrasting or negative results [182-187] tending to exclude the hypothesis upon
which hctrl is a major route for cisplatin. cDDP possibly downregulates membrane-anchored hctrl and
this phenomenon happens in time-scale far shorter than the observed acquired resistance to cDDP. Also,

even if some works sustain that internalized hctrl are part of a dynamic endocytosis cycle implying their

22 This line is often studied in cisplatin essays given the fact that a recognized subline exhibit strong cisplatin resistance.
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regeneration [180], the studies in the team of Howell [188, 189] mention a stable decrease in the exposed

hctrl population.
Altogether, several conclusions appear to emerge:

1. Cisplatin exhibits an undeniable affinity to hctrl, most likely due to the presence of

methionine-rich motifs in this protein to which cDDP was proven to bind [178]. Some
indirect arguments for this affinity where based on the principle of homology or on
correlations observation stating, for instance, that if cisplatin might be carried out by copper
scavenging proteins as ATP7A or ATP7B then, it might have affinity to copper influx
proteins [177], or that there is a possible correlation in between cisplatin resistant cells and
cells exhibiting a deficiency in copper transport [190, 191] inferring that the cause might be
in the both case related with the amount of hctrl. Nonetheless, multiple direct evidences
[192, 193] as well as theoretical computations [64, 194-198] prove this affinity.

In the studies concerning the active transport of cisplatin, another axis of discussion than
the simple hypothesis of active transport emerged: the acquired or intrinsic resistance to
cisplatin and its link to hctrl are addressed. It is now clear that cisplatin intrinsic resistance
is a complex issue most likely due to a variety of line-dependent causes. As it was stated by
Song et al. [180], a variety of cisplatin-resistant cell sublines do not exhibit any reduction
of the human CTR1 gene expression. In the same way, in several publications, it was shown
that cisplatin exposure impairs hctrl and drastically reduces their presence at the plasma
membrane level [188, 189]. This could be thought to be an acquired resistance phenomenon,
but the very short period involved in this process (several minutes) does not correlate with
the known long cisplatin uptake kinetics. Moreover, as it is stated in the review by Howell
et al. [199] CTR1 expression was shown not to be downregulated upon cisplatin exposure
in most of the case involving acquired cDDP resistance and Ivy et al. [185] reported several
studies in which it was shown that cDDP exposure does not correlate with hctrl
internalization. Thus, it seems that hctrl proteins do not play a major role in cisplatin
acquired or intrinsic resistance.

There are contrasted conclusions concerning the mediation of cisplatin to the cytoplasm
thanks to hctrl. Number of studies show that the potential increase of cisplatin uptake in
cells overexpressing the CTR1 gene does not correlate with an increase in cytotoxicity,
raising the question of the chemical form and the potent activity of such potentially
internalized platinum molecules [179]. Furthermore, some studies show that an increase in
the amount of functional hctrl may not improve the cisplatin uptake [182]. Finally, the
group of Howell recently published a study refuting the role of hctrl as a main mediator of

cisplatin, stating that the variations in sensitivity in cells with loss of CTR1 gene expression
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towards normal cells does not exceed the variance in this parental population®® [186].
Hence, it seems that, even if hctrl is partially involved in the transport of cisplatin to
the cytoplasm, it is possibly line-dependent, most likely not the main pathway and

eventually leads cisplatin into the cell in an inactivated form.
3.2. Endocytosis plays a minor role

The endocytic routes have also been investigated and are shown to be some part of the transport of
cisplatin to the cytoplasm [64, 189, 190], although, as a highly energy demanding process, these routes
are mainly not considered to be the main ones. Some studies raise the idea that endocytosis-impairment
is present in some cisplatin resistant cells [200]. Another study shows that pinocytosis can be
progressively inhibited upon exposure to cisplatin [201]. This last observation does not allow us to
conclude that cisplatin is mediated by pinocytosis, but only that cisplatin may inhibit this function,

whether this process is a sign of acquired resistance or not.
3.3. Passive diffusion: the main process of cDDP influx

In order to reveal passive diffusion of chemical compounds, one usually looks at their lipophilicity
through very simple experiments. Partition coefficients in different solvents are evaluated. Octanol
makes a good model of any lipophilic environment. Following such observation, measurements in
octanol/water systems of the partition coefficient Pou Of a ligand in between these two subsystems is a
good indicator of the lipophilicity of a ligand. In the case of platinum salts, several measurements were
reported [128, 202-205]. One of the first indirect arguments that passive diffusion plays a major role in
the transport of platinum drugs is the correlation in between the drug uptake and the lipophilicity (here,
log(Pow)) Which can be fitted relevantly in many cases by a simple exponential function [75, 204, 206,
207].

One of the first and strongest arguments in favor of passive diffusion of cDDP came from that fact that
its uptake was shown to be non-saturable [208-210]. In a very similar manner, some studies have shown
that cisplatin intake is not impaired by competitive species — similar in their chemistry — which would

be placed together in the extracellular medium [211].

Moreover, it was reported that hyperthermia induces a higher cDDP uptake which can be related to an

increase in the membrane fluidity and thus in its permeability [75].

It is worth noting that cDDP permeation was shown to be inversely dependent on the plasma membrane
potential [212]. A low potential was showing a better cisplatin accumulation. These results could be

interpreted prematurely as a sign of active transport since mainly neutral platinum species should be

23 The study also focused on other potential proteins involved in cisplatin transport such as hctr2 and has shown the same
conclusions as for hetrl.
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present outside the cells. cDDP accumulation in DOPC vesicles was also shown to depend on the
chloride concentration [73] which was told to be a sign of the poor permeation of charged species which
may be present at low chloride content in the external environment of the vesicles. One should remember
that there is an important decrease in the pH of the extracellular medium of tumoral regions compared
to the one of normal cells. This could lead to the formation of cationic aqua species which accumulation

would be directly related to the membrane potential.
3.4. cDDP efflux; active and passive pathways involved

Study of the cisplatin efflux is important for two reasons: first, it is intrinsically related to the equilibrium
of species in presence inside and outside the cell and, hence, to the distribution of species in the
cytoplasm which ultimately governs the cell lifetime upon exposure with cisplatin. Thus, it is a
fundamental key to understand and model the dynamics of cell life exposed to cDDP. Secondly, the
efflux is not only present because of the natural dynamic equilibrium in between one and another side
of the plasma membrane, but it is also a sign of the resistance mechanisms against cDDP. Indeed, there
are active mechanisms devoted to the detoxification of the cell and the level of some of the molecules
or proteins involved (such as the glutathiones (GSH) and some metalloproteins, such as the
metallothioneins) is shown to be increased upon cisplatin exposure in order to metabolize the drugs and

to excrete them.

There are active pathways of detoxification which are involving the conjugated actions of the GS-X
pump and the multidrug resistance protein (MRP1) which are carrying cDDP bound to GSH [213], the
role of metallothioneins (and proteins associated to their excretion). Other proteins are involved in the
efflux such as ATP7A and ATP7B copper carriers [67-69, 119-122].

On the other side, passive diffusion is also present, but, due to the lower chloride concentration, more
charged platinum species are in presence, which decreases drastically the efflux. Also, the gradient of
potential due to the naturally high concentration of anionic species inside the cell generates the so-called

Donnan effect which also lowers the efflux [73].
3.5. Conclusions

It is clear from the literature that cisplatin transport, chemistry and modes of action are still — although
we are approaching the 55" birthday of the discovery of its antineoplastic properties — highly
controversial topics where many questions are unanswered. Yet, it is clear that passive permeation plays
a central role in cisplatin permeation through the plasma membrane. It is also true that active processes
are playing an important role in the cisplatin excretion. Especially, it is known that cisplatin is mediated
by the copper carriers ATP7A and ATP7B. Similarly, following their scavenging by glutathiones, it is

known that GS-X pumps are another way of exit of cisplatin in this inactivated form. Nonetheless, the
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large amount of studies concerning the active uptake through hctrl and — in a lesser extent — to hctr2

has shown lately mostly negative results.

However, there exist evidence in the literature that cisplatin uptake could be partially protein-mediated.
The phenomenon of acquired resistance is known to be — at least — partially related to accumulation
deficiencies. Although these deficiencies can be attributed to both a better efflux or a lowered intake,
some studies have shown that, for some cancer cell lines, nor the level nor the level of GSH were
increased while the resistance mechanisms were growing and that membrane composition did not
exhibit drastic differences. It is possible that such raising resistance mechanisms are due to the
impairment of an active influx transporter. Another argument in favor of the presence of active transport
concerns the transport of cationic aquated species. It was shown that cisplatin accumulates more fastly
at pH 6 than at pH 7.4, range for which the only two species in presence will most likely be a high
proportion of native cisplatin as well as a small amount of monoaquacisplatin. However, it is known
that charged species will have more difficulties to passively diffuse than neutral species, but it was also
shown that these aqua species will easily accumulate. Also, it was shown that cells are more sensitive
to a treatment by cisplatin with an increased ratio of aqua species to the norm.

4, Passive diffusion in a model membrane

These insights in the permeation processes lead to clear directions of investigations in the frame of
molecular dynamics simulations. Since passive diffusion is a central element in the transport of cisplatin,
and that the native form is the preponderant species in the extracellular media, it was of first importance
to create an accurate model of the native cisplatin passive diffusion through plasma membranes. In such
a concern a new force field for native cisplatin was created in our group (see section 4.1) and compared
to already existing works. It was then shown that oversimplified systems such as a pure PC membrane
does not give insightful results in the permeation of cisplatin of cells in vivo. Thus, the use of realistic
membranes of normal and cancer cells (presented in Chapter IV -) was done and the results are described

in the sections 4.4 and 4.5. These results are mostly based on a recent publication [103].
4.1. The development of the force field [214] and technical details

The first — and to our knowledge — only results involving molecular dynamics simulations in model
membranes in order to study cisplatin permeation come from the study by Nierwzicki et al. [72] who
computed the permeation of cisplatin and of two other platinum(ll)-complexes by means MD

simulations.

Consistently with the literature [215], they point that the force field they use, the CHARMM force field
[97], does not consider the difference in polarities in between the lipid bilayer and the water medium.

In the special concern of lipid membrane simulations, it should be noted that the two system-scale
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subsystems — i.e. the water solvent and the membrane — exhibit drastically different relative permittivity
ranging from ~2 for the aliphatic chains of the lipids to ~78 in the bulk water. These changes are shown

to influence the dipole moment of the species in one or another environment.

The vast majority of production-ready force fields for all-atoms (AA)MD simulations of lipid systems
interacting with molecules of biological interest are using fixed point partial charges located on the
related atomic position (REF) and are thus facing two distinct problems on their charge distribution; this
last is 1. punctual and 2. fixed. At the date, one of the most developed force field taking into account the
electronic polarization is the so-called Drude polarizable force field [216] which is actually an in-

development improvement of the CHARMMZ27 force field.

Nierwzicky et al. [72] justify that — even if the membrane implies changes in the dielectric properties of
cDDP environment and that this last is highly polarizable — most of the dynamics involved in the
permeation relies on steric properties which remain largely unaffected by such environmental changes.

We have been adopting the same hypothesis in our models.

In our simulations, the so-called QDsol topology for cisplatin was used [214]. This topology reproduces
internal flexibility of the coordination bonds of platinum atom accurately by fitting them to the values
obtained in ab initio quantum dynamics of solvated cisplatin. The ESP point charges and the Van-der-
Waals parameters from previous papers in our group were used [165, 217] where geometry optimization
of cisplatin at MP2(FC)/6-31G(d,p)/LanL2DZ level of theory was performed. This level of theory has

been proven to be the most precise and the less time consuming for modelling cisplatin [165].

The Slipids force field [94] was used for lipids (see Chapter 111 -2.1). All membranes were equilibrated

for at least 200 ns before computing the permeabilities.

All MD simulations were performed in Gromacs [218] versions 5.1.2 and 2016.1 in NPT ensemble at
the pressure of 1 atm maintained by Berendsen barostat [219] with anisotropic pressure coupling along
Y direction only (see [54, 60] for rationale of this choice). The Verlet cutoff scheme was used [220].
Long range electrostatics was computed with the PME method [221]. Velocity-rescale thermostat [222]
was used. A temperature of 320K was used. An integration step of 1 fs was used in all simulations as

required by the “soft” bonds of cisplatin topology [54]. No bond was converted to rigid constraints.
4.2. Model membranes

Phosphatidylcholines (PC) are the major type of lipids encountered in eukaryotes [3]. Hence, plenty of
the model membranes either in experiments or in simulations use them to build simple homogeneous
systems. Here are reported the results obtained with a reference single-component DOPC membrane.

This system was arranged as a bicelle using the same setup as described in the previous chapter except
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for the fact that no repulsive potential is applied in the caps since the mixing of the monolayers is allowed

in this case.

We used the model of realistic plasma membrane, referred to as “normal membrane”, developed in our
previous work [54]. In this model the asymmetry of real mammalian plasma membranes is taken into
account — the outer monolayer is enriched in sphingomyelin (SM) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), while the inner monolayer is enriched in 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS). The model of
the plasma membrane of a cancer cell, referred as “cancer membrane” was built using the same protocol
as described previously but with increased proportion of DOPS and DOPE in the extracellular leaflet

(see Chapter 1V -2.3 for more information on this topic).

Initial bicelle has a cholesterol molar content of 33% relative to the lipids. We also constructed the
systems with cholesterol content of 15% and 0% by randomly removing half of the cholesterol
molecules in the former and all of them in the later. An equal amount of cholesterol was removed from

both monolayers in the case of 15% content.
4.3. Computations of permeability

4.3.1.The potential of mean force
In order to obtain an insight in the interactions of a molecule involved in a physicochemical process, it
is of great interest to estimate the free energy profile along the reaction coordinates €. The reaction
coordinates § = { §;} are a restriction of the whole set of coordinates the system could occupy r = {r;}

which are believed to be relevant to obtain a full description of the process.

In this thesis, we were especially interested in the permeation of a ligand — generally a cancer drug —
through a lipid membrane. In a nutshell, the free energy variations along the reaction coordinates are
intimately related to the partition coefficient of the ligand in the binary system formed by the solvent

and the membrane.

Two thermodynamic observables are the candidates of the free energy that one wants to measure;
namely the Helmotz free energy F and the Gibbs free energy G. The access of one or another observable
strictly depends on the macroscopic conditions of the measurement. If one samples the canonical
ensemble, the measure of the Helmoltz free energy will be straightforward, but if one works in
isothermal-isobaric conditions, one will access directly to the Gibbs free energy. These two observables

are taking the following definitions®*:

24 The thermodynamic definitions are intended for a closed system. The statistical definition of F is related to the
case of a study in the canonical ensemble.
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F=U-TS = —kgIn(Z)
G=H-TS ’
with Z the canonical partition function, U the internal energy, S the entropy, H the enthalpy and T the

(V-1)

temperature.

The gap in between one and another is thus only related to the variations of the term PV which is
generally considered to be pretty small for liquid state systems. Hence, in the following discussion, the

expression free energy will abusively make the link in between F and G.

4.3.2.PMF computation and umbrella sampling

The best estimate of the free energy variations AF along the reaction coordinates § obtained, in MD
simulations is the so-called potential of mean force (PMF), first introduced by Kirkwood [223] in 1935.

The major complexity in the computation of the PMF resides in the low probability of the subsystem to
sample correctly the phase space along the reaction coordinates in a limited integration time. Indeed,
some of the conformations along the reaction coordinates might be drastically unfavorable, especially
if there exists a potential energy barrier along the coordinates, e.g. a lipid membrane for a lipophobic
compound. One of the most used methods developed to overcome this difficulty is the umbrella
sampling (US).

To simplify the description, we can assume that the only reaction coordinate here is simply the
orthogonal axis to a lipid membrane, z, and that one wants to obtain the PMF profile of a ligand through
this membrane along this orthogonal axis. In the case of umbrella sampling, one will simply divide this
axis into subintervals and apply a biasing potential w(z) which sums to the total potential energy V(r) —
in the form of a simple harmonic potential — centered on the studied interval. To compute the interactions
along the whole coordinate, the user simply has to run as many simulations as there are subintervals —

generally referred to as windows.

Formally, the reduced number of coordinates simplifies greatly the computation of the free energy

variations which takes the following form:

F= —kBln(P(Z)), (V-2)
where P(z) is the probability to find the ligand in a state corresponding to a given z. For any ergodic

system, this probability is equal to the distribution function along z:

t _vin
P(z) = tlgg%f 6(2 — Z(t))dt =p(z) = Je kBT‘S(\Z/(r_) Z(r))dr. (V-3)
0 [e keTdr

In the case of US, the biased probability distribution P, (z) will be written as follows:
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V() +w(z)
_Je KT §(z—z(r))dr
Py(2) = _V(D)+w(z) )

fe kT dr

The link in between biased and unbiased probability distributions can be established [71] such that:

(v-4)

w(z) [ _w(z)
P(z) = P,(z)eksT (e ksT} , (V-5)
0

where (... ) is the ensemble average in the canonical ensemble over the unbiased system. Thus, the

expression of the PMF is:

F(z) = —kBln(Pb(Z)) —w(z) — kgln <<e_%> ) (V-6)
0

In the above expression, the last term is a constant, the second one is the analytical expression of the
bias potential and the first one is determined by sampling the phase space for the accessible values of z.
The constant term is there the only unknown term which subsists. When one is interested in the free
energy difference, this term is generally neglected. However, with the use of different windows, one
still needs to create a coherent single free energy profile. One should note that the splitting of the reaction
coordinates in different windows is technically necessary for different reasons. First, it is frequently
necessary that one needs to sample unfavorable conformations which are along the reaction coordinates.
Thus, in order not to undersample these regions of the phase space, it is necessary to restrain the force
the sampling to these precise regions so that they will be really explored. Second, it is technically much
more efficient to run a bunch of short simulations which give high probability to explore, altogether, a
wide range of the phase space, than to run an extremely long simulation with the hope that every region
will be sampled. Finally, as far as the biasing potential is not infinite, all of these windows are not
excluding each other, which means that every region is sampled many times. Obviously, the regions
which are far from the center of the precise window in one run have a very small probability to be
explored during the run, but, overall, the ligand might still explore places which are more favorable for

runs in adjacent windows.

4.3.3.Weighted histogram analysis method (WHAM)
The most used method to bind together the results of the computations of the free energy in the different
Nw windows is the so-called weighted histogram analysis method (WHAM). The idea is to construct the
whole probability distribution function as a weighted sum, of weights {«;}, of the unbiased distribution

functions from each window:

Ny,

P@) & ) @(2)P(). (v-1)

i=1
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The weights are chosen in order to minimize the variance of the probability distribution function in a

self-consistent procedure using generally the Lagrange multiplier method [71].

4.3.4.Technical detail on the computations of the PMF in the present work

The potentials of mean force (PMF) of translocation of cisplatin were computed using the umbrella
sampling method. In order to improve the sampling of the lateral heterogeneity of the membrane several
cisplatin molecules (3 in the case of plasma membrane model and 5 in the case of DOPC model) were

placed in equal intervals along the x-axis at the bilayer part of the bicelle.

In order to check if the lateral heterogeneity of the membrane is sampled sufficiently we analyzed the
local lipid environment of each cisplatin molecule present in the system during the simulations (Figure
V-8). The lipid molecule was considered to be in the local vicinity of the ligand if any of its atoms was
closer than 0.8 nm to any atom of the ligand. The data were averaged over the last 10 ns of all umbrella
sampling windows used for the computation of the PMFs of cisplatin.
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Figure V-8. Local membrane composition in the vicinity of individual ligands and their average in comparison to overall
composition of the corresponding membrane leaflets (reference).

The local membrane composition felt by each individual cDDP molecule follows the overall membrane
composition. However, some differences exist in between different cDDP molecules due to the lateral

inhomogeneity of our model membranes.

In our bicelle setup, the lipids preferring large positive curvature could redistribute from the bilayer part
of the bicelle to its caps which may change the lipid content of the areas under analysis. It is clear from
Figure V-8 that the microenvironments of the ligands are somewhat different from the initial
distributions of the corresponding monolayers shown in Table V-2. However, these changes are small
enough, not systematic and do not lead to the loss of asymmetry in normal membranes or its appearance
in cancer membrane. Thus, we conclude that the possible redistribution of the lipids between bilayer

part of the bicelle and its caps is not an issue in our setup.
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The harmonic biasing potential with the force constant of 1000 k] - mol~1 - nm~2 was applied to the
center of mass of each ligand in Z dimension, which is perpendicular to the membrane plane. The
potentials were centered at discrete points distributed along z-axis at 0.1 nm intervals. Additional weak
flat-bottom potential was applied along the x-axis for each ligand to prevent their accidental interaction
due to uncontrollable lateral diffusion. This produced 50 to 57 umbrella sampling windows spanning
through the whole bilayer along the z-axis. The PMFs were computed as average of all ligands using
the weighted histogram technique as implemented in Gromacs. Each window was simulated for at least

16 ns with the last 5 ns being used for sampling.

Table V-2 shows the summary of performed simulations with their corresponding simulation times per

window and total simulation times.

Table V-2. Summary of simulations performed

0% CHL - 15% CHL 33% CHL 33% CHL

System DOPC

normal - normal - normal - cancer
Simulation time
Time per umbrella sampling 16 16 16 20 20
window (ns)
Total simulation time (ps) 0.8 0.8 0.8 1.0 1.0

Figure V-9 is a plot showing the convergence of the free energy profile for one of our systems. The
umbrella sampling runs were carried out up to the moment a visual convergence was reached. In this
figure, four PMF are plotted which are taking the last 5 ns of runs of different lengths. The errors of the
PMFs were estimated using the bootstrapping method [224]. For each system 400 bootstraps were
computed by considering complete histograms as independent data points using the Gromacs WHAM

tool.
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Figure VV-9. PMFs convergence in the case of the cisplatin through the cancer model membrane.

4.3.5.Computation of the permeability

MD simulations provide a unique opportunity for studying the diffusion of drugs and small molecules
through realistic model membranes in atomic details, although the methodology of computing
permeabilities from MD simulations is still subject to debate. The most widespread method of
computing permeabilities is the inhomogeneous solubility-diffusion (ISD) model [225, 226], which
accounts for transversal heterogeneity of the membrane by means of non-uniform diffusion coefficient
of the ligand. The ISD model was used successfully in many studies [227, 228] (see [229] for extensive
review). However, a number of publications report consistent difficulties in computing free energy
profiles and diffusion coefficients and discuss possible improvements in ISD methodology [227, 230-
234]. One of the major concerns comes from the difficulty of determining equilibrium state of the ligand
in the membrane related to extremely slow transitions in bilayer structure, which occur on the time scale
well beyond the capabilities of routine all-atom MD simulations [235]. Another concern is related to
computations of diffusion coefficients of the ligands. Anomalous diffusion regimes were recently
reported for small molecules in lipid bilayers [236], which questions the validity of 1SD approximation
on typical MD time scales. The influence of the long-lived correlations of the restrained solute on

diffusion coefficients in the membrane was also suggested as a possible source of errors in ISD [237].

There is a consensus that obtaining precise quantitative values of permeabilities from MD simulations
is an extremely complex task. Particularly, comparing permeabilities of different ligands in MD
simulations is notoriously difficult and currently hampers wide usage of membrane simulations in
evaluation of drug candidates. However, MD simulations could still be used to compare the
permeabilities of the same ligand in different environments on the semi-quantitative level. In this case

the very similar systematic errors apply to all MD simulations, which make them comparable to each
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other and to available experimental trends despite the fact that exact values of permeabilities are unlikely

to be sufficiently accurate.

The diffusion coefficients D of the ligands were computed for each umbrella sampling window using

the force correlation method [238]:

D(z) = (RT)?/ fo OO(AFZ(Z, t)AF,(z,0))dt (V-8)

where R is the gas constant, T is an absolute temperature, AF,(z,t) is the difference between the
instantaneous force and mean force acting on the permeant at given time t. The autocorrelation functions
were fitted by single exponential decay prior to integration as implemented in Gromacs tools. Diffusion
coefficients of all the ligands were averaged for each window. The trajectory was divided into four equal
parts and D was computed independently for all of them. The standard deviation of these values is
reported as the error of diffusion coefficient and their mean value is used to compute permeabilities. The
permeability coefficients P of cisplatin were computed using standard ISD model[238]:

P=1/ f ZZR(z)dz, (V-9)

where R(2) is the local permeation resistance of the membrane at depth z expressed as:

R(z) = e K7 /D(2), (V-10)
where W(z) is the PMF of a given ligand. The integration limits z; and z, were chosen as +2.3 nm from
the membrane center (the points in the water phase outside the membrane). The value of P is insensitive
to the choice of these limits since the resistance R in water phase is negligible. The errors of resistances
and permeabilities were estimated using the error propagation formalism based on the standard

deviations of W(z) and of D(z). For the resistance R, in any point z we get:

o(R(2)) =R(z) J <M>2 + (M>Z, (V-11)

kBT D(Z)

where o is the standard deviation of R. In order to get the global resistance one has to integrate R(z)

over z. Since the integral is approximated by a discrete sum the following expression for the standard

o(R) = /Z(Ridzi)z, (v-12)

where i denotes one discrete value and dz; is the size of i-th integration step. Finally, the error of P is

deviation of R could be derived:

computed as:

o(P) = p@. (V-13)
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Figure V-10. (A) The PMFs of cisplatin, W(z); (B) the local diffusion coefficient of cisplatin, D(z); (C) the local resistance of

the membrane R(z) (in log scale) for different membrane models. The errors are shown as ribbons for each curve. The errors
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for diffusion coefficients overlap a lot thus the errors of only one curve are shown in panel B to keep the figure readable. The
errors of all other diffusion coefficients curves are shown separately in the Figure V-11.

Figure V-10A shows the PMFs of cisplatin permeation through the membranes under study. There is a
high energy barrier in the center of the membrane, which is expected for such hydrophilic compound as
cisplatin. The shape of the central energy barrier is roughly symmetric because the core region of the
membrane is similar in both monolayers except some excess of saturated lipid tails in outer monolayer

of asymmetric membrane.

The height of the barrier is the smallest for pure DOPC membrane (~40 kJ/mol) which is comparable to
previous results obtained in a pure 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) membrane
(~50 kJ/mol)[72]. For normal membrane with 0% cholesterol it is much higher (~62 kJ/mol) and
increases even more with the increase of CHL content (up to 70 kJ/mol). The difference in the barrier
height between the systems with 0% and 15% cholesterol is minimal, but its width is much larger for
the 15% system. It is remarkable that the width of the barrier increases mostly in the outer monolayer,
which is enriched in cholesterol in the system with 15% CHL content. The PMFs for normal and cancer

membranes at 33% CHL content are almost identical.

Figure V-10B shows diffusion coefficient of cisplatin in different systems. Again, pure DOPC
membrane shows the highest values of D. There are no significant differences in D between normal
membranes with 0%, 15% and 33% of CHL content, which suggests that cholesterol does not influence
transversal diffusion of cisplatin. In contrast, there is a clear difference between normal and cancer
membrane models. Diffusion of cisplatin in the cancer membrane is surprisingly slower especially in
the center of the bilayer and in the regions of head groups. Figure V-11 shows the diffusion coefficients

and their error bars.

Figure V-10C shows the resistance R of different membranes to the permeation of cisplatin. The curves
follow the shape of the PMFs but their heights are modulated by the difference in diffusion coefficients.
The integration of these curves gives the permeabilities presented in Table V-2.

Table V-3. Values of the permeation resistances and permeabilities of cisplatin for different model membranes together with

their respective errors.

System Cholesterol Resistance, R, s m™1 Permeability, P, m - s™1
content

DOPC 0% 4.5+ 0.1-10° 2.240.05-1077

Normal 0% 1.15+ 0.04 - 101! 8.7+03-10712

Normal 15% 2.08 £ 0.04 - 101! 48+0.1-10712

Normal 33% 5.75 4 0.08 - 1011 1.74 £0.03- 10712

Cancer 33% 6.3+0.2-10"2 1.59 +0.06- 10713
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Figure V-11. Diffusion coefficients of cisplatin and their standard deviations.

It is clearly seen that the permeability is the largest for pure DOPC membrane and drops by 4-5 orders
of magnitude in the model for plasma membrane with 0% cholesterol. The increase in cholesterol
concentration from 0% to 33% decreases the permeability further by another order of magnitude.
Finally, symmetrization of the lipid content of the monolayer in the cancer membrane leads to an even
larger decrease of permeability. The cancer membrane appears ~11 times less permeable than the normal

one.
4.5, Permeability in comparison to experimental results

It is very important to compare our results with the permeabilities of the membranes of model vesicles
and living cells to cisplatin available in the literature. Such comparison could only be done on the semi-
guantitative level due to two factors: (1) as it was already mentioned, the calculations of permeability
using the ISD methodology are known to suffer from inherent limitations (the ISD methodology is likely

to provide correct trends when applied to the same ligand in different membranes but it is unlikely to
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produce values of permeabilities which are quantitatively accurate); (2) the experimental results rarely
report permeabilities which could be compared directly to MD data. The majority of the experimental
work reports the kinetics of cisplatin permeation through the lipid membranes of cells and artificial
liposomes as a single-step first order process [239]. Thus, an effective Kinetic constant of permeation, k
is usually measured in such studies. A relation between permeability and effective kinetic constant is
non-trivial in general case and depends on the membrane area, volume of the cell or liposome and
membrane heterogeneity [240-242]. Unfortunately there is no experimental research where the area to
volume ratio of the cells is determined at the same time as the kinetic constant of cisplatin permeation.
That is why in order to estimate the permeability from the available kinetic data we have to use an
oversimplified model of spherical cell with radius r, which was initially proposed for the liposomes
[240-242]:

k-r
=
We considered three experimental data, which allowed the determination of the permeabilities of

P= (V-14)

cisplatin in either cells or artificial membranes (Table V-4).

In the work of Eljack et al. [73] the permeation of cisplatin in pure DOPC vesicles was studied depending
on the concentration of chloride ions in solution (the values for 10 mM and 150mM external chloride
concentrations are shown in Table V-4). Our results for pure DOPC membrane are one order of
magnitude higher (~10~7m - s~ in simulations versus ~10~8m - s~ in experiment). It is necessary to
note that only the counterions necessary to balance the system charge are present in our simulations. We
also did not consider the complex interplay of reactions between different cisplatin derivatives which
are present in salt solutions and may influence an effective concentration of native cisplatin in the
experiment. Furthermore, the membranes of our systems are flat while the membranes of real cells and
liposomes are significantly curved. We plan to investigate the influence of the curvature on the
permeation of the drugs in future studies but it is clear from multiple indirect evidences that the curvature
should affect the permeability. That is why our setup is not directly comparable to experimental

conditions which may partially explain observed discrepancies.

The work of Ghezzi et al. [75] reports a time-dependent uptake of cisplatin in breast cancer MCF-7 cell
line. Considering the uptake of cisplatin as a first order kinetic process, we fitted the evolution of the
intracellular concentration by an exponential function to obtain the kinetic constant. The average volume
of the cells is estimated at 2 pL in this work. We assumed that the cells are spherical and computed the
permeability. The obtained value of ~107'm-s™?1 is 1-2 orders of magnitude higher than our
simulation results. In order to obtain the kinetic constant from the work from Ghezzi et al., we

considered that the uptake is a first-order reaction:
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ky
ptextra = Ptintrar (V'15)

where Pteyra and Ptinira are the platinum species outside and inside the cell respectively, and k. and
k., the rate constant of the reaction in the direct and indirect directions respectively. To model the kinetics
of the permeation, two paradigms can be undertaken: 1. the chemical reaction is an equilibrium in

between the both directions, or 2. the reaction goes mainly in one or another direction.
» Hypothesis of a direct reaction

Based on the literature, we first used the second paradigm, rewriting the previous chemical reaction
as follows:

k
Ptextra _+> Ptintra (V_16)
One can write the following kinetic equation:

d|Pt
- % = Kk [Ptextral- (V-17)

The straightforward solution of such first order differential equation is:

[Ptextral () = [Ptextralo e_k+t' (V-18)
where [Pteyiralo iS initial extracellular concentration at time ¢ = 0.

If one is in a closed system with N, the number of molecules, kept constant, the following conservation

law emerges:

NPty ® = NPteyira T MPtinga = ngtextra + rlgtintra = ngtextra (V-19)
where np,  (t) is the total amount of substance in the both subsystems which is a constant equal to the
initial extracellular amount of substance at time t= 0, ngtem, assuming that the initial amount of
intracellular cisplatin ngtim is null. The amount of substance of extracellular and intracellular cisplatin

are written np,___and np, _ respectively. Thus, we can introduce the concentrations as follows:

Vin ra
[Ptintra](t) ' v - = [Ptextra]o - [Ptintra] (t) (V-20)

extra

Thus, reminding the expression of the solution of the kinetic equation of the reaction, one as:

V.
[Ptintra] (t) ' VLtra = [Ptextra]o ' (1 - e_k+t)- (V-21)

extra

Ghezzi et al. reported the evolution of the accumulation ratio R of the intracellular concentration and

the extracellular concentration as a function of time which gives:

R(t) =

- (V-22)
[Ptextra] (t) Vintra eket

It is clear that this last expression of R(t) does not fit the experimental values.

Vintra

[Ptintra](t) _ Vextra . <1 B e_k+t> _ Vextra i (e—k+t _ 1).
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> Reversible reaction

We thus have to go back to the initial form of the reversible reaction, considering both k. and k.. For the
sake of clarity, we will write [Pteyxiral (1) = X, [Ptintral(©) =¥, [Ptextralo = X° and [Ptineralo = v°.

We can write the coupled system of differential equations governing the kinetics as follows:

d Vi
(_X — %= —k_,_X + k_Y' intra
dt Vextra (V'23)
g:y:kx_vextra_ky.
dt * Vintra -

Taking the first equation of this last system, we can isolate y and find y:

1 Vintra .
=— - ——(X+k;x), V-24
y k— Vextra * ( )
and:
1V
y= o (%4 k). (V-25)
k— Vextra

We can then inject these expressions in the second differential of the system in order to obtain a simple

homogeneous second order differential equation:

%4 (ky +k)-x=0 (V-26)

which admits, at the exception of the trivial solution, a solution of the form:

x=C+D-e etk (V-27)

where C and D are integration constants. Hence, the form of y can be expressed as:

Vintra

k
To determine the constant C and D, we refer to the initial conditions for t=0:

_ Vextra . [k_+ .C=D- e—(k++k_)t]. (V-28)

C+D=x°
Vextra [k_+_ Co D] =0 (V-29)
Vintra k_
which gives us:
k+ +k_ Vextra ) (V-30)
_ 1 0 Vintra 0
D= |l kyx® ——k_y
k+ + k— Vextra

Noting that y® = 0 mol - L™1, one can write the expression of the solutions of the system of differential

equations:
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[Ptextra] (t) = m [Ptextra]o ’ (k— + k+ ' e_(k++k_)t)
o V-31)
[Pt ](t) _ k+ . Vextra . [Pt ] . (1 _ e—(k++k_)t). (
intra k+ + k_ Vintra extralO
Thus, the expression of the accumulation ratio R becomes:
R(D) = [Ptineral (V) _ Vextra . ky - (1 - e_(k++k_)t) (V-32)

B [Ptextra](t) Bl Vintra k— + k+ ' e_(k++k_)t .

> Limit cases
o k., >»k_

This limit case permits us to verify that the expression found in the first hypothesis is valid. Indeed, we

can show that in such conditions, the accumulation ratio is expressed as:

Vextra . k+ ' (1 - e_(k++k_)t) N Vextra . k+ ' (1 - e_k+t) N Vextra

R(D) =
Vintra k_+ k+ - (ke rkt Vintra k+ ekt Vintra (V-33)
kit
_1 —e %+ _ Vextra ] (e_k+t _ 1)_
e ket Vintra

This expression will not give a valid fit from the experimental data.
o k, Kk_

This case represents a counterintuitive situation for which the efflux would have a higher rate constant
than the uptake:

Vextra K4 - (1 - e_(k++k_)t) Vextra K4 - (1 - e_k_t)
Vintra k_+ k+ ’ e_(k++k_)t Vintra k_ .

The form of this expression might be a valid form to fit the experimental data. However, such an

(V-34)

R(t) =

explanation that no uptake is present drives to a complete nonsense, since intracellular platinum species

are shown to exist in non-negligible amount.

d[Ptextra] "‘O
dat

The last assumption is equivalent considering that the concentration in the extracellular medium is big
enough so that the internalized platinum species do not drive to a significant variation. In such

conditions, the solutions of the system of differential equations are written again as follow:

[Ptextral (©) = [Ptextralo

Ky Vext - : V-35
[Ptineral (© = K, -:k_ ) V?:t:: * [Ptextralo * (1 —e (k++k—)t) ( )

This drives to another expression of R:

_ [Ptintra] (t) _ k+ . Vextra .

R(Y) = =
[Ptextra](t) k+ + k_ Vintra

(1 — e~ (etkt), (V-36)
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The decision was made to use this last equation to compute an effective rate constant Kes=k++k.. The
best fit on the experimental data of Ghezzi et al. (Figure VV-12) gives a rate constant of 0.091 h™! (fitting
R2 value of 0.97).
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Figure V-12. Fitting of the experimental values obtained by Ghezzi et al. [93] by analytical formula assuming first-order
cisplatin uptake reaction.

Finally, the work of El-Kareh et al. [74] reports the Kinetic constant of cisplatin in different cell lines,
which were computed in order to build a pharmacokinetic model for several platinum(ll) species. Since
the volumes and the area to volume ratios of the studied cells are not reported in this paper, we assumed
again that the cells were spherical and that their volume was the same (2 pL) as in the work of Ghezzi
et al.[75] mentioned above. This allowed us to obtain a rough estimate of permeabilities. However, the
obtained values are likely to be underestimated since the cells are not spherical and their real area to
volume ratio will tend to be higher since real system exhibits complex shape with high membrane

curvature.

The only computational work which is directly comparable with the present study is the paper by
Nierwzicki et al.[72] where the permeability of cisplatin in a pure DMPC bilayer was reported as

6.67 10~7m - s~1. This value is of the same order of magnitude as our result for pure DOPC bilayer.

Table V-4. Values of permeabilities for cisplatin estimated from the literature.

Author System Permeability
--- --- Pm-s™?
Nierwzicki et al.[72] DMPC bilayer (MD simulations) 6.67 1077
Eljack et al.[73] DOPC vesicles ([Cl7] = 150 mM 1.06 1078
DOPC vesicles ([CI"] = 10 mM 8.9310710
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El-Kareh et al.[74] A2780/CP3 human ovarian resistant cancer 1.87107°

COLO 205 colon carcinoma 1.24107°
A2780 human ovarian wild type cells 1.21107°
CAL 27 head and neck cancer 11910710
MKN45 gastric cancer 1.01 107
MKN?74 gastric cancer 490107
C32 human melanoma 4.79 10711
G361 human melanoma 221107
Ghezzi et al.[75] MCF-7 breast cancer 6.57 10711

It is possible to conclude that direct quantitative comparison between MD simulations of permeability
and the data obtained experimentally on real cell lines remains challenging. The largest uncertainty
comes from the fact that the area to volume ratio of the studied cells is not estimated in the experimental
studies. Without these data one is restricted to the primitive and inaccurate model of the cell as spherical
homogeneous vesicle, which can easily lead to severe underestimation of the permeability by several
orders of magnitude. Taking this into account our results look reasonable and consistent.

Although our simulation setup is not directly comparable to experimental conditions and is subject to
inherent limitations of the ISD methodology, it is much closer to real membranes than the vast majority
of membrane models routinely used in MD studies today. We demonstrated that taking into account
realistic lipid composition and cholesterol content brings estimated permeabilities much closer to the
experimental values in comparison to simplified membrane models. We expect that accounting for
membrane curvature in future works will reproduce experimental results even better. It is possible to
speculate that MD simulations of realistic curved and asymmetric membranes with variable cholesterol
content allow for reliable semi-quantitative estimation of permeabilities for cisplatin and other platinum

drugs.
4.6. Conclusions

In this work we studied the influence of lipid composition and cholesterol content on the permeation of

cisplatin through the model membranes of normal and cancer cells.

» It is shown that the loss of lipid asymmetry in the cancer membranes leads to decrease their
permeability to cisplatin by one order of magnitude in comparison to the asymmetric
membranes of normal cells. This effect is caused by slower diffusion of cisplatin in the cancer

membrane while the energy barrier of permeation remains the same. It is possible to speculate
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that this effect may contribute to cisplatin resistance in the cancer cells, which exhibit

pronounced loss of lipid asymmetry.

» The change of cholesterol molar ratio from 0% to 33% also decreases the permeability of the
membrane by approximately one order of magnitude. Thus, changes of cholesterol content in
cancer cell membranes may significantly influence their permeability to cisplatin.

» Itis also shown that the single-component DOPC membrane is a very poor model for cisplatin
permeation in real cells since its permeability is 5-6 orders of magnitude higher than one of the

membranes with a more realistic lipid composition.

» We also conclude that direct quantitative comparison between MD simulations of permeability
and the data obtained experimentally on real cell lines remains challenging due to the lack of
models, which take into account complex shape of the cells, and uncertainty related to chemical

modifications of cisplatin in solution.
5. Ongoing work

Permeability coefficients give probing results on the kinetics of cisplatin passive diffusion. To build a
better picture of the distribution of the cisplatin species inside and outside the cell, it is worth including
also the complex chemistry displayed by cisplatin (see section 2) and though studying more particularly
the influence of the saline medium on the speciated cisplatin. Some preliminary results are presented in
section 5.1. This study would permit to build a picture of the pharmacokinetics of cisplatin at the cell
level giving a precise description of the diffusion phenomenon of the different species. Especially, this
would permit to have an insight in the relative importance of influx or efflux mechanisms which are
present. This would ultimately permit a better understanding of the transport of the charged aqua species.
Finally, it is of great interest to broaden the study to other platinum salts such as carboplatin and
oxaliplatin (see section 5.2). Comparing the results obtained with these three platinum salts to the
numerous uptake experiments would help in understanding how the passive routes are important for the

cell accumulation of these species.
5.1. Simulation of the permeation of speciated species

In the course of the analysis of cisplatin permeation during this thesis, it appears that the complex
chemistry of solvated cisplatin plays a fundamental role. It is clear that the study of the permeation of
native cisplatin only through the membrane in a system containing only the counterions necessary to
make it be neutral is not enough to understand completely the complex process of passive diffusion of
cisplatin. We thus started to create naive topologies of the speciated species of cisplatin. In this scope,
we designed the topology of the monoaquacisplatin and the monohydroxocisplatin. The ESP point

charges and the Lennard-Jones parameters of the aqua and of the hydroxo ligands were computed in our
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group. The parameters of the ammine groups and of the remaining chloride were not modified from the

existing force field. The models of the di-substituted species are under development.

+
-
£
*
e
a
S
s
%
-
o
2
o
°
.
*
.

JaacdAacesssNBLocacacseDeRaBaR

2009000000

Figure V-13. Graphical representation of the system built to test the speciated cisplatin compounds and the influence of the
chloride ions. The lipid membranes are presented in the same manner as in the previous chapter. The spheres around the
membrane represent the dummy particles which maintain the bicelle curvature (pink) and the ones which forbid the ions to go
from one compartment to another (purple) by other means than passive diffusion through the membrane. For the sake of clarity,
water is not represented, but the ions (chloride in green and sodium in dark blue spheres) are depicted.

The first step of this work was to check both the feasibility of this time-consuming study and the
presence of a visible influence on the permeation process of the aquation. At the same time, the model
for this study takes into account the chloride concentration of the extra- and intra-cellular compartments.
As shown in Figure V-13, the system consists in two normal model membranes. The inner part of the
system represents the cytoplasm and consists in a region mainly depleted from chloride. This region has
to be big enough due to the very low concentration in chloride (which was taken around 4 mM) not to
make the assumption that no chloride ions will be present. The choice was to create a region big enough
so that 4 chloride ions (as well as 4 sodium ions) will be present in this area. The extracellular

compartment was designed with a chloride concentration equivalent to 110 mM.

The second step consists in the computation of the PMF of the different aquated species through the
whole system. In order to obtain a first insight and to avoid a waste in computational resources, we
limited the feasibility check to the computation of the free energy profile for only one of the two

membranes.
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Figure V-14. PMF profile of native cisplatin (CPT), monoaquacisplatin (WPT) and monohydroxocisplatin (OPT) in the
"normal™ membrane model. The negative distances to the center are towards the extracellular compartment, with a chloride
concentration of 110 mM and the positive values are towards the intracellular compartment with a chloride concentration of 4
mM.

The first results are valuable to understand in a non-quantitative manner, whether or not there is any
measurable influence on the permeation due to the presence of chloride ions and to the speciation. Figure
V-14 shows the PMFs for native cisplatin as well as for the both monosubstituted species. The profile
shows the variations of the free energy profile towards the distance of the center of the bicelle; negative
values are towards the extracellular compartment and positive values towards the cytoplasmic
compartment. It is clearly visible that native cisplatin is most likely to permeate the membrane from the
extracellular medium as compared with the two other species. Interestingly, there exists a real
asymmetry which must result — at least partly — from the asymmetric concentration in chloride in the
two compartments. The both neutral species — monohydroxocisplatin and native cisplatin — do not
exhibit a strong influence from the asymmetric concentration in chloride ions. The potential barrier for
the efflux process is slightly higher for these both species, but in a non-significant amount. There exists
thus a strong difference in between the charged species monoaquacisplatin and the neutral ones. The
free energy value inside the cell is about 10 kJmol? higher than for the native cisplatin and the

monohydroxocisplatin.

So, the permeation of cisplatin strongly depends on its precise chemical state. Moreover, the difference
in chloride concentration in between the extracellular medium and the intracellular medium also plays
an important role on the permeation of the different species. It is thus of great interest to continue these

computations.

Further computations should be led to increase the accuracy in this issue. It is necessary to draw a profile
through the whole system. Indeed, the accuracy of the PMF would be increased if we can assume that

our system is periodic. We showed in the present calculation that the variation in concentration in
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chloride ions could result in a skewed free energy profile where the portion of the profile for which the
ligand is inside the extracellular medium is shifted from the one where the ligand is in the intracellular
medium. However, it is possible to obtain a skewed profile for periodic systems where no difference
exists in between the solvent present at the beginning and at the end of the profile. This kind of signature
may happen in the case of undersampled systems. This is why it would be important, in the future, to

compute the whole profile over the two membranes present in the simulation box.
5.2. Carboplatin and oxaliplatin

Cis-diammine(cyclobutane-1,1-dicarboxylato)platinum(ll) and [SP-4-2-(1R-trans)]-(1,2-
cyclohexanediaminecyclohexane) also known as carboplatin and oxaliplatin respectively (see Figure
V-1) are two platinum salts which were developed in order to circumvent the nephrotoxicity of cDDP

and the mechanisms of resistance driving to its potentially poor distribution.

Carboplatin — the second generation of platinating anticancer agents — was originally designed by
replacing the very labile chloro ligands by a bidentate dicarboxylate ligand, namely cyclobutane-1,1-
dicarboxylate (CBDCA) which shows a better stability thanks to the six-membered ring formed with
the platinum atom [66, 124]. This assumption was confirmed by means of quantum chemistry
simulations [243, 244]. Carboplatin exhibit lower nephro- and neuro-toxicity as compared as with
cisplatin with, as a counterpart, a dose-limiting myelo suppressive effect. Its modes of actions have great
similarities with the ones of cDDP, and it was shown to act in the very same manner at the nDNA level
[67] at the difference that 20-40-fold higher concentrations of carboplatin are required to form as many
adducts as with cisplatin and that the kinetics is around 10-fold slower [130]. This slower kinetics, which
is mostly the sign of a slower aquation — with kinetic constant k~102 s as compared to k~10° s for
cDDP [124, 128] is the key to the lower toxicity of carboplatin. Although there are some dynamic
differences in between these both species, it was shown that most of cells exhibiting intrinsic or acquired
resistance to cisplatin are also resistant to carboplatin [67, 119]. This last observation implies that the
two species should have a very similar chemistry in solution, including a high affinity to sulfur-
containing species such as GSH or metallothioneins [69, 130] and that they potentially use the same
modes of uptake and efflux. It is believed that the differences observed in the kinetics of the transport
might come to the fact that carboplatin keeps its native form in the extracellular media in greater
proportions than cDDP. Once in the cell, the precise chemistry of carboplatin leads to active aquated
forms which can be analog to cisplatin species [121, 175]. Once again, the slower kinetics of carboplatin
leads to a lower excretion rate which is most likely the sign of less efficient cell scavenging mechanisms
that are told to be linked to the stable CBDCA ligand. This allows carboplatin to exhibit a retention half-
life of 30 hours which should be compared with the 1.5 to 3.6 hours in the case of cisplatin [65].

Oxaliplatin — the 3" generation of platinum-based anticancer drugs — was then developed in order to

address the problem of distribution found with cisplatin and carboplatin which is intrinsically related to
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the resistance phenomena of some cell lines [245]. Not only the chloride moieties are replaced by an
oxalate leaving group, but the ammines have also been substituted by the 1,2-diaminocyclohexane
(DACH) bidentate carrier ligand. Importantly, it was shown that the loss of DNA repair pathways does
not enhance the action of oxaliplatin as it was shown for cisplatin or carboplatin, inferring that its modes
of action are different [130]. However, it was shown that oxaliplatin readily forms intra- or inter-strand
adducts with the guanines of the nDNA [120, 123]. It is worth noting that, on the top of the interactions
at the nuclear level, oxaliplatin also shows cytotoxic effects in cytoplasts [122]. Not only the modes of
action are different for oxaliplatin but it also exhibits a lower affinity to hctrl [130]. Oxaliplatin is
efficient against several cisplatin or carboplatin resistant cell lines which is believed to be related with
the presence of the DACH ligand [66, 121, 122, 124]. At the nuclear level, the DACH ligand could lead
to a poor recognition of the oxaliplatin-nDNA adducts as compared as with cisplatin or carboplatin,
which can explain the differences in cytotoxicity in between these drugs. The DACH ligand is also
believed to play a role in the lower nephrotoxicity of oxaliplatin relatively to cisplatin, although

oxaliplatin neurotoxicity remains dose-limiting.

Computing the permeability coefficient as well as the partition coefficient for different platinum species
would be another insight in the understanding of the link in between lipophilicity and the propensity of
the species to permeate a plasma membrane. We thus started to make these computations in the cases of
cisplatin, carboplatin and oxaliplatin.

Computations of the PMFs, diffusion coefficients, resistance and permeability coefficients where done

in the same way as reported in section 4.

| Timothée Rivel| PhD thesis | Université de Bourgogne Franche-Comté | 2020



| ! | | | !
-2 -1 0 1 2
Distance from center, nm

Figure V-15. The upper panel represents the PMFs of the three species, the middle panel shows the diffusion coefficients and

the lower panel the resistance. Cisplatin is represented in red, carboplatin in green and oxaliplatin in blue.

Itis clear, from Figure V-15, that our present results suggest a drastically higher thermodynamic barrier
for both carboplatin and oxaliplatin. Also, the diffusion coefficient of these species is visibly ~4-fold
lower. It results in extremely high resistance coefficients and low permeability coefficients (see Table
V-5). Permeability coefficients obtained in this work differ significantly from experimental data by 8-
10 order of magnitudes. A major problem is revealed here concerning carboplatin and oxaliplatin
modeling. The results of the partition coefficients computed from the PMFs are far from the
experimental values due, most likely, to the discrepancy in the partial charges of carboplatin and
oxaliplatin. They are thus not included in the discussion. Such discrepancies cannot be due to the ISD

model but certainly originate in the parameterization of these two molecules.

Table V-5. Permeability coefficients obtained in this work compared with the ones computed from experimental data.

Author System Permeability

Cisplatin Carboplatin Oxaliplatin
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Ghezzietal.[75] MCF-7 breast 6.60 10711 45010710 47410711
cancer (Effective)

MCF-7 breast 6.56 10711 44810710 47410710
cancer (Efflux)

COLO 205 colon
carcinoma

CAL 27 head and 1.19 10710
neck cancer

MKN74 gastric 49010711
cancer

G361 human 22110711 1.97 10710
melanoma

Colo357 human 3.1110710
pancreatic cancer

HT29 human 5.76 10~ 11
colon cancer

It should be noted that the force fields of carboplatin and oxaliplatin were developed in our group. Partial
charges were probably extracted a too crude way. LJ parameters were mostly assigned according to
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those of similar molecules displaying similar groups. However, in the frame of a present international
collaboration, new computations of the partial charges and of the Lennard-Jones parameters indicate a
potential discrepancy with the values present in the initial force field. These computations are ongoing,

and a new force field for both carboplatin and oxaliplatin will be developed in order to obtain a realistic
model of these drugs.
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Chapter VI - The influence of
the local curvature of the
membrane on the

permeation

In the second chapter, we described the influence of the local curvature on the inner properties of the
membrane. We have shown that curvature has impacts on cholesterol distribution and orientation as well
as on the lipid distribution resulting in variations in the lipid order parameter and on the leaflet
dimensions. Nowadays imagery techniques are often used to have an insight in the properties of the cells
observed and have a sufficient resolution which permits to characterize the membrane roughness [45].
Roughness could be viewed as a mesoscopic image of the distribution of local curvatures of a cell
membrane. Recent studies [45] show that membrane roughness could permit to discriminate cancer from
normal cells. These observations imply at the same time that a cancer membrane has a distribution of
curvatures shifted to higher curvatures and possibly a widened distribution of curvatures. Knowing that
curvature has important consequences on the membrane structure, we wondered if these changes have
an impact on the membrane permeability. Keeping in mind that cancer cells present a rougher surface,
the possible changes in permeation in between curved and flat membrane could help to explain the
differences in permeation in cancer and normal cells. In addition, up to now, regions of the plasma
membrane which are preferred for passive diffusion remain unknown and, to our knowledge, no study
has already addressed the impact of curvature on the permeation of small molecules and drugs. In this

work, we tried to fill this gap. The present work is in the process for publication.
1. Curved membranes are more likely to allow passive diffusion

It is known that membrane lipidomics and cholesterol content are linked to both the permeation and the
membrane properties. In order to understand the interconnections in between these membrane properties
and permeation, we performed AAMD computations of the permeation for water, chloride, sodium and

two anticancer drugs; cisplatin and gemcitabine.
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To discriminate the sources of the changes in permeation, we decided to address the question thoroughly
for the three common species that are water and chloride and sodium ions. We studied their permeation
in four model membranes and for 2 or 3 values of the curvature (see Figure VI-1). In order to exacerbate
the effects induced by the curvature, we selected an extreme value of £0.2 nm™ which could be found
on the surface of the membrane in some reshaping processes, during the creation of vesicles [246] or at
the junction with specific proteins such as BAR domains [247]. The use of such high values allows
detecting curvature-related changes of permeability reliably and in a reasonable computational time,

however, further computations will have to address intermediate values.

Membrane DOPC Normal
Cholesterol 0% 33% 0% 33%
content
Curvature 0.0 +/-0.2 0.0 +/-0.2 -0.2 0.0 +0.2 -0.2 0.0 +0.2

Figure VI-1. Diagram representing the different systems for which the permeation was studied for water, sodium and chloride.
The cholesterol content is intended as a molar value and the curvature is expressed in nm.

The PMFs, the coefficient diffusion and the resistance coefficient were computed for the three species
in the same way as in the previous chapter. They are presented in Figure VI-2 for the water, Figure VI-3

for the chloride ion and Figure VI-4 for the sodium ion.
2. Technical details

The analysis of the permeation for the five species that are water, chloride, sodium, cisplatin and
gemcitabine implied 36 computations of the free energy profile. The simulation time per window
ranging in between 15 ns and 45 ns, for a total of 50 to 61 windows per system; these simulations result
in a total of more than 40 us of simulations in AAMD. These simulations represent a total of 3 million
of hours of CPU time spent on three different resources: the Mésocentre de Franche-Comté, for building
the systems, and pre-equilibration processes, the Centre de calcul régional Romeo and GENCI-CINES,

on the Occigen machine for production runs.

The general setup for these computations was the same as in the previous chapters. Some of the systems
were shown to induce a bias during the production run demanding some more computations to improve
the accuracy of the data. The model membrane used in these simulations is restrained on the x axis by
constraining its center of mass. In Gromacs packages the constraint is applied on one selected atom from

the selected group. However, up to v. 2018, no monitoring on the selected atom was made. It happens
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that for some of our systems, the precise atom may diffuse along the membrane shifting rapidly the
membrane on the x axis. In some cases these changes can be very fast so that the ligand inside the
membrane cannot follow these translations smoothly. This may result in bias in the estimation of the

free energy.
3. Analysis of the results

3.1. Curvature lowers the free energy peak

The main result which should be noted from the different computations for water, chloride and sodium
is that the energy barriers of all the permeating ligands are lower in the curved systems in comparison
to the flat ones. Magnitude of this effect varies depending on the precise ligand. It is worth mentioning

that this effect does not depend on the membrane composition.

The signature of this effect is also present in the resistance profile and consequently in the computed
permeation coefficients. The values of the permeation coefficients are reported in Table VI-1 for the
three studied ligands. There is no obvious dependence of the absolute change of permeability on the size
or the chemical nature of the ligand. It is noticeable that — in the case of water — these variations are
under one order of magnitude. In the case of Na* or CI, otherwise, these changes are of 1-2 orders of

magnitude.

Table VI-1. Values of the permeability coefficient for water, sodium and chloride in different systems. The errors are not
indicated. They were computed in the same manner as in the previous chapters and are systematically 1-2 orders of magnitude

smaller than the values.

0% CHL 33 % CHL
DOPC Normal DOPC Normal

0 +0.2 -0.2 0 +0.2 0 +0.2 -0.2 0 +0.2
2.8710% | 3.3910° | 2.66 10° | 2.04 10 | 5.65 10 | 2.12 105 | 3.80 105 | 3.74 10% | 2.54 10 | 5.49 106

6.16 102%| 2.77 101? | 5.29 1014| 1.81 1015 | 1.35 104 | 4.54 10?5 | 5.27 104 | 1.71 1015 | 1.59 101" | 8.38 10"

3.1110%5|8.64 105 |1.24 1014| 8.28 101" | 7.72 105 | 2.67 10" | 1.56 10°%° | 6.40 1016 | 1.51 1017 | 1.51 106

3.2. Curvature shifts the position of the potential energy barrier

It is also visible on the results that for all the free energy profiles as well as for the local resistance
coefficients, a shift of the maximum value is present when curvature is present. This shift of the peaks

is systematically towards the concave monolayer.

To quantify this phenomenon, we plotted the position of the peak as a function of the curvature for all

the studied species, including the anticancer drugs gemcitabine and cisplatin for the normal model
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membrane (Figure VI-5). The estimate of the peak position was made by the computation of the first

moment m, of the PMF profiles such that:

fzzzl ZW(z)dz

W v

my

These shifts are the signature of the changes in the area per lipid shown in Chapter 1V -. The concave
membrane is more densely packed involving a higher barrier to any permeant.
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Figure VI-5. Positions of the peaks of PMFs, computed as the first moments of the corresponding curves, as a function of

curvature.

3.3. The influence of bending on the diffusion coefficient

The first observation is that D is mainly unaffected by bending in the core of the bicelle —up to 1 nm to
the center. The maximal changes in this region are about 1.5-fold the values of the planar model
membrane. The difficulties inherent to diffusion coefficient computation do not allow us to make a
strong assumption based on these observations. Nonetheless, it should be noted that bending creates a
slight asymmetry in the diffusion coefficient profile where one can observe lower values of D for the
concave monolayer in most of the cases. However, the membrane resistance profiles show that these
relative changes of D have a little or no influence on the permeation process which is mainly affected

by the value of the free energy.
4. Effect on two anticancer drugs

Figure VI-6 shows the effects of curvature for the anticancer drugs cisplatin and gemcitabine for the
normal model membrane only. Although the size of these molecules is much bigger than those of water

or ions, the effects are the same as observed and described before.
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Figure VI-6. Free energy profile, diffusion coefficient and resistance coefficient for cisplatin (CPT) and gemcitabine (Gem)

in the normal model membrane.

In the precise case of these anticancer drugs, these differences of energy and resistance peaks are of real

interest. First, we can hypothesize that, on the cell membranes, highly curved areas are most likely to

allow permeation. Table VI-2 shows the different values of permeability for these drugs in the normal

model membrane. This effect is especially remarkable in the case of gemcitabine which shows

difference of two orders of magnitude in between curved and flat model membranes.

Table VI-2. Permeability coefficients for cisplatin (CPT) and gemcitabine (Gem) for the normal model membrane.

Curvature, nm- ‘ CPT

W) 7.0-10"2+£3.1-10°13

451012+ 1.5-101

0.0 23102+ 6.2-10"

8.3:104£3.6:10"°

+0.2 5010+ 1.6:10°12

14101+ 42:107
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Chapter VII - Conclusions

and perspectives

In this work we have shown that modeling finely the plasma membrane and especially its lipid matrix
is a very important issue for studies devoted to drug permeation. The complexity of the models grows
constantly with the available numerical resources and with the precise data given by the lipidomics. This
work was, in its first part, dealing with the creation of realistic models of the lipid matrix of the plasma
membrane. The structure of these models and their properties show that mono-component lipid bilayers
as it was and still is customary to see in the literature are a very crude model. The study of the permeation
of cisplatin in the normal model membrane and in the pure DOPC bicelle show a difference of 5-6 orders
of magnitude in the permeability coefficient. This comes from two main factors: the lipid heterogeneity
and the cholesterol content. Cholesterol is known to play an important role in the membrane fluidity
and is believed to be one of the cornerstones of the formation of lipid rafts. In the present work, it was
shown that the increase in cholesterol content from 0% to 33% decreases the permeability of the
membrane to cisplatin by 1 order of magnitude. The remaining difference in between the mono-
component reference model made from DOPC and the normal model membrane depleted from
cholesterol is due to the composition made of different lipids. This heterogeneity, in the case of the

plasma membrane drives it to be less permeable than the simple DOPC model.

On top of that, the asymmetry of the membrane leaflet also plays a major role in the drugs permeation.
It is known that plasma membranes in their normal functioning state exhibit an actively maintained
asymmetry in between their leaflets. Meanwhile, it was shown that apoptotic cells as well as some non-
apoptotic cancer cell lines exhibit a symmetrization process which results in the overexposition of PS —
and possibly of PE. In order to address this issue and to understand if this phenomenon has an impact
on the permeation of anticancer drugs, we made a model of a cancer plasma membrane. Cisplatin
permeation is slightly affected by these changes in an unfavorable manner. This observation could be a

contribution of the observed acquired and/or intrinsic resistance to cisplatin of some cancer cell lines.

Finally, the local curvature of the plasma membrane was shown to induce important modification of
the membrane structure and permeation. The mechanical stress induced by the membrane curvature
induces changes in the thickness of the convex monolayer and modifies the area per lipid of the both
leaflets. The core of the membrane — the distal parts of the lipids fatty acids — is reorganized and the

order parameter is decreased in this region. Curvature also drives cholesterol to reside more in the core
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of the membrane which could explain partly the variations of the order parameter. These structural
properties have a visible effect on the permeation of various ligands. The permeation of water, chloride,
chloride ion, sodium ion, gemcitabine and cisplatin was shown to be increased in curved model
membranes whether they are simple DOPC bicelles or asymmetric ones. Hence, even if the intensity of

this effect is depending on the chemical nature of the ligand, it appears to be systematic.

At the end, four interlinked parameters appear to drive the membrane permeability: 1. the lipid
heterogeneity, 2. the cholesterol content, 3. the membrane asymmetry and 4. the membrane curvature.
Of course, the model membranes which were developed do not present a perfect picture of the lipid
matrix of the plasma membrane. First, their complexity is limited to four types of headgroups, and, no
phosphatidic acid (PA), phosphatidylglycerol (PG) or other more exotic types of lipids is embedded.
One of the reasons of this first simplification is the will to obtain systems from which the size is not
prohibitive in terms of computational resources. Yet, if one increases the number of constituents, their
presence in the membrane should remain statistically relevant which means to increase the size of the
system accordingly. Not only the size of a complex system increases, but also the complexity to sample
correctly all the lateral heterogeneity which rapidly results in situations which are on the edge of the
computational possibilities. It is for the very same reason that only one type of fatty acid was studied
here. The cutting-edge simulations [50, 51, 81, 82] which involve both a large heterogeneity in the lipid
types and in their fatty acids are actually investigated in coarse grained MD. Unfortunately, such

simulations do not permit to obtain the expected refinement in the analysis of ligand permeation.
1. Drawing a better picture of the platinum salts permeation

In this work, we have computed the permeation of cisplatin and we have also started to investigate some
other salts (carboplatin, oxaliplatin) and some derivatives of the native form of cisplatin. This work
could ultimately results in a new pharmacokinetics model (see Figure VII-1 for a schematic
representation) of the cisplatin including speciation and transport. This model basically consists in two
compartments; the extracellular and the intracellular media, linked together by the plasma membrane.
The computation of the permeability coefficient of the different speciated species allows us to associate
a kinetic constant to the transport reaction modeled as a simple first-order process for every species. The
chemistry of cisplatin in solution is already given in the literature (especially by Miller et al. [76]). The
links in between each reservoir has to be done. This could be made in a self-consistent way, by
computing for different conditions of pH and chloride content the concentrations of the different species
and by modifying the sensitive kinetic constants® iteratively. The constraints on the result are given by
the values found in the literature for these different conditions. Finally, on top of these reactions,

metabolization reactions with GSH and metallothionein could be added. The kinetic constants can be

% In the set of speciation equations, the kinetic constants related to the hydroxylation processes do not have
accurate values.
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taken from a former work made in our group [77]. Altogether, this model may give help to understand
1. if passive diffusion is the main process of influx and efflux, 2. which species play the main role inside
the cell and which conditions are more favorable to the cisplatin attack. This work could help to
understand some of the resistance processes which are possibly related to a change in the physiological

conditions in the vicinity of the tumor area.

Pt(NH;),Cl, = [Pt(NH;),Cly (OH,), (OH) ] { PHextra }
[

.. Cl_ ] extra
speciation

Extracellular
\ compartment

()

+
metabolization [PE(NH3),Clin (OH2) (OH), |

/ speciation
{ pHL'ntra }
[Cl_]intra

Intracellular

efflux compartment

Figure VI1I1-1. Representation of the pharmacokinetics model for cisplatin. Two compartments are present; the extracellular
and the intracellular one. These compartments are assigned realistic values of pH and chloride concentration. The speciation
of cisplatin is taken into account by means of first order reactions. The processes of metabolization could be taken into account
through the interactions with glutathiones and metallothioneins. The diffusion process is encoded as a first order reaction based

on the computations of permeation of the different species through the normal lipid membrane model.

In order to have a wider picture of the cisplatin permeation, it would help to understand a better way the
transport of new generation of platinated anticancer drugs. In this purpose, it is of great importance to
finish the development of accurate force fields for both carboplatin and oxaliplatin. It is assumed that
the modes of transport and action of carboplatin are very similar to the ones of cisplatin and the study
of its permeation would be an important confirmation from a numerical point-of-view. At the same time,
uptake experiments of oxaliplatin show a different behavior to many cisplatin resistant cells. In the will
to unravel the origins of the drug resistance, it is of first interest to understand if the chemistry of these

drugs in solution, in the specific physiological conditions around cancer cells could influence their
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propensity to permeate the plasma membrane. This could add or discriminate a possibly important factor

to the present hypotheses related to active drug scavenging.
2. On the way to selectivity: finding relevant marker of the cancer cells

In this work, we have shown that cisplatin permeates slightly more in the normal lipid membrane model
than in the cancer one. Up to now, drug selectivity remains challenging. Since the cancer and normal
cells membranes exhibit differences, it is worth questioning if one can achieve selectivity on the basis
of these differences. In order to investigate lipids as new targets for drugs, we recently developed
collaboration with the team of P. Couvreur (Institut Galien, France). They use squalene, a natural
precursor of cholesterol, to functionalize drugs. Squalene interacts with a large variety of cells and, as a
lipid, has a strong lipophilicity. The so-called squalenoylation technology [78] is based on the
conjugation of squalenic acid with a variety of drugs. The resulting conjugated molecules spontaneously
self-assemble into nanoparticles, which deliver efficiently the drugs into the target cells. Currently,
anticancer (gemcitabine [79], doxorubicin [80]), antiviral (dideoxycytidine [78]) and neuroprotective
(adenosine [248]) drugs were used in this technology with great success.

In the frame of our collaboration, we started to analyze the permeation of squalene-gemcitabine

(SQGem) in both normal and cancer lipid model membranes.

By means of AAMD, we are actually computing the free energy profiles of gemcitabine, squalene and
SQGem in the normal and cancer model membranes. One should note that this project is ongoing and

that the results presented here are preliminary.

Figure VI1-2 shows a partial free energy profile for gemcitabine in the normal membrane. One can notice
the symmetry in this profile which indicates that gemcitabine is mainly not influenced by the type of the
headgroups of the asymmetric membrane. On top of that, it is clear that, with a potential barrier of 24
KT (for T=310K), the permeation process is not favorable at all. Indeed, cisplatin barrier is in the order

of 16 kT in the same conditions.
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Figure VII-2. PMF profile of the gemcitabine in the normal model membrane. Statistical errors are estimated by means of a
bootstrapping method as described in previous chapter and are plotted in the same color as the free energy profile in a lighter
tone. A representation of the membrane is drawn to give a better understanding of the profile. Three gemcitabine molecules are
also represented at the positions of three windows of computation.

Figure VII-3 depicts the free energy profile of the strongly lipophilic squalene through the normal
membrane. For squalene, as well as for SQGem, the computation of the PMF is not straightforward
given the size of the molecule. The computations were done, in this case for a subpart of the squalene
composed of 6 carbons and their hydrogen atoms from an extremity of the aliphatic chain. In order to
obtain a relevant free energy profile, the squalene (and later SQGem) was put inside the membrane. A
50 ns long equilibration simulation in the membrane was made with a pulling on the extremal part of
the squalene to keep it in the headroups area of the membrane. The pulling was applied by means of a
harmonic potential with a force constant of 1000 k] - mol™! - nm™2. Hereafter, the sampling was made
by US method, following the extraction of the squalene. To extract the squalene, the last frame from the
previous window was used as a starting point of the next window. The center of the biasing potential
was moved accordingly to the studied window and a pre-equilibration simulation of 20 ns was made.
The proper sampling was then obtained after another 20 ns of simulation. Windows are separated by 0.1
nm. The obtained profile seems thus to be shifted from the membrane, but represents the free energy
variations of the selected group of 6 atoms from the extremal part of squalene. The profile really shows
an estimate of the free energy of the whole squalene (or of the SQGem) since the influence of the
membrane on the other parts of the molecules will exert their influence on the motion of the only selected

atoms.
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At the time, another setup designed to compute the free energy profile of long and complex molecules
is under development in our group. It takes into account in a refined way the complex process of
permeation of long molecules as squalene or SQGem for which a unique reaction coordinate might not

be sufficient to describe accurately the complete diffusion process.
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Figure VI1-3. PMF profile of the squalene in the normal model membrane. Statistical errors are estimated by means of a
bootstrapping method as described in previous chapter and are plotted in the same color as the free energy profile in a lighter
tone. A representation of the membrane is drawn to give a better understanding of the profile. Three squalene molecules are
also represented at the positions of three windows of computation. One should note that the profile represents the free energy

variations of a subselection of the whole molecule.

Figure VI1-3 shows that squalene has a strong affinity to the membrane. A visible and large well of ~60
KT is present with its minimum when the squalene is totally inside the membrane. Another interesting

point is that no significant differences seem to exist in between the both leaflets.

The setup for the study of SQGem was the same as the one used for the squalene. The subpart of the
SQGem for which the PMF profile was computed is the gemcitabine. Figure V11-4 shows the PMF of
SQGem in the normal membrane. It is first clear that the ligand has a high affinity with the membrane.
Secondly, it is interesting to note that the transversal lipid asymmetry of the membrane seems to play
here a role since a difference in the depth of the well of 6-8 KT exists in the middle of the bicelle. It
could be hypothesized that this difference of interaction in between the two layers could act as a reservoir

for the SQGem in asymmetric membranes and have a certain impact on the kinetics of its uptake.
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Figure VI1-4. PMF profile of the squalene-gemcitabine in the normal model membrane. Statistical errors are estimated by
means of a bootstrapping method as described in previous chapter and are plotted in the same color as the free energy profile
in a lighter tone. A representation of the membrane is drawn to give a better understanding of the profile. Three squalene
molecules are also represented at the positions of three windows of computation. One should note that the profile represents

the free energy variations of a subselection of the whole molecule.

These first numerical analyses are being completed by a more thorough numerical analysis including
the computation of the free energy profiles of the both squalene and SQGem in the normal and cancer

membrane with a more refined setup.

Overall, the first results obtained in the frame of this project support the idea that PS/PE exposure could
be an efficient marker of cancer cells and that carrier such as squalene could efficiently create selective

drugs.
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ABSTRACT

Membranes in cells are usually considered to act as physical barriers that allow compartmentalization and specialization of the
intracellular medium. They are also highly dynamic assemblies, changing their shape, composition and properties on a variety
of spatial and temporal scales. This dynamical reshaping of membranes occurs during different cell processes such as motion,
division, differentiation and vesicle trafficking. Membranes must thus be sufficiently rigid and robust to maintain the integrity
of the cell compartments and flexible enough to allow continuous changes of their shapes. Many of their properties like
thermodynamic and mechanical properties have been elucidated on the basis of lipid self-organization arguments. However,
many open questions remain concerning the links between membranes composition and their permeability to drugs.
Determination of permeability of such membranes to drugs is indeed of great importance for toxicology reason, for addressing
cell resistance issues to chemodrugs, but also for finding new strategies for targeting cells, especially cancer ones. In this thesis,
we searched for chemical and physical features connected to membrane lipids that could help to differentiate cancer and normal
cells and though be potential markers for selective targeting. We investigated three “main ingredients” that may play an
important role on the membrane permeation to drugs, namely composition (lipids and cholesterol contents), curvature and
asymmetry between leaflets of the lipid membranes. Two realistic models of “cancer” and “normal” lipid matrix of the plasma
membranes were built to study the permeation of small molecules — especially cancer drugs. The modes of action and transport
of cisplatin — one of the main anticancer drugs — were reviewed. Cisplatin permeation was addressed to understand thoroughly
the interplay in between the membrane properties and the passive diffusion process.

Keywords: molecular dynamics, plasma membrane, anticancer drug, selectivity, lipid, permeation, passive diffusion

RESUME

Les membranes cellulaires sont généralement considérées comme des barriéres physiques permettant la compartimentation et
la spécialisation du milieu intracellulaire. Ce sont des systémes dynamiques, dont la forme, la composition et les propriétés
changent sur une large gamme des échelles de temps et d’espace. Ce remodelage des membranes a lieu au sein de différents
processus cellulaires comme leur déplacement, leur différenciation ou encore le transport de vésicules. Les membranes doivent
étre suffisamment robustes et rigides pour maintenir 1’intégrité de la cellule et dans le méme temps, suffisamment flexibles
pour permettre un continuel changement de forme. Plusieurs de leurs propriétés, telles que leurs propriétés thermodynamiques
ou mécaniques ont été étudiées et associées a 1’auto-organisation des lipides. Cependant, plusieurs questions restent ouvertes,
en particulier en ce qui concerne le lien entre la composition des membranes et leur perméabilité face a des médicaments. La
détermination de leur perméabilité est d’une grande importance pour des raisons toxicologiques, pour remédier a la
problématique de résistance aux médicaments de chimiothérapie exprimée par certaines lignées cancéreuses, mais aussi dans
le but de développer de nouvelles stratégies pour le ciblage cellulaire. Au cours de ce travail de thése, nous avons recherché les
propriétés chimiques et physiques connectées a la matrice lipidique des membranes plasmiques qui pourraient permettre de
différencier les cellules cancéreuses des cellules saines et qui pourraient ainsi devenir de potentiels marqueurs pour un ciblage
sélectif. Nous avons sélectionné trois principaux « ingrédients » qui sont susceptibles de jouer un rdle important sur la
perméation : la composition de la membrane (en lipides et en cholestérol), la courbure de la membrane et I’asymétrie entre les
monocouches de la membrane. Deux modeéles réalistes de la matrice lipidique de la membrane plasmique de cellules
cancéreuses et saines ont été construits pour étudier la perméation de petites molécules et particulicrement d’anticancéreux.
Les modes d’action et de transport du cisplatine — 1’'un des médicaments anticancéreux les plus utilisés a ce jour — ont été étudié.
Une analyse de la perméation du cisplatine a été menée pour comprendre la relation entre les différentes propriétés de la matrice

lipidique de la membrane plasmique et sa diffusion passive.

Mots-clés : dynamique moléculaire, simulations, membrane plasmique, anticancéreux, sélectivité, lipide, diffusion passive
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