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Résumeé de thése

La problématique d’antibiorésistance affecte grandement notre société a I’heure actuelle, et
les prédictions des instances internationales comme l’organisation mondiale de la santé
laissent présager des conséquences drastiques pour les sociétés, autant sur le plan sanitaire
que socio-économique. De sorte a endiguer ce phénomene, plusieurs directions sont
envisagées, dont le développement de thérapies innovantes. L’utilisation de molécules
ciblant la matrice lipidique des membranes bactériennes est une des pistes actuellement
explorées. Les bactéries a Gram négatif présentent un véritable challenge, du fait de la
présence de la membrane externe, dont le feuillet extérieur est principalement composé de
lipopolysaccharides (LPS), et qui constitue une barriére difficile a passer pour la plupart des
molécules. La famille des polymyxines, dont la colistine fait partie, sont des lipopeptides qui
ciblent ces LPS et induisent la disruption de la membrane externe. Les polymyxines sont
actuellement utilisées en dernier recours, d’une part du fait de leur importante toxicité, mais
aussi de sorte a endiguer I’apparition de souches résistantes. Cependant, ces derniéres
décennies, de plus en plus de souches résistantes aux polymyxines ont été identifiées a
’occasion des veilles sanitaires présentes au niveau national. Ainsi, il est d’une grande
importance d’étudier les mécanismes d’action des polymyxines au niveau des LPS de sorte a
proposer des stratégies permettant d’outrepasser les mécanismes de résistance observés.
Dans le méme temps, plusieurs peptides antimicrobiens ont montré expérimentalement leur
potentiel a induire une disruption partielle ou totale de la membrane externe sans pour autant
qu’un mécanisme d’action au niveau de la matrice lipidique de la membrane externe ne soit
détaillé. Une bonne compréhension du mécanisme des polymyxines pourrait permettre
d’identifier un mécanisme commun a ces peptides. Dans un second temps, le lien entre
expérimentation et simulation est d’une importance capitale. Une grande partie des
expériences d’interaction médicament-membrane utilise des systémes lipidiques déposés. 11
est important de mieux comprendre les interactions membrane-surface, de sorte a pouvoir
établir un lien plus direct entre simulation et expérience et afin de prédire quels couples

membrane-substrat permettent d’obtenir a la fois un systéme déposé stable qui permette
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d’accéder a une grande définition et dans le méme temps de conserver les propriétés

biologiques des systémes déposés.

L Les propriétés de membranes déposées répondent de maniére continues a

Phydrophilicité du substrat

Afin de mieux comprendre I’influence de 1’hydrophilicité d’un substrat sur la structure d’un
systeme lipidique déposé, en particulier une bicouche lipidique supportée, nous avons
sélectionné plusieurs substrats dont le degré d’hydrophilicité varie sur une large plage. En
particulier, nous avons sélectionné une surface de graphene (GR), un groupe de surface
d’oxyde de graphene (GO) pour lesquelles nous faisions varier le degré d’oxydation de la
surface, et une surface de silice. Ce choix a aussi été guidé de sorte a sélectionner des
substrats fréquemment utilisés pour des applications biotechnologiques. Ce travail a fait

I’objet d’une publication [1].

Nous avons montré que ces différents substrats modifient drastiquement les propriétés de la
bicouche supportée. En premier lieu, nous pouvons relier ces modifications structurelles a la
distance substrat-membrane. Le tableau 1 recense les distances obtenues entre substrat et
membrane. Il est a noter que deux modéles de membranes ont été modélisés. D’une part une
membrane semi-périodique, ci-aprés dénommée bicelle et, d’autre part, une membrane
infiniment périodique selon les axes X et Y. Par convention, ’axe Z est assimilé a la

normale des modéles de membranes.

Les distances substrat-membrane sont de 1’ordre de 4 3 6 A ce qui pourrait correspondre a
un état de contact proche comme caractérisé par Vishnyakov et al. [2], ce qui peut étre
corroboré par la mesure de 1’épaisseur de la couche d’eau intersticielle qui ne dépasse pas

les4 A.

Table 1: Distance entre le centre de géométrie du substrat et celui des phosphates du feuillet lipidique le plus
proche de la surface.

Systéme Surface (degré d’oxydation, Distance (A) Erreur (A)
ratio epoxy:hydroxy)
S2 (bicelle) GO (5%; 1:1), humide 5.4 0.4
54 (bicelle) GO (17%; 1:1), humide 4.2 0.1
S5 (bicouche) GO (17%; 1:1), humide 5 0.2

89 (bicelle) Silice, humide 5.8 0.4




COMPUTATIONAL STUDY OF SUPPORTED OR BACTERIAL LIPID MEMBRANES

L’équilibration des membranes dans un état de contact proche induit un effet direct sur
I’épaisseur des modeles membranaires. Ainsi, 1’épaisseur relative a une bicouche simulée en
1’absence de substrat est de 93 % dans le cas de la silice, de 84 % dans le cas de I’oxyde de
graphéne avec un degré d’oxydation de 17 %, et de 72 % pour un degré d’oxydation de 5 %.
Regan et al. [3] ont montré que I’épaisseur d’une bicouche de DOPC déposée sur une lame
de verre traitée de différentes manieres est réduite par rapport a 1’épaisseur d’une couche
n’interagissant pas directement avec le substrat. Les épaisseurs relatives variaient alors entre

89 to 92.7%.

La conséquence directe de cette observation est que le nombre de molécules d’eau a
I’interface augmente au fur et a mesure que I’hydrophilicité de la surface augmente. Dans le
cas des systemes de pur graphéne et de GO, I’hydrophilicité peut étre caractérisée par la
variation du degré d’oxydation (OL) de la surface. Nous observons qu’aucune molécule
d’eau n’est présente a |’interface dans le cas de la monocouche déposée sur la surface de
grapheéne (S1), seules 2.5 molécules d’eau par lipide sont présentes pour la bicelle avec 5 %
OL (S2), 13 molécules d’eau par lipide pour GO 17 % OL (S4), et 14 molécules d’eau par

lipide dans le cas de la silice.

En outre, les interactions substrat-membrane influence la bicouche lipidique de maniére
asymétrique. L’étude de la distribution des orientations du vecteur P-N relativement a la
normale de la membrane, respectivement pour chaque feuillet membranaire, montre des
comportements notablement différents (Figure 1). La distribution du feuillet supérieur est
large et est une signature de la mobilité des tétes lipidiques. Au contraire, dans le cas du
feuillet inférieur, a I’exception des systémes déposés sur la silice, la distribution est centrée
autour de 90° montrant I’influence majeure du substrat sur cette monocouche. Dans le cas de
la silice, il est notable que les groupes cholines sont majoritairement plus proches de la

surface que les groupes phosphates.
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Figure 1: Distribution des angles P-N par rapport a la normale a la membrane pour chaque monocouche lipidique pour les
bicelles déposées.

La Figure 2 résume bien les conclusions de 1’étude, en montrant des images issues des
simulations des couches d’atomes de la membrane a proximité direct avec le substrat, et ce
pour différents substrats d’hydrophilicité croissante. Il est clair que la transition entre une
structure prenant la forme d’une monocouche auto-assemblée (SAM) et celle d’une
bicouche lipidique supportée (SBL) est continue pour des systémes dans un état de contact
proche. En effet, une proportion graduellement plus importante de chaines aliphatiques se

retrouve en contact direct avec le substrat plus le substrat choisi est hydrophobique.
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Figure 2: A. Représentation schématique du sous-groupe d’atomes sélectionné qui sont représentés en B (ci-dessous). B.
montre des images provenant des simulations, dans le plan XY pour différents systémes simulés avec la bicelle déposée.
Les images montrent une vue en coupe de la bicelle sélectionnant les atomes & une distance inférieure & 6 A du substrat.

IL. Prédiction de I’énergie libre de déposition d’une membrane lipidique supportée

De sorte a vérifier et quantifier les observations mentionées dans la section précédente [1] et
celles publiées par Vishnyakov et co-auteurs [2], nous avons cherché a établir un protocol
pour la mesure du profil d’énergie libre de dép6t d’une membrane lipidique sur une surface.
Il ne semble pas y avoir de travaux proposant une telle approche quantitative a 1’heure
actuelle, et celle-ci permettrait de 1. vérifier si les états de contact proche et lointain décrit
dans la littérature existent, 2. comprendre comment ces états dépendent de 1’énergie de
surface et dans quelle mesure la composition lipidique de la membrane influe ce profil
d’énergie libre, 3. prédire et caractériser I’influence d’un substrat sur un systéme lipidique,
ce qui permettrait de guider le choix du substrat de sorte a conserver les fonctions

biologiques de la membrane étudiée.

De sorte a étudier les interactions membrane-substrat, deux propriétés sont a noter. Tout
d’abord, I’aire par lipide peut varier, en particulier pour des faibles distances entre
membrane et substrat [1], [4]. Ensuite, I’eau a I’interface doit pouvoir étre redistribuée vers
le reste du solvant par un design approprié du systéeme. En effet, il est évident qu’une
relaxation de la quantité d’eau a I’interface lors du processus d’adsorption ne peut étre
modélisé par perméation passive au travers de la membrane, car ce processus est

extrémement défavorable du fait des chaines d’acide gras présentes au sein de la membrane.
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B. E.

Figure 3: Représentation schématique de différents designs considérés pour étudier le phénoméne de dépdt d'un systéme
lipidique sur un substrat. A. membrane périodique sur une surface périodique en l'absence de pore au niveau de la
membrane et du substrat, B. membrane semi-périodique (bicelle) sur une surface périodique en l'absence de pore au niveau
de la membrane et du substrat, C. membrane périodique sur une surface semi-périodique en l'absence de pore au niveau de
la membrane et du substrat, D. membrane périodique sur une surface périodique en présence d’un pore au niveau du
substrat uniquement, E. membrane périodique sur une surface périodique en présence d’un pore au niveau de la membrane
uniquement.

Plusieurs stratégies permettent de répondre a certaines de ces contraintes lors du design du

systéme :

1.

le dépot d’une bicouche périodique (Figure 3 A.) sur une surface périodique
constitue le systeme supposément le plus simple a créer dans |’optique de
simulations par dynamique moléculaire. Cependant, ce systtme ne permet pas a
I’eau présente a l’interface de se redistribuer librement au cours du processus
d’équilibration. Qui plus est, ’utilisation d’une surface périodique implique que

I’aire par lipide de la membrane est fixe tout au long de la simulation.

le dépét d’une bicelle (Figure 3 B.), c’est-a-dire d’une bicouche lipidique semi-
périodique sur une surface périodique, permet a la fois a la membrane d’adapter son
aire par lipide, mais aussi a I’eau a I’interface d’étre redistribuée rapidement au cours
du processus d’adsorption. C’est 1’approche principale utilisée lors de 1’étude
présentée a la section précédente. Cependant, plusieurs désavantages sont présent.
Tout d’abord, le design n’optimise pas la taille du systéme. En effet, les coiffes
lipidiques qui forme le bord de la membrane le long de sa dimension non-périodique

interagissent potentiellement différemment de la zone éloignée de ces coiffes. Ainsi,
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pour obtenir des analyzes aussi peu biaisées que possible par ces conditions aux
bords spéficiques, la taille de la membrane est conséquente le long de la dimension
non-périodique, entrainant un cofit de calcul plus important. La conséquence
indirecte de la géométrie de ce systeme est qu’il est davantage susceptible d’adopter
des rayons de courbure faibles. Ainsi, le processus d’adsorption complet risque de ne
pas étre synchrone entre toutes les parties de la membrane. En plus d’impliquer des
analyzes plus complexes du fait des courbures locales, ce comportement peut créer

des poches d’eau qui ont du mal a se dissiper naturellement.

le dép6t d’une bicouche périodique sur une surface semi-périodique (Figure 3 C.) est
une alternative a priori avantageuse a la solution précédente. En effet, si le systeme
est couplée en pression de maniére anisotropique, la taille de la boite de simulation
peut varier le long de la coordonnée selon laquelle le substrat est de dimension finie.
Qui plus est, les conditions aux bords étant localisées dans le cas d’un substrat
(contrairement a celui d’une bicelle), la taille du systéme reste contenue, ce qui
n’affecte pas le temps de calcul. En outre, cette semi-periodicité joue le méme role
que dans le cas de la bicelle et permet a I’eau intersticielle d’étre efficacement
redistribuée. Cependant, de sorte a ne pas perturber la membrane et influer sur le
processus d’adsorption, la taille de 1’interstice (distance entre les bords du substrats)
doit étre contenu. Les multiples essais réalisés montrent que les interactions entre les
bords du substrats sont extrémement défavorables et ne permettent pas une
equilibration du systéme. Ainsi, ce design ne pourrait étre utilisée qu’en modifiant
drastiquement la topologie du substrat de sorte a annuler les selfs interactions entre
les bords de la surface. Cette opération étant complexe et difficile a justifier, il est

préférable d’opter pour une solution alternative.

le dép6t d’une bicouche périodique sur une surface périodique présentant un pore
(Figure 3 D.) est une alternative que nous avons considéré. Il existe peu de designs
qui permettraient a la membrane de pouvoir ajuster son aire par lipide au cour du
processus de dépot. Soit la membrane est de taille inférieure a celle du substrat, au
moins selon une dimension (cas 2), soit le substrat est de taille inférieure a la
membrane, au moins selon une dimension (cas 3). Comme 1’implémentation de ces

designs ne permettait pas d’obtenir un systéme fonctionnel, au moment ou ce travail
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a été meng, il a été décidé de se focaliser sur un design permettant de faciliter la
redistribution de 1’eau interfacielle lors du processus d’adsorption. Une
implémentation de ce design a été proposée par Roark et al. [5]. De sorte a conserver
des interactions aussi réalistes que possible entre membrane et substrat, nous avons
décidé de ne pas appliquer de contraintes sur les atomes du substrat et de conserver
les interactions intra-moléculaires. La création d’un pore physique est par
conséquent un challenge important car cela implique d’obtenir une surface réaliste
pour une portion de silica courbe. Pour éviter cette complexité, nous avons décidé de
créer un pore virtuel ou les interactions substrat-eau sont annulées.
Malheureusement, s’il est bien possible d’annuler les interactions de type van der
Waals pour une partie d’une molécule dans les différentes versions de Gromacs [6]
alors utilisées, il n’est pas possible de faire cela pour les interactions électrostatiques.

Ces interactions encore présentes ne permettent pas d’obtenir un systéme stable.

5. le dépot d’une bicouche périodique présentant un pore sur une surface périodique
(Figure 3 E.) a enfin été considéré. Bien que cette stratégie ne soit pas parfaite, elle a
déja été utilisée avec succes lors de plusieurs travaux [2], [7]-[9] et permet d’avoir
un premier point de vue sur le processus de dépot de systeme lipidique. De maniere
analogue au systéme précédent (4), ce design ne permet pas a la membrane d’adapter
son aire par lipide, mais favorise bien la redistribution des molécules d’eau
interfacielles. Comme 1’implémentation de la variable collective utilisée pour le
calcul du profil d’énergie libre de dépot de la membrane utilise le plug-in Plumed
[10], nous avons implémenté le potentiel appliqué sur la membrane pour stabiliser un
pore avec ce méme plug-in. Nous avons systématiquement testé plusieurs
parametres, en particulier plusieurs diametre, de sorte a obtenir un pore aussi petit
que possible de sorte a biaiser aussi peu que possible les interactions membrane-
substrat tout en favorisant autant que possible un flux important de molécules d’eau

pour permettre une relaxation rapide du systéme lors du processus de dépot.

De sorte a calculer le profil d’énergie libre de dép6t d’une membrane sur un substrat, il nous
faut définir une variable collective (CV) appropriée. La premiére hypothése que nous avons
formulé est basée sur les conclusions de I’étude précédente. En effet, le dépot d’une

membrane est intrinsequement lié au nombre de molécules d’eau par lipide (en ne comptant
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que les lipides du feuillet inférieur de la bicouche lipidique) présentes a I’interface substrat
membrane. Pour implémenter ce type de CV complexe, Plumed [10] est le plug-in le plus
complet a notre connaissance. Il se trouve que I’implémentation de ce CV ne semble pas
possible au moment ou nous avons réalisé cette étude, en utilisant ce plug-in. Ce CV est
intrinséquement relié a la distance entre la membrane et le substrat, aussi, nous avons décidé
d’établir une mesure de cette distance comme une alternative au CV précédent. Bien que
cette option ne soit potentiellement pas optimale, elle permet de créer un CV relativement
simple pour décrire ce processus complexe. En effet, la distance membrane-substrat sera
sans doute affectée différemment dans le cas ou le nombre de molécules d’eau par lipide est
faible, car les molécules restantes seront principalement celles participant a la solvatation
des tétes lipidiques ou interagissant directement avec les groupes a la surface du substrat. La
Figure 4 est une représentation schémtique du choix réalisé pour I’implémentation du CV.
Si la distance mesurée est directement celle entre la monocouche inférieure et le substrat, la
procédure de steered molecular dynamics (SMD) aura rapidement tendance a étirer la
membrane, qui risque de se retrouver drastiquement hors équilibre. Le choix a donc été fait
de définir le CV comme la mesure de la plus grande distance entre les phosphores du feuillet
supérieur de la membrane et la surface du substrat. Il est clair que ce CV risque d’induire un
hystéresis dans le cas du calcul d’un profil inverse (procédure de SMD depuis une
membrane déposée vers une membrane libre flottante). Néanmoins, cela sera principalement
dii au fait que la procédure inverse induit une élongation de la membrane. Ainsi, le profil de
dépot devrait étre une bonne approximation du profil d’énergie libre réel et devrait

permettre, en tout cas, d’identifier la présence de minima locaux.
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Figure 4: Représentation schématique du CV choisi. Le choix a été fait d’étudier le processus de dép6t de la membrane. La
distance représentée par la double fléche orange pourrait induire une élongation de la membrane plagant le systéme hors
équilibre. Le choix a donc été fait d’utiliser la mesure représentée en violet de sorte a limiter cet effet lors de la procédure de
SMD.

Afin de vérifier la faisabilité du calcul d’énergie libre, nous avons cherché a caractériser le
temps caractéristique de relaxation du systéme vers 1’équilibre. Nous avons caractérisé cet
équilibre par une variation nulle du nombre de molécules d’eau présentes a I’interface. La
Figure 5 montre 1’évolution de ce nombre de molécules a ’interface dans le temps suite a
une procédure de SMD. Il est clair que le processus suit globalement exponentielle
décroissante, ce qui nous permet de caractériser le temps caractéristique permettant
d’atteindre un équilibre. Nous avons ainsi pu déterminer que le systéme devrait étre a
I’équilibre pour des simulations de 1’ordre de 200-400 ns par fenétre d’umbrella sampling
(US). Cependant, malgré des temps de simulations de cet ordre de grandeur, le profil

d’énergie libre ne semble pas converger comme le montre la Figure 8.

Malgré les différentes difficultés rencontrées lors de cette études, plusieurs fortes
conclusions sont a souligner. Tout d’abord, il est possible de simplifier davantage le design
du systéme en ne prenant pas en compte les interactions liées du substrat. Cette étape, que
nous menons actuellement, nous permet d’implémenter une version du systéeme (4) ou le
susbtrat est restraint. Cela nous permet d’obtenir, pour des raisons techniques liées a
I’utilisation de Gromacs, des performances bien supérieures (x20), qui rendent 1’obtention
d’un profil d’énergie libre de dép6t accessible en dynamique moléculaire. Ensuite, il semble
clair que I’utilisation d’un pore au niveau de la membrane est risqué du point de vue des
simulations, entrainant la membrane dans un état trés éloigné de 1’équilibre et rendant la

convergence du profil d’énergie libre compromise.
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Figure 5: Evolution of the number of trapped water molecules at the interface between the membrane and the substrate with
the simulation time for two positions of the center of the biasing potential following a SMD procedure
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Figure 6: Etude de la convergence du profil d’énergie libre sur les 150 derniéres nanosecondes de simulation par fenétre de
simulation pour une procédure d’US. La figure montre clairement qu’aucune convergence n’a été atteinte. Des calculs

supplémentaires pour une petites portion du profil correspondant a une vingtaine de fenétres a été réalisée pour des temps de
simulation par fenétre de 350 ns. Ces calculs ne montrent pas de convergence du profil d’énergie libre.
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II1. Mécanismes d’action d’antibiotique au niveau de la membrane externe de

bactéries a Gram négatif

La membrane externe (OM) de bactéries a Gram négatif est connue pour son imperméabilité
et sa rigidité en comparaison de celle de la membrane interne [11]-{13]. Il a été prouvé que
la présence de cations divalents, calcium et magnésium, est essentielle pour le maintien de la
stabilité de la membrane externe [14], [15]. Ces ions sont principalement localisés a
proximité des groupes phosphates des LPS et sont connus pour former un pont entre les
LPS, ce qui est un élément majeur stabilisant les LPS entre eux ; en su des multiples liaisons
hydrogénes présentes entre les lipides [16]-[19]. Par conséquent, 1'OM est particuliérement
sensible a la concentration en ions divalents. Une plus faible concentration aurait tendance a
accroitre sa fluidité, ce qui pourrait ainsi permettre d’accroitre sa perméabilité a diverses
molécules d’intérét biologique, en particulier a des antibiotiques. Inversement, une plus
grande concentration en ions divalents peut avoir pour effet de « geler » la membrane, ce qui
peut avoir pour conséquence de perturber localement la membrane. Expérimentalement, il a
été montré qu’une fois dans cet état, ’OM était susceptible de permettre a de larges

protéines ou a de I’ADN de perméer [11].

Différentes molécules, dont l'acide éthyléenediaminetétraacétique (EDTA) et les peptides
antimicrobiens cationiques (AMP) ou antibiotiques peptidiques, perméabiliseraient I’OM en
agissant sur ces ions divalents [20]. En particulier, deux polymyxines, les polymyxines B et
E (colistine), qui sont des lipopeptides, sont actuellement utilisées comme antibiotiques de
dernier recours contre les bactéries a Gram négatif. Leur mode d’action est encore sujet a
discussion [21], [22], cependant leur efficacité est semble étre liée a leurs interactions avec
les ions divalents présents dans les régions core et lipide A des LPS. Il a été émis
I'hypothése que les polymyxines peuvent affaiblir les interactions LPS-LPS en supprimant le
pont formé par les cations divalents conduisant soit a la perturbation de I'OM (compléte ou
partielle), soit a sa perméabilisation [15]. Il a été démontré que la présence de polymyxine
B1 (PMB1) augmentait la teneur en eau dans la région des sucres de 1'OM, ce qui pourrait
étre une conséquence de la diminution des interactions LPS-LPS [15]. Jiang et al. [23] ont
montré que la présence de PMBI1 affecte la densité des ions dans le noyau interne et externe

du LPS.
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Si le mode d’action de la colistine a été largement étudiée, et que de nombreuses études in
silico ont été menées [24], il n'existe, a notre connaissance, aucune observation quantitative
de ses effets avec des ions divalents a une résolution moléculaire. Dans cette partie, nous
proposons d'abord une nouvelle variable collective qui n'affecte que les ions divalents au
voisinage d'un peptide adsorbé, afin de quantifier la facilitation de leur déplacement
provoquée par ce peptide. Pour cela, nous calculons le profil d’énergie libre permettant de
créer un défaut local d’ions divalents, et ce pour deux systémes : 1'un contenant de la

colistine et l'autre en 1'absence de colistine.

Pour ce faire, nous utilisons un modele gros grain des LPS (RAMP) implémenté pour le
champ de force Martini [25] qui se base sur un LPS muté présentant le noyau entier (i.e. les
parties interne et externe du noyau) mais pas d'antigénes O. Ce modele est beaucoup plus
réaliste que l'utilisation d'un modéle dit « deep rough » du LPS (le modele REMP par
exemple) ou de I’usage du seul lipide A, car il est connu que de telles mutations du LPS in
vitro ont des conséquences drastiques sur la perméabilité membranaire [11]. De plus la
membrane modele que nous utilisons est celle d'une bicouche asymétrique ou le feuillet
interne est composé de POPE, et non d'une membrane LPS symétrique qui ne correspondrait
pas non plus a la réalité. Cette premiere partie permet de quantifier la teneur en ions
divalents au voisinage de la colistine, ce qui serait difficile sans des méthodes
d'échantillonnage améliorées, du fait de la rigidité de la membrane et de la présence de
nombreux groupements chargés qui conduisent in fine a la présence de nombreux potentiels

états métastables.

Nous avons proposé une variable collective permettant de suivre la création d’une
inhomogénéité locale de la distribution en ions divalent au sein de la membrane. Cette
variable collective défini un cylindre transversal a la membrane et centré dans la boite de
simulation. La variable collective est définie comme le nombre d’ions divalents (calcium)
présent dans ce cylindre. Les profils d’énergie libre calculés a partir de cette observable
(Figure 7) montrent d’une part que la présence que de colistine adsorbée sur les modeles

gros grains a tendance a limiter la propension a ces ions de créer une inhomogénéité.
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Figure 7: Résultats des calculs d’énergie libre montrant en A. I’incertitude sur I’énergie libre, en B.
les profils d’énergie libre pour différentes concentration en colistine, et en C. la différence d’énergie
libre entre les profils liés aux systémes contenant de la colistine et celui lié au systéme sans peptide.

En outre, I’analyse des simulations réalisée en utilisant le champs de force Martini montrent
que la création d’une inhomogénéité contribue a changer drastiquement les propriétés
membranaires. En particulier, ce qui semble étre une transition de phase a été observé. En

outre, la présence de colistine a tendance a amplifier cette observation.

Finalement, nous avons aussi modélisé la membrane externe en utilisant un champs de force
tout atome, CHARMMB36. Nous avons ainsi étudié deux aspects conjointement. Le premier
est I’influence de deux paramétrisations des groupes phosphates correspondant a deux états
de protonation. Suite a cette analyse, il semble que le champ de force Martini reproduise des
résultats proches de ceux associés a une charge nette de -2 pour les groupements phosphates,
qui a été critiquée du fait qu’elle correspondrait a un état de protonation dans un milieu plus
acide que les milieux naturellement rencontrés par les bactéries. Cependant, le débat au sujet
de I’état de protonation des groupes phosphates des LPS n’est pas encore clot, aussi il

convient de prendre des précautions sur les conclusions a donner. Enfin, la seconde partie de
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cette étude second aspect concerne la modélisation de deux modéles liés a des mutations

associés a des mécanismes de résistance, en particulier aux polymyxines.
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Introduction

Lipid membranes play a fundamental role in life of all alive organisms: it protects cell
content, helps maintaining homeostasis of the cell, and its semipermeability is used for
addressing drugs intracellularly and to study communication between the cells. That is why
lipid membranes are involved in such a wide variety of research areas, continuously through
the past century. Not only membranes drastically vary in lipid content, but biological
membranes are also complex in their shapes and dynamics. The three taxonomic domains —
namely the Archaea, the Bacteria, and the Eucarya — have distinctive biological membrane

structures and compositions.

Since the emergence of antibiotic resistance through many species of bacteria, the need of
developing new types of antibiotics arose. As the structure of cell membranes are highly
conservative, it can be advantageously used as a target for new therapeutics. However, the
striking differences between the cell envelopes of Gram positive and Gram negative bacteria
leads to the development of specialized drugs. Indeed, the thick layer of peptidoglycans
above the cell membrane in Gram positive bacteria and the stiff outer membrane exposing a
leaflet of lipopolysaccharides in Gram negative bacteria are two different challenges to face.
In this work we are focusing on Gram negative bacteria, as they present a real challenge for

modern antibiotics due to their outer membrane (OM).

To study the interactions between membranes and any molecules of biological interest
experimentally, it is customary to use model membranes, which allow to exert more controls
on the range of observables affecting the measures. Model membranes allow to control such
lipid structure and composition, lipid phase state, membrane curvature, presence or absence
of proteins, and the exposition to any drug or environment. To make model membranes
more stable and less mobile, which is necessary for experiments such as atomic force
microscopy (AFM), X-ray reflectometry or neutron scattering, there is a need for
immobilization of the lipid structures, leading to a wide category of model membranes —

namely supported lipid membranes (SLBs) and self-assembled monolayers (SAMs).
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While using SLBs, it is important to take into consideration the type of substrate for the
deposition which is known to have influence on various membrane properties, including the
lateral diffusion, rate of flip-flopping, the thickness of the bilayer, the symmetry/asymmetry
between monolayers, etc. It is crucial, while using such methods, to ensure that the SLB or
SAM preserves the biological functions of the real biological membrane — especially if this
membrane is interacting with other components such as proteins or drugs. Hence, there is a
need to obtain a better understanding, at the molecular level, of the interactions between
substrates and membranes, in order to predict which system would be optimal for
measurements, i.e. which pair substrate-membrane would lead at the same time to a stable
membrane and to a minimum effect on its functions. Through this work, we made use of
molecular dynamics (MD) simulations, both at the all-atom (AA) and coarse-grained (CG)

level, to address such questions.

SLBs are used to study a wide range of properties, including membrane structural, physical
and chemical properties, interactions with proteins, or translocation or pore formation of
potential drugs through the membrane. In this work we address the influence of substrate
hydrophilicity / hydrophobicity on the bilayer structural properties, such as its general shape
and thickness, and the collective effects on the lipids. We address the electrostatic origin of
these interactions between the substrate and the SLB. One element which greatly contributes
in the preservation of the SLBs biological functions is the presence of interfacial water
between the substrate and the lower leaflet of the deposited structure. We made an extensive
literature analysis and subsequently studied the influence of the interfacial water thickness
on membrane properties. In order to address a wide variety of substrates, we made the use of
the variety of oxidation levels on graphene oxide (GO) substrates. By tuning the oxidation
level of the GO we were able to tune the hydrophilicity of the substrate. To compare our
results with the many experimental results, we also included silica in the set of studied
substrates. In our study we used a simplified bilayer model, containing DOPC lipids only.
Such bilayer with all its simplicity allows to focus on structural properties only without
taking into consideration all complexities of membrane asymmetry. However, as a first
model, we wanted to use a simple zwitterionic phospholipid as the inner leaflet of bacterial
membranes is mainly composed of such lipids. In the perspective, it is really important to
model correctly an envelope of Gram negative bacteria with both outer and inner membrane

(IM) to study their interactions with potential antimicrobials in their deposited state.
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At the date of the work, there was no consensus on the thickness of the interfacial water
layer. This layer is of major importance as it contributes to the screening of the substrate
interactions. It is thus one of the process which controls the balance between the stability of
the membrane, and its structural integrity. The literature shows two contrasting
measurements which we will refer to as close-contact and far-contact states in this work. To
address the question about the existence of the both states and on the properties which drive
a SLB to stabilize preferentially in one or another, we studied free energy of the deposition
of lipid membrane. To do so, we implemented unique methodologies both at the all-atom

and coarse-grained scales.

It is widely accepted that with a correct choice for both the deposition method and the
substrate type, the lipid membrane properties — especially for the outer monolayer — are
close to free floating lipid membranes. To simplify the MD set-up, we used simple solvated
bilayers as models for studying OM-drug interactions. In the present time, the only class on
antibiotics available on the market, which targets particularly the OM of Gram negative
bacteria are polymyxins. These cyclic lipopeptides are widely used nowadays as last resort
antibiotics due to their high toxicity and to avoid growth of resistance rate. At the same

time, their precise pathway is still actively studied as many factors are still unknown.

As both IM and OM - and especially their lipid content — can be a target of choice for
innovative antibiotics including for instance antimicrobial peptides (AMPs), we want to
study the interactions of some polymyxins with the OM to understand if some mechanisms
are transposable to other drugs. Indeed, as we mentioned above, crossing the OM is one of
the main challenges for drugs targeting Gram negative bacteria. Hence, designing AMPs
which lower the permeability barrier of the OM of such bacteria could greatly contribute to
their efficiency. One of the most accepted mechanisms of polymyxins is to interacts with
divalent ions in the core and lipid A regions of the LPS of the OM. In this work we studied
influence of colistin (polymyxin E) on calcium ions displacement. One of the high concern
in the present days is the raise of observed resistant strains to last-resort antibiotics.
Polymyxins are no exception to this raise and several mutations of the LPS are attributed to
the resistance mechanisms. We modeled two membranes which are associated with

decreased polymyxins sensitivity. To underline the importance of calcium ions and their
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parametrization, we studied this topic with means of both AA and CG MD, since they use

different phosphates (binding place of calcium ions in LPS) charges assignments.

Sections Lipid membranes, Supported lipid structures, Antibacterial drugs, Molecular
dynamics form the first part of this manuscript. They draw the link between the biological
systems and the models that are used in the present work, and detail the numerical methods
which are applied to simulate these systems. The second part of this manuscript details the
results of the work. Section Influence of substrate hydrophilicity on structural properties of
deposited lipid structures details the work related to the reshaping and changes of properties
of SAMs and SLB depending on the type of substrate and its associated surface energy.
Section Free energy of deposition of lipid membranes on solid substrates introduces new
methodologies to compute the free energy of adsorption of SLBs. Section Antimicrobial
drugs facing the outer membrane of Gram negative bacteria addresses the pathway of
colistin in the OM of Gram negative bacteria and draws directions to transfer these
mechanisms to AMPs. Finally, section Conclusions and Perspective gives general
conclusions on the present work and opens towards the development of AMPs capable to
interact with both the OM and the IM of Gram negative bacteria so that, on the one hand,
the availability of those peptides will be high on the IM, and, on the second hand, that they

would efficiently rupture the IM, e.g. by means of pore formation.
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Lipid membranes

The major cornerstone in the understanding of lipid membrane structures comes from the
fluid mosaic model, which was proposed by Singer and Nicolson [26] in 1972. However,
with all the importance of this model, this was not the first study of the structure of cell
membranes through the centuries. For example, osmotic studies on the red blood cells
(RBC) by William Hewson in 1773 with help of microscopy were able to show osmotic
swelling and hemolysis in presence of an excess of water in the environment around the
erythrocytes [27]. These experiments with water, serum and saline solutions implied that
RBC are permeable not only to water, but also to the hemoglobin molecules, which defined
them as vesicles with liquid content, where cell membrane had different structure from the
intracellular content. However, membranes were falsely attributed the property of defining
the cell shape [27]. Almost 70 years later C.H. Schultz was able to visualize the plasma
membrane with iodine and was able to estimate its thickness — about 220A [28]. This
brought Charles Ernest Overtone to his major work on membranes permeability in 1899, as,
until that time, cell membranes were considered permeable only to water molecules’ [28].
He introduced what is now known as the Overton biomembrane model which introduced the
hypothese that cell membranes are made of lipids. He stated that the lipid from cell
membranes could be similar to phospholipids or esters. It is interesting to mention that the
leading theory of membrane content at the time was protein-based, due to the suggestions
that cell membrane and vacuolar membranes could fuse thanks to their common properties
(Pfeffer 1891) and due to the study of Ramsden in 1904 where he demonstrated spontaneous
formation of solid films on the air-protein solution interface [29]. The direct proof that
biological membranes are made primarily out of lipids came in 1925, when the study by E.
Gorter and F. Grendel was published [30]. In their work, they extracted the lipid content
from a sample with a known number of RBC. They spread the lipids as a monolayer using a

monolayer trough to measure the total surface area of that lipid content. Taking into account

' Those conclusions came from the experiments lead by Nageli and Cramer which showed that anthocyan did not

diffuse through plant cells and from the work by de Vries which did not show the permeation of the sucrose of beet
roots though cell membranes [29]
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the disc shape of RBCs, and knowing the number of cells in the initial sample, they found
that each cell was made of 2 lipid monolayers. Hence, they proposed the first model of the

lipid matrix of cell membranes under the form of a lipid bilayer.

The Danielli-Davson model (1935) [31] introduced the presence of proteins adsorbed on the
lipid bilayers, hence answering some of the concerns regarding the biological functions of a
membrane made out only of lipids. However, at the moment of this work, only globular

proteins were known, so in this model proteins are only attached to the lipid surface.

In the light of those improvement, it is easier to get why the fluid mosaic model changed so
much. Singer and Nicolson proposed with this model that proteins were incorporated into
membranes inhomogeneously, and more importantly, that the membrane was considered

changing, fluid and dynamic, with free lateral diffusion of lipids and proteins.

The emergence of the concept of lipid domains in 1982 [32] drove to focus on lipid-lipid
interactions, leading to the discovery of the affinity of sphingomyelin (SM) for cholesterol.
These discoveries were later driving to the hypothesis of the so-called lipid rafts which was
made by Simons in 1997 [33]. Lipid rafts are hypothetical SM-rich and cholesterol-rich

microdomains which flow in lipid matrix [34].

The present work focuses on the interactions between models of the lipid matrix of
biological membranes of bacteria with antimicrobial peptides. To give a better insight in the
properties of such membranes, we describe briefly their general constituents — the lipids, in
a first section of the present chapter, and, in a second section, we expose the current

knowledge of the composition of bacterial membranes.

IV. General properties

Despite having no covalent bonds holding lipids together, membrane form very stable
structures, thanks to the amphiphilic properties of the lipids. Hence, bilayers form
spontaneously in aqueous environment thanks to the hydrophobicity of the hydrocarbons of
lipid tails. This hydrophobicity comes from the fact that no hydrogen bonds can be formed
between water and lipid tails. In the meantime, the lipid head groups interact favorably with
water thanks to their polar nature as well as with one another — which increases membrane
stability. In addition to the hydrophobic effect, lipid tails avoid the water cage which

restricts their motion to increase their entropy. The van der Waals interactions — which is a
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result of induced dipoles that form between very close molecular surfaces as in the case of
densely packed acyl chains — also plays a preponderant role in maintaining the lipid bilayer
structure [28]. Figure 8 shows a schematic representation of some of the main contributing
interactions which result in the spontaneous formation of stable lipid structures in an

aqueous environment.

A. Hydrophobic effect B. Caged tails
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Figure 8: Schematic representation of some of the main contributions of the interactions in between lipids and between lipids
and water which are at the origin of the spontaneous formation of stable lipid structures such as lipid membranes, micelles, or
vesicles.

Lipids can be classified in several ways depending on their chemical structures, as an
example Fahy et al. [35] defines eight major categories which each have numerous

subclasses®:
1. Fatty acids
2. Glycerophospholipids
3. Glycerolipids
4. Sphingolipids

5. Sterol lipids

&

Phenol lipids

*  For instance, the glycerophospholipids have 21 proposed categories, which describe the variety of head groups'
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7. Saccharolipids
8. Polyketides

In the present work, we focus on glycerophospholipids (commonly referred to as
phospholipids), as they are the major class of animal membrane polar lipids. Four major
phospholipids predominate in the plasma membrane of many mammalian cells:
phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and sphingomyelin
[36]. They are composed of one glycerol, one phosphate, two fatty acids, and an alcohol
[Stillwell]. It is common that one tail has one or more cis-double bonds while other tail is
fully saturated. Differences in the length and saturation of the fatty acid tails influence the

ability of phospholipid molecules to pack against one another [36].

i Phase transition

The fluidity of lipid bilayer depends on both composition and temperature. The phase
transition from a liquid phase to a liquid crystalline phase markedly affects lipid properties,
including their diffusion coefficient and the order of their tails. It is noteworthy that the
transition temperature between those phases is very different from on lipid to another and is
mainly affected by three factors: the acyl chain length, the degree of unsaturation of these

tails, and the precise composition of the lipid membrane.

Along with changes of temperature or other sources of energy added to the system, trans-
configuration of C-C bond denoted as A in Figure 9 is transitioning to gauche one (B in
Figure 9), while crossing a transition state referred to as eclipsed state (C in Figure 9). This
reshaping of lipid tail structure is referred as gauche kink and it results in melting. This way
lipid membrane goes from the gel phase to liquid phase. As a result, area per lipid increases

and membrane becomes more fluid and permeable [28].
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Figure 9. Relative conformation energy diagram of butane as a function of dihedral angle. A:

antiperiplanar, anti or trans. B: synclinal or gauche. C: anticlinal or eclipsed. D: synperiplanar or cis .

ii. Membrane asymmetry

Another important feature of biological membrane is their asymmetry on various levels:

protein, carbohydrate and lipid ones.

One of the examples of protein asymmetry was shown by Fernandez-Moran, who showed
with EM imaging that ATPases in a mitochondrial elementary particle (EP) face only
inward for the mitochondrial inner membrane and the bacterial plasma membrane, and
outward for the thylakoid while no ATPase was found to face in both directions

simultaneously [37].

Sugar asymmetry where carbohydrates are 100% asymmetrically distributed across the
membrane with sugars always facing the outside was proven many times with lectin-based

imaging studies [38].

At the same time, lipid content is also not evenly distributed, for instance, in the human red
blood cell membrane, almost all of the lipid molecules that have choline in their head group
are in the outer monolayer and terminal primary amino group containing lipids — such as
phosphatidylserines — are in the inner one [39]. Such and many others examples of
asymmetry come from the fact that many cytosolic proteins have specific binding sites in
peculiar head groups, moreover plasma membrane asymmetry allows animals to distinguish
dead cells from alive ones: the phosphatidylserine exposed on the cell surface serves as a

signal to induce neighboring cells to phagocytose the dead cell and digest it [36], [40].
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ii. Lipid diffusion
Lipid membranes have two characteristic types of lipid diffusion: lateral and trans-
membrane (flip-flop) ones. Since the Frye-Edidin experiment in 1970, which concluded
that “the cell surface of heterokaryons is not a rigid structure, but is ‘fluid’ enough to allow
free ‘diffusion’ of surface antigens” [41], fluorescence recovery, single particle tracking and
other studies were performed to study in details diffusion rates. Phospholipid diffusion was

shown to be mainly independent of the head group, but impacted by membrane phase and

presence of cholesterol [28].

Flip-flop, on the other hand, is a much more complex process, as thermodynamically
unfavorable events must occur: tails should be exposed to water and polar head groups must
be exposed to the hydrophobic membrane interior, but occurring rate can be increased by
transmembrane protein incorporation [42]. With all mentioned above, it was clear that
spontaneous flip-floping is not enough to create membrane asymmetry as we know it, so M.
Bretscher in 1972 [43] suggested existence of flippases — lipid translocator proteins. Now
this term is used only for those moving lipids into inner leaflet and floppases refer to the
opposite process. Moreover, the class of scramblases was distinguished for proteins which

move lipids bi-directionally across the membrane without use of ATP [28].

Altogether, these two aforementioned motion types (flip-flop and lateral diffusion), along
with rotational movement around the longitudinal axis of the molecule describe the
membrane fluidity. Various environmental factors, such as pressure, temperature, pH and

ionic strength influence membrane viscosity thus changing fluidity [28].

Bacterial envelope

Unlike cells of higher organisms, bacteria face an unpredictable, dilute and often hostile
environment and, in order to survive, have evolved a sophisticated and complex cell
envelope, i.e. with the membrane(s) and the related structures that surround and protect the
cytoplasm [44]. Such important properties as the cell shape, rigidity, or resistance are given
to bacteria by their envelope, which is crucially important for growth, division, and
horizontal genes transfer [45]. The essential nature of the cell envelope makes it vulnerable

to small molecules that bacteria deploy when competing for resources, which is the
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foundation of antibiotic therapy. The cell envelope remains a popular target in the search for

novel therapeutics to combat the rise in multi-drug resistance [45].

In general, the bacterial cell envelope comes in two types: that of Gram negative bacteria
which have inner and outer membranes separated by the periplasm which contains a thin
cell wall of peptidoglycans, and that of Gram-positive bacteria which have only a
cytoplasmic membrane surrounded by a much thicker peptidoglycan layer (Figure 10) [45].
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Figure 10. Differences between Gram negative and Gram-positive bacteria [Bacteria-Assisted Transport of Nanomaterials to
Improve Drug Delivery in Cancer Therapy - Scientific Figure on ResearchGate. Available from:
https://www.researchgate.net/figure/Differences-between-Gram-negative-and-Gram-positive-bacteria_fig2_ 357901900
[accessed 4 Jun, 2023].

This separation is coming from the Gram stain or Gram’s method, one of the most used
staining procedures in microbiology and bacteriology in particular. Created initially as a
way to stain bacteria differently from the studied tissue by using Crystal Violet (Gentian
Violet) as the primary stain, an iodine solution as

a mordant followed by treatment with ethanol as a decolorizer, this procedure leaves the

nuclei of eukaryotic cells unstained, while bacteria are colored blue/violet (Figure 11).
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Figure 11. Microscopic image of a Gram stain of mixed Gram-
positive cocci (Staphylococcus aureus ATCC 25923, purple) and
Gram negative bacilli (Escherichia coli ATCC 11775, red). [Source:
https://commons.wikimedia.org/wiki/File:Gram_stain_01.jpg] ]

Only later Gram found that some bacteria (he showed it on Typhoid bacilli) were
decolorized. Now the species which undergo decolorization are called Gram negative, while
those stained blue/violet are called Gram-positive. Most animal and plant cells stain Gram
negative, while certain yeasts, bacteria and molds have the ability to retain the primary dye.
It should be noted that some bacteria show a mix of pink and violet cells called a Gram-
variable pattern, which can come from the sensitivity of cell walls while cell division, a
decrease of peptidoglycan layer thickness during growth, or an aging culture. Acinetobacter
spp. often appear Gram-positive, even though, structurally, their cell wall is Gram negative,
and Mycobacterium spp. are not stainable with these dyes, even if these bacteria are
considered Gram-positive. However, even with all those weaknesses Gram’s method
remains the initial diagnostic test to evaluate infections and to find the appropriate

antibiotics to use thanks to its rapidity and low cost [46], [47].

As far as membranes play an important role in protecting the intracellular biological
material, hosting transport proteins and other important functions, it is critically important to
know their composition and physical properties. Our understanding of the structure and
function of biological membranes has been guided by the classical fluid mosaic model of
Singer and Nicolson [26]. As mentioned above, the cell membrane was defined as a two-
dimensional liquid in which lipids and embedded proteins are free to diffuse laterally, thus

resulting in a largely homogeneous structure [48]. Membranes are formed mostly by
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glycerophospholipids (GPL), such as phosphatidylethanolamine (PE), phosphatidylglycerol
(PG), cardiolipin (CL), lysyl-phosphatidylglycerol (LPG), phosphatidylinositol (PI),
phosphatidic acid (PA) and phosphatidylserine (PS), but also bacteria-synthesized lipids
without phosphate group in their head group, such as ornithine lipids (OLs), sulfolipids, or
hopanoids (HOPs). Not only bacteria have a general membrane composition differing
drastically to eukaryotes, but they are also characterized by an incredible flexibility

relatively to this composition.

Indeed, bacteria could change the composition of their membranes to adapt to the
environment. These changes could be triggered by a variety of variables including the level
of nutrients, the pH, the oxygen level, the temperature, the accumulation of metabolites
inside the cell, the pressure, etc. The membrane lipid modifications occurring can be divided

in two types:

1. Existing lipids can be modified to obtain a membrane with different properties; for
example, the anionic lipid PG can be changed into the cationic lipid LPG by the
simple transfer of one lysyl group. This modification of preexisting membrane lipids
has the advantage that it allows a quick response to changes in environmental

conditions.

2. Existing lipids are degraded and lipids are synthesized de novo replacing the old
lipids.

All above-mentioned factors show the importance of the knowledge of the composition of
bacterial membranes. For many years E. coli was the main model organism for bacteria but

the need to access to a more precise view of the bacterial lipodome has arisen.

Through all species of bacteria, the so-called ESKAPE group especially distinguishes. This
group is named after highly pathogenic bacteria which show increasing multi-drug
resistance and includes the following species: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp. It is a nonhomogeneous group which embeds both Gram-positive and
Gram negative species. In order to model their cell envelopes to design new therapeutic

strategies, one shall know their membranes composition.
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Table 2. An overview of the lipid content of ESKAPE bacteria and their envelope based on the literature

Species Phospholipid Fatty acids Literature
composition source
Enterococcus faecium CL 44.5%; PG 23%; LPG 1:C18:1 81.72%; CPA-C19:0 9.24%; C16:0 8.22% 1: [49]
32.33%
Staphylococcus aureus  1: Newman strain: CL 3: C aneiso-15:0 around 45%; C aneiso-17:0 around 20%; C 1: [50]
22.5%; PG 43.1%; LPG  is0-15:0, C is0-17:0, C 18:0, C aniso-19:0 each around 5%
30.1% 2[51]
2:'S. aureus 209 P at 4: for CL 14:0 22.2%, 15:0 24.6%, 17:0 15.6%, 16:0 12.1%, 3: [52]
stationary phase: PG 22:0 12.3%; for PG 15:0 51%, 17:0 23.2%, 19:0 13.9%; for :
65.9%; CL 13.7%; LPG  LPG 15:0 37%, 17:0 25%, 19:0 13.5%. 4: [51]
10%
Klebsiella pneumoniae 1: Cl 6%, PG 5%, PE 2: C16:0 41.9%, C17:0 A9 24.53%, C19:0 A9 13.34%, C14:0 1:[53]
82%. 12.42%
2: [54]
Acinetobacter baumannii  1: CL around 45-50%, PE 2: Main fatty acids are C16:0 and C18:1; C16:1 and C18:0 are 1: [55]
around 20%, LCL around also present plus minor amounts of C17:0, C17:1, C15:0, C14:0
15%, PG around 10% and C12:0 in order of abundance 2: [56]
Pseudomonas aeruginosa 1: PE 70.8%, PG 11.8%, 4: 16:0 35%, 19 V 30%, 18:1 15% 1: [57]
BMP 8.4%
5: C 16:0 45%, C18:1 34.2%, C 16:1 6.3%, C 19:0cyc(11,12) 2: [58]
2: PE 77%, PG 20%, CL  6.3%
3% 3: [59]
3: PE 71.6%, PG 11.8%, 4: [57]
PC 7.9%, PA 2.4%, LPC
3.9% 5: [60]
Enterobacter spp. PE 74%, PG 21%, CL 5:[53]
3%

The analysis of the literature (Table 2) shows that, at the moment, even for so important
bacterial species as the ESKAPE pathogens, there is not enough information to draw a
precise picture of the bacterial envelope. The values reported do not distinguish the different
membranes of the cell envelope, the distribution of fatty acid is not related to the precise
lipid strains or even species, and seldom studies characterize the lipidomics extensively.
Also, there are almost no lipidomics studies which report well and precisely the
characteristics of the head groups and fatty acids at the same time with the same conditions

and for the same strain, to make it be possible to combine those data together.
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i. Gram negative envelope

For Gram negative bacteria there are three principal layers in the envelope for which
chemical composition and physical nature differ very markedly: the outer membrane (OM),
the peptidoglycan cell wall, and the cytoplasmic or inner membrane (IM) [44]. The
cytoplasmic membrane is an important interface for the cell envelope because the structural
components of the cell wall are synthesized and assembled there [61]. Bacteria lack
intracellular organelles, and consequently, the membrane-associated functions of all of the
eukaryotic organelles are performed in the IM. Many of the membrane proteins that function
in energy production, lipid biosynthesis, protein secretion, and transport are conserved in
bacteria, but their cellular location is different. In Gram negative bacteria, these proteins are
located in the IM [44]. The inner membrane was long believed to be a typical symmetric
GPL bilayer [62], where phospholipids maintain the barriers’ permeability for hydrophilic
molecules and support the functions of the IM proteins [63]. However, Bogdanov et al. [64]
show — for a variety of cells of different shapes — that PE and CL are distributed
asymmetrically in the IM, moreover, the control over PE asymmetry is crucial for bilayer

properties.

Inner and outer membranes are separated by the periplasm — an aqueous cellular
compartment densely packed with proteins. Periplasm and cytoplasm are structurally
strongly different. The periplasm is more viscous and contains degradative enzymes like
RNAse or alkaline phosphatase®. The periplasm also embeds transport proteins, including
the transporting sugars, amino acids, and other compounds, which play an important role in
the envelope biogenesis. The structure of the periplasm is still a subject of discussion, and
the size of the compartment and the uniformity of this size throughout the cell is still
uncertain. But not only proteins and enzymes of the periplasm are important, and one of the
targets for antibiotics* is the peptidoglycan cell wall. Even if for Gram negative bacteria this
wall is not so thick as for Gram-positive ones, it remains an important structure which keeps
the shape and structure of the cell. Damages to peptidoglycans can cause cell lysis due to
turgor pressure of the cytoplasm. The peptidoglycans do not flow freely in the periplasm,

but are attached to the outer membrane by the so-called lipoprotein Lpp [1,7].

*  That is why some call the periplasm a precursor of lysosomes of eukaryotic cells [65]

*  The beta-lactams for example
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The outer membrane is a unique feature of Gram negative bacteria which presents a
transversal asymmetry. The outer leaflet contains lipopolysaccharides (LPS), which are
absent in Gram-positive bacteria. LPS are well studied due to their high importance for
bacteria and are responsible for the endotoxic shock and cause response from animal
immune system. This is why they were first called “endotoxins” by the German
bacteriologist R. F. J. Pfeiffer. The OM is a first line of protection for bacteria from the
environment, and it is one of the reasons why Gram negative bacteria are often more
resistant to antibiotics than Gram-positive ones. The OM is so strongly impermeable, that
even lipophilic molecules cannot enter due to strong efflux — leaving its permeability two
orders of magnitude lower than for phospholipid bilayers [11]. Three main parts can be
distinguished, namely 1. the lipid A, 2. the core saccharide, and 3. the O-antigene
polysaccharide. All these parts play important roles. The O-antigen is crucial for the
bacterial adhesion, for binding proteins of immune system and bacteriophages. The core
saccharide, which has two domains (inner and outer cores), embeds 3-deoxy-D-manno-oct-
2-ulosonic acid (KDO) in the inner core which is essential for bacterial growth. In fact, the
development of inhibitors of biosynthesis of KDO represents one of the directions for
developing new antibiotics. Generally, the core helps keeping the asymmetry of the OM,
which was shown on deep-rough mutants which lack the outer core and where the
asymmetry was disturbed. Those mutants have patches of phospholipid bilayers in their cell
membranes to compensate for disability to insert some of trans-membrane proteins and to
fill “empty spots” [11]. Finally, lipid A is absolutely necessary for bacteria and the
inhibition of its biosynthesis is lethal. Lipids A anchor LPS to the OM and lipid A’s general

structure can vary between different species.

Bacterial LPS has conserved domains through a lot of Gram negative species which happens
to be important for eukaryotes since it allows monocytes and macrophages to recognize LPS
and therefore to start the inflammation process. It is noteworthy that, if all LPS consist of
lipid A and core oligosaccharide, some LPS lack the O-antigen. In such case they are called
“rough form” [26, 27]. A rough form is characterized by lower antibiotic resistance and a
and lower viability but they are useful to study potential antimicrobial compounds which act
on lipid A specifically, as far as all the complexity of the interactions with O-antigens is
taken out of the picture. At the same time LPS-binding proteins are able to recognize both

rough and smooth LPS, and even just lipid A [69].
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Lipid A usually contains 6 acyl chains of different lengths which are esterified with the
disaccharide backbone. It should be noted that unsaturated fatty acids are rarely present in
lipid A. Acyl chains can be classified in two groups: primary — directly esterified with the
sugar, and secondary — bonded with ester bond to the primary chains. Up to four primary
chains can be attached to the head group. The head group of lipid A is a B(1 - 6)-linked

glucosamine disaccharide backbone (Figure 12).

Generally the disaccharide is phosphorylated at positions 1 and 4’ of saccharides, but
phosphate groups can be further substituted with groups such as ethanolamine, ethanolamine
phosphate, ethanolamine dipho/sphate, GlcN, 4-amino-4-deoxy-L-arabino-pyranose, or D-
arabino-furanose. Such substitution plays a role in bacterial antibiotic resistance [26, 27].
Phosphate groups play an important role in maintaining the asymmetry of the outer
membrane. Salt bridges are formed in between these groups of neighboring lipids A, with
participation of divalent ions, such as calcium or magnesium. From another side, numerous
fatty acids keep lipid A inside the membrane in stable state. These fatty acids strongly vary
in between different bacterial species: for example, Helicobacter pylori has chains of 18:0
and 16:0, when Halomonas pantelleriensis four 12:0(2-OH) carrying one 12:0 and one 10:0
fatty acids [70]. These differences are also important for characterizing endotoxicity. Some
studies show that number and length of fatty acids can change activity of lipid A up to a
hundred times [71]. Not only fatty acids or phosphate groups can vary, but glucosamine
disaccharide can also be replaced. For Brucella, Legionella, Rhizobia and Ochrobactrum it

can be replaced by diaminoglucose disaccharide.
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Figure 12. Structure of E. coli lipid A. Primary acyl chains (light grey) are directly linked to the sugar moieties,
secondary acyl chains (light red) are esterified with the hydroxyl groups of primary acyl chains. All primary acyl chains
of E.coli lipid are hydroxymyristates, one of the two secondary acyl chains is myristate while the other one being laurate .

The core oligosaccharide and its structure can vary a lot, however the inner core is better
conserved and, as it was mentioned above, is made of Kdo and Hep. The inner core is
directly linked to one of the sugar moieties of lipid A. The Kdo residue linked to the O-6’
position of lipid A through an o-ketosidic linkage is named Kdo-I, and it can be
glycosylated by one or two other Kdo residues (Kdo-II, and Kdo-III). Kdo-I is also
glycosylated at the O-4 position by Hep, designated as Hep-I, which can be decorated by
phosphate, diphosphate or phosphoethanolamine, by one or two other Hep or by another
sugar making the inner-core structure. The bond between the lipid A and this first Kdo
residue is normally very acid-labile with moderate pH (<4.4) easily hydrolyzing it and
releasing the core from the lipid A. The outer core typically consists of common hexose
sugars such as glucose, galactose, N-acetyl galactosamine and N-acetyl glucosamine and is
generally more subject to variations than the inner core. Sugars in outer core are in pyranose
form and generally have a-anomeric configuration. Number of monosaccharides in the core

can be up to fifteen and they can be connected both linearly or branched way [28, 29].

The O-polysaccharides have a vast structural diversity and are truly important for bacterial
environmental adaptation. O-polysaccharides are important for virulence and colonization
and are one of the targets of the immune system of the host. Not only the types of used

monosaccharides can vary, but also their lengths which ranges from zero (in rough LPS) to
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10 saccharides. Different rare and common sugars can be building blocks for the O-antigens.
This variability is extreme. For instance, 186 serogroups of the only E.coli are described.
The dynamic diversity of O-antigens observed within species is due to various mechanisms.
New O-antigens are derived from others by mutation, lateral transfer of O-antigen coding
genes, insertion or deletion of O-antigen genes mediated by insertion sequence (IS)
elements, transferring O-antigen clusters, or O-antigen genes, by plasmids as well as by

serotype-converting bacteriophages [72].

ii. Gram-positive envelope

For Gram-positive bacteria the structure of the cell envelope is much simpler: one lipid
membrane and one thick peptidoglycan wall. Some Gram-positive bacteria also have a
capsule, which plays a role in phage resistance and immune evasion [73]. Capsule
polysaccharides are strongly implicated in virulence of bacterial pathogens. Capsules are
also able to mask the binding of opsonic C3 fragments to the complement receptor, thus
decreasing opsonization and phagocytosis by leukocytes [74]. These and other properties of
capsule polysaccharides make them be interesting for vaccinal development, which explains

why immunization with polyvalent pneumococcal polysaccharide is effective as a vaccine

[75].

A thick wall helps these bacteria with keeping their shape, protects them from the
environment, and helps them to manage with turgor pressure. Cell wall and cell membrane
are connected with lipotechoid acids, which are polymers anchored into membrane head
groups and which go through layers of peptidoglycans. Other types of polymers in the cell
wall are techoic acids which are covalently bound directly to peptidoglycans. These
polymers represent more than 60% of the mass of the cell wall and that also makes them to
be an important part of the envelope structure. Peptidoglycan layer in Gram-positive
bacteria is around 30-100 nm thick, on the contrary to Gram negative bacteria which have
only few nanometers of peptidoglycans in the periplasm. The peptidoglycan wall is
composed of alternating units of disaccharide N-acetyl glucosamine — N-acetyl muramic
acid (NAM — NAG) cross-linked by a pentapeptide side chain (stem). The pentapeptide is
usually the L-alanyl-y-D-glutamyl-diaminopimelyl (or L-lysyl)-D-alanyl-D-alanine, but in
Gram-positive bacteria an inter-bridge structure of five amino acid residues varies between

the species. Glycan strands can differ in length in a range generally comprised of 5 to 100
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disaccharide units, although some studies show chains with up to 5000 units [76]. Moreover,
bacteria can introduce various modifications of peptidoglycan subunits, such as N-
deacetylation, removal of C2-acetyl groups from GIcNAc and/or MurNAc sugars, or O-
acetylation of the MurNAc C6 hydroxyl to protect themselves from antimicrobial drugs
[77]. On top of the intrinsic complexity of the Gram-positive cell wall, it also contains a
wide variety of proteins, which contributes in its binding to the cell envelope. Since Gram-
positive bacteria do not have periplasm, these extracellular proteins perform all the
necessary functions out of the cell. The membrane by itself is a symmetric bilayer of
phospholipids, similar as it was believed for the inner membrane of Gram negative bacteria
[1, 12]. Gram-positive organisms are surrounded by bilayer membranes that can vary
substantially in composition but which typically include large amounts of PE, PG, and CL.
Interestingly, the presence of LPG seems to reduce susceptibility to antimicrobial peptides
(AMPs), aminoglycosides, bacitracin, daptomycin and some beta-lactams, and the
expression of MprF, the protein which synthesizes LPG, increases in resistant strains [79],
[80]. The Gram-positive bacteria contain branched fatty acids with major distribution of

anteiso C15:0 and C17:0 chains [78].
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Supported lipid structures

Deposition of lipid bilayers on planar solid surfaces is nowadays one of the main ways to
study experimentally membranes and their interactions with proteins or drugs with high
precision, which remains challenging in living cells. The widespread use of techniques
devoted to use lipid vesicles does not yet answer the need of some experimental techniques
such as AFM or quartz-cristal microbalance, which rely on the use of a surface deposited
structure. The so-called solid-supported lipid bilayers are especially attractive for both
biotechnological applications involving functionalization and patterning of a surface as well
as for modeling various biological processes since they provide a controlled environment,
and an improved physical stability while preserving the key properties of the membrane,
such as their lateral mobility [81], [82] or the ability to host functional proteins [83]-[85].
This is possible due to the structure of biological membranes under the form of a bilayer of
lipids. Indeed, while the lower leaflet is coupled with the substrate, the upper one has good
lipid mobility in case of lipid fluid phase. In SLBs, the friction between the monolayers
determines the diffusion of the upper monolayer [86], [87]. These membrane platforms are
used for environmental monitoring, drug discovery and drug testing as well as to investigate
properties of biomembranes such as the influence or function of membrane proteins or
peptides, phase separation and domain formation !, transmembrane signaling or

morphological changes inside cells [89].

Deposition methods

Since the structure of the SAM or SLB is potentially depending on the method used for the

deposition, it is of interest to give an overview of the most common methods.

One of the most widespread methods uses small unilamellar vesicles (SUVs). The SUVs
that are generally formed by sonication of bigger and heterogeneous solution of lipid
vesicles are later incubated with the solid surface to let them adsorb. Vesicle fusion and
rupture, which is enhanced by the presence of the surface can occur, leading to the planar

supported lipid bilayer. If the kinetics of the process depends on the mechanical rupture
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strength of the bilayer, and subsequently on its lipid content, it is largely influenced by

surface heterogeneity [87].

For hydrophobic surfaces, the formation of self-assembled monolayers can be reached
through the so-called solvent-controlled precipitation method or solvent exchange-induced
physisorption, where lipids are solvated usually in ethanol and this solution is gradually
diluted with water. The slow increase of the water content drives the lipids to coat the
hydrophobic surface with their tails interacting favorably with it, while not creating a
floating bilayer [90]. The method can also be used for hydrophilic surfaces to form SLBs.
The sole disadvantage of that method being residual quantities of alcohol remaining in the

final system [87].

The oldest technique for film deposition, which is still widely used, is the Langmuir-
Blodgett (LB) technique, where monolayers (or multiple layers) are transferred from air-
water interface to the solid substrate (Figure 13). Various modifications were proposed and
applied to this technique, such as applying rotational flow on the liquid surface — contrary to

the initial vibration-free requirements [91].

Another similar deposition technique is the Langmuir-Schaefer (LS) technique where the
orientation of the substrate to the solvent differs from Langmuir-Blodgett, being dipped
horizontally, instead of vertically. Another interesting property of the LS technique is the
possibility to combine it with tethering, hence forming the so-called tethered bilayer lipid
membranes (tBLMs) [92]. Combining these two techniques can allow to create complex
asymmetric membranes, which can be useful, for instance, to model outer membrane of
Gram negative bacteria. In his work, Clifton et al [93] were able to create such model
membrane with using first Langmuir-Blodgett deposition on silica to create inner
monolayer (DPPC) and later Langmuir-Schaefer deposition of LPS or lipid A monolayer

was performed onto silicon crystal containing the LB-deposited DPPC monolayer [93].
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Figure 13. Schematic representation of Langmuir-Blodgett
technique, where lipids are transferred onto a vertically placed
into water solid surface.
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tBLMs have grown in popularity for various applications, such as studying interactions with
model lipid membranes of antimicrobial peptides and other drugs or studying membrane-
proteins interactions [94]. These systems are characterized by a very high stability and
availability to various experimental techniques, such as AFM or surface plasmon resonance
among others. For tBLM systems, instead of using directly lipid-substrate interactions to
stabilize the lipid structure, a layer of molecules such as anchorlipids, is used. On the top of

this layer, the studied system is assembled [95].

IL Substrates used for deposited lipid structures

The choice of substrates for supporting phospholipid membranes is not straightforward and
depends of the precise task, application and the technique used for measurements. For
instance, for AFM measurements mica tends to be a good substrate, since it can be
atomically flat, for the fluorescence microscopy glass is preferred as a material due to its
optical transparency. It is necessary sometimes for one of the substrate layers to be a
conductive material, for instance if one is conducting quartz crystal microbalance (QCM) or

surface plasmon resonance (SPR) analyses [96], [97].

At the same time, it is expected that the deposited lipid patch will preserve the natural
properties of the biomembranes such as a high lipid mobility, a good transversal flexibility,
and other biomechanical properties, and present little to no defects along its surface. The
preservation of these properties is highly affected by the choice of the substrate [83], [97].
For instance, the smoothness of the substrate is of importance, as it does not only drives to

more favorable and homogeneous interactions with the membrane, but it also improves the
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quality of surface-sensitive measurements. Gold substrate, for instance, has the tendency to
be way rougher than mica or silica [88] which made it to be often disregarded without a
proper coating [97]. It was also found that rougher substrates may create artifacts, such as
nanoscale lipid domains, which are not present on smoother surfaces, such as mica or silicon

[96].

Ultimately, the most driving criterion to select a substrate is its surface energy. Especially,
one will want to select a sufficiently hydrophilic substrate to form stable SLBs. In that
respect, oxidized surfaces like SiO; (silica) and TiO, have been often investigated for SLBs
formation [98]-[100]. However, the list of supports on which SLBs were formed extends to
a long list of candidates including graphene oxides (GOs) [101], [102] and a variety of
glasses, especially fused silica or borosilicate glass [83] as well as different thin-films
including gold, silver or platinum that can be used on top of a variety of materials [83],
[103]. At the same time hydrophobic substrates — e.g. pristine graphene (GR) [102], [104]-
[106], reduced graphene oxide (rGO), or polytetrafluoroethylene (Teflon) [107], [108] — are
used to stabilize self-assembled monolayers (SAMs). In aqueous environment, SAMs
usually display their fatty acid chains directed to the substrate and can subsequently serve to
sustain an additional lipid bilayer onto the SAM without disrupting it [109]-[113]. It is
important to underline that SAMs are characterized by higher melting temperature than lipid
vesicles [114]. Hence, graphene oxide is a very interesting material to study since its
hydrophilicity can be “tuned” depending on the obtained oxidation level (OL) of the
material. GO fills the gap between purely hydrophilic and hydrophobic substrates [99],
[115].

II1. Membrane-substrate interactions

The hydrophilic and hydrophobic interactions which have a central role in the stability of
SLBs are also involved in the formation of an interfacial water layer — frequently refer to as
the hydration layer — between the substrate and the lipid structure. Lipid head groups of
SLBs generally do not lay in direct contact with the surface of a hydrophilic material but on
a thin water layer from a couple of atoms thick to ~25 A [87], [116], [117]. Such a large
range of thicknesses for this hydration layer is coming from multiple factors including the
type of substrate [118], the temperature "), the lipid content of the membrane [119], and the

method of the measurement. One should note that the many definitions of that thickness
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[116] add some additional difficulties to the direct comparison of the different works (see
subsection III of section Influence of substrate hydrophilicity on structural properties of

deposited lipid structures for more details).

Recently, Vishnyakov et al. [2] proposed an explanation to the disparity of measurements of
the thickness of the hydration layer, which is based on the coexistence of two states, called a
and [ in his work, which are characterized by different interfacial layer thicknesses. The «
state corresponds to the most stable conformation where the lipid bilayer is in close-contact
with the substrate, and the [ states due to higher disjoining pressure — i.e. the pressure
resulting from the interaction between the substrate, the solvent, and the membrane which
maintains the lipids at a given distance from the surface — are associated to larger hydration
layer (up to a few nanometers) where the system looks like a “floating™ bilayer. In the case
of DMPC lipids on silica, the close-contact state was shown to result in hydration layers 3-4
A thin. This small water content can be described as the remnant hydration layers of both
the surface oxide groups and the lipid head groups. The work further hypothesize that far-
contact states correspond to a group of metastable states with respect to the single a state

(Figure 14).



COMPUTATIONAL STUDY OF SUPPORTED OR BACTERIAL LIPID MEMBRANES

bilaver' - pilayer
W H20 ~2.5nm
sl
o %
I1 films p-
e films

Figure 14. Schematic representation of o and [ states, where on the vertical axis is
disjoining pressure and on the horizontal axis is distance between the substrate and the
bilayer (increasing from left to right). Reprinted (adapted) with permission from .
Copyright 2023 American Chemical Society.

These two states are separated by an energy barrier (Figure 14) due to the repulsive
hydration forces which occur at the water interface. A SLB can thus be trapped in the
metastable 3 states if this barrier is high enough. Whether the SLB is able to cross that
barrier or stays in the metastable floating state depends on both the time under which the
measurements are made, the depth of the potential wells of the o and P states (which reflect
the competition between lipid/substrate and lipid/lipid interactions), if they exist, and
probably on the deposition method which is used. The presence of these different states is
probably the reason why many experiments reported large hydration layers which could be
associated to systems trapped in metastable states. In Table 3 we report an extended
bibliography work®, where we compile the results from different computations and
experiments performed on various systems.

Table 3. Overview of relevant publications measuring the thickness of the interfacial layer of water between a

hydrophilic substrate and a lipid bilayer. Most of lipids are the zwitterionic phosphatidylcholines (PC) and that
most of the substrates are silica.

Year First author Substrate Lipids Thickness, A Error, A Method
1990 Bayerl [120] Glass DMPC 17 5 '"H NMR
1991 Johnson [121] Quartz DMPC 30 10 Neutron reflectivity

®  This table is part of one publication made during the course of this PhD. Reprinted (adapted) with permission from [1].
Copyright 2023 American Chemical Society
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1996

1999

1999

2000

2003

2004

2005

2005

2005

2005

2007

2008

2009

2010

2014

2016

2017
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Koenig [122]

Charitat [123]

Fromherz [124]

Fragneto [125]

Kiessling [126]

Gutberlet [127]

Ajo-Franklin
[128]

Crane [129]

Doshi [130]

Miller [131]

Stidder [132]
Roark [5]
‘Watkins [133]
Zwang [116]
Lind [134]
Duro [135]

Vishnyakov [2]

5i02
§i02
Si02
5i02
5i02

Sio2

§i02

5i02

Si02
5i02
5i02

Sio2

5i02
5i02
5i02
5i02
5i02

Quartz

Quartz

Si02
5i02
Quartz
Si02
5i02
Si02

Si02

DPPC
DSPC
DSPC
DPPC
POPC

1:9
DPPS:DPPC

DPPC

(Di-C,-
PC).. & [16:20)

POPC
DMPC
DMPC

Egg PC

POPC
POPC
POPC
POPC
POPC

1:9
DLPC:DSPC

DOPC

DPPE
POPC
DPPC
DOPC
DPPC
POPC

DMPC

14.4

16

7

8

11

17

5.8

6.2

13

13

15

19

23

14.6

14.6

4.2

10.2

14

4.5

4.8

0.5

1

10

N/A

N/A

0:5

N/A

N/A

N/A

N/A

0.4

N/A

0.1

2

Neutron reflectivity

Neutron reflectivity

Neutron reflectivity

Neutron reflectivity
FLIC

Neutron reflectivity

Neutron reflectivity

Neutron reflectivity

FLIC
Neutron reflectivity
Neutron reflectivity

FLIC

FLIC

FLIC

FLIC

FLIC
Neutron reflectivity

X-ray and Neutron
reflectivity

X-ray and Neutron
reflectivity

Neutron reflectivity
AA MD simulations
X-ray reflectivity
DPI and QCM-D
Neutron reflectivity
AA MD simulations

AA MD simulations

It is clearly visible, that distribution of reported hydration layer thickness (Figure 15) could

be an indirect indication, that two types of contact states exist. The most commonly obtained

values are either in the range 4-6 A or in the range 14-16 A.
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Figure 15. Histogram of the thicknesses of the hydration layer for SLBs on hydrophilic substrates
reported in the literature.

In case of tethered systems, the use of anchors is made to form a bridge between the
substrate and the lipid structure. Hence, tBLMs see the lower leaflet covalently bonded to
the spacer group formed by these anchors. This group is not only binding to the membrane,

but it also creates sufficient aqueous space to reduce hydrophobic influence of the substrate.

Many molecules have been used as an anchor, such as lipids which head group is strongly
interacting with the substrate, carbohydrates, polyelectrolyte layers, polymer chains and
peptides [114], [136]. These systems can thus allow to use hydrophobic substrates to study
lipid bilayer, as it can be necessary for particular measurement techniques or to palliate the

roughness of the substrate, as it can be useful, for instance, for gold (Figure 16) [88].
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Figure 16. Schematic representation of formation of (BLMs:
telechelics assamble on the gold substrate and then the rest of
bilayer is completed by vesicle fusion. Copied from with
permission of the publisher.

Membranes deposited with tethering exhibit high fluidity in the upper monolayer,
comparable to the vesicle membranes, however lower monolayer has reduced mobility with
decrease in diffusion constant by ~2.3-3.5 times [137]. It is noteworthy that density of
tethers on the substrate (which can be tuned) also has an influence on membrane properties.
For example, Park et al report that higher density of tethers promotes translocation of AH
peptide in their system due to the interactions between the peptide and tether chains [138].
Electrochemical properties of anchors also play their role, such as interfacial capacitance
[136].

There are two other possibilities similar to anchoring which are worth mentioning (Figure
17), including the creation of hybrid bilayers (HBMs), where monolayer of phospholipids is
adsorbed on SAM of alkathiols (hydrophobic) attached with covalent bonds to the surface
[139], or the creation of polymer-cushioned membranes, where membrane is separated by
soft polymers from the substrate which reduce frictional coupling between the substrate and
membrane or membrane-incorporated proteins [114]. Aforementioned methods have a
distinct difference from tBLMs as they do not incorporate directly into the lipid structure of
the bilayer or the monolayer, which could help reducing the potential effects of the
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deposition on the membrane properties. The choice of the deposition method is finally
driven by the general goal of the experiments, especially if interactions with drugs are
studied or membrane proteins are involved as, in the first case, substrate-drug interactions
might drastically influence the mechanism of interaction of the drugs with the membranes,
and, on the other hand, especially with transmembrane proteins, a significant part might be

directly exposed to the surface [87].

1) Supported Lipid Bilayer (SLB) 2) Hybrid bilayer lipid membrane

3) Polymer-cushioned membranes 4) Suspended-lipid Bilayer

=

Figure 17. Schematic representations of 1) SLBs 2) HBMs 3)
Polymer-cushioned membranes (described above) and 4)
Suspensed-lipid bilayer (not mentioned in the main text).
Copied from with permission of the publisher.

Hybrid membranes can be combined with other techniques to create truly complex systems.
A good example is the model of Gram negative envelope created by Clifton et al [140],
where DPPC inverted bilayer (head groups inside) was deposited to a SAM of w-thiolipids
on gold surface using LB technique. This HBM was supposed to mimic upper leaflet of IM
and the lower leaflet of OM of a Gram negative bacteria. To build the complete asymmetric
OM, LS technique was further applied using a Langmuir film of LPS (tails up to the air
interface). This allowed to combine lower and upper leaflets of the OM into one complete

bilayer. Finally, the OM and IM model membranes were separated [140].

IV. Conclusions

It is clear that the choice of substrate, deposition method, and lipid content all play a critical
role in the final in the interactions between substrate and deposited lipid structures. Further

on, the choice for those parameters is not only guided by the necessity to obtain the most
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stable structure which preserves most its original biological functions but also by the type

analyses that should be performed.

Although advanced techniques such as tBLMs or HBMs try to tackle the limitations of
SLBs, the latter category remains widely used due to the ease of creation and the rather good

preservation of the biological functions.

MD simulations are a tool of choice to further model lipid-substrate interactions to help
designing experiments which improve further the preservation of the membrane functions
while optimizing its stability. However, there is still, to the extent of our knowledge, a lack
of tools able to predict the optimal choice of parameters for a given system [1], [2], [104],
[117], [141], [142].
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Antibacterial drugs

An initial definition of antibiotics was created by S. Waksman, who discovered
streptomycin in collaboration with A. Schatz and E. Bugie, and was awarded the Nobel
prize for his work. He called antibiotic a substance produced by microorganisms to inhibit
the growth or destroy other microorganisms. Now, with discovery of synthetic antibiotics
the definition expanded to them as well. Other terminologies can be found. For instance,
antimicrobials are usually referred as all chemicals which kill or inhibit growth of
microorganisms, where antibiotics are those which work within the body, antiseptics are
those applied on living tissue to prevent infections and disinfectants are those which are

used on non-living objects (e.g. on surfaces, materials, etc.) [143].

The ideal antibiotic should follow other rules than just being effective against bacteria such
as being 1. selective — i.e. causing minimal damage to host cells, 2. water soluble — i.e. being
easily transported through body fluids, 3. of low toxicity — i.e. causing minimal side effects,
4. stable — and that includes both shelf stability and bio-stability, 4. low cost — to promote
affordability to a wide population, and 5. as less as possible a promoter of resistance

development [143].

Different types of classifications exist for antibiotics: by chemical structure, by microbial
coverage, by effect on growth and surviving (bacteriostatic or bactericidal), by mechanism

of actions. The later can be separated in six classes [143], [144]:

Inhibiting cell wall synthesis

Cell membrane disruption

Inhibiting synthesis of important metabolites
Inhibiting DNA synthesis

Inhibiting RNA synthesis

6. Inhibiting protein synthesis

S gl SR P (ke

Those classes can be extended or slightly modified by different authors [144], [145], with

development of new drugs. For instance, antibiotics with other than mentioned above
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mechanisms of action appear such as interfering with non-coding RNA (ribocil), inhibiting
cell division proteins (PC190723), targeting Clp proteases, which regulate quality of protein
folding in bacterial cells (acyldepsipeptides) and many others [146].

World Health Organization (WHO) classifies antibiotics not only by chemical type but also
accordingly to risks of resistance (AwaRe classification [147]) and the recent update was

made in 2021.

In order to better understand which antibiotics are acting at the membrane level, we
conducted an extensive work of bibliography at the beginning of the PhD. Table 4 is a short
overview of common antibiotics structurally based by the aforementioned classification with
short explanations of their mechanisms of action and known resistant mechanisms.

Table 4. [see the two next pages] General classification of antibiotics based on AWaRe WHO classification,
ndicates the antibiotic of choice available at all times, watch — recommended for specific limited
indications and [JSBIME — last resort antibiotics. In bold, the categories of antibiotics which are active at the

lipid membrane level and are categorized as last-resort antibiotics. The bibliographical references in the table
are denoted by letters from (aa) to (bo) in exponent refer respectively to [143], [148]-[187].
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It is clearly noticeable that majority of modern antibiotics target proteins, DNA or RNA
(Figure 18). These pathways make them sensitive to development of bacterial resistance.
Following this observation, lipopeptides (for Gram-positive) and polymyxins (for Gram
negative), which target cell membranes, are especially important. Cell membrane structure
is highly conserved thus resistance does not occur as much as for protein-targeting

antibiotics.

Structure and Function
of the
Cell lembrane

*

Falic Acid
Synihesis

Trimethaprim

/m

Bacteria Cell

S -
i

Sufenarmides

Macrofides

Ji0n
N

Figure 18: Scheme of mode of work for various antibiotics

From this literature search, it is evident that some efforts should be paid to understand drug
interactions with bacterial membranes and develop this type of antibiotics which act
primarily on bacterial membranes. Up to now, there is no universal mechanism of action for
the membrane active drugs. In this work we focus on interactions of colistin (polymyxin E)
with LPS of outer membrane of Gram negative bacteria, which is an important topic, taking

into account the fact that resistance to polymyxins is growing [188].

Polymyxins are cyclic lipopeptides with 10 amino acids in their structure, where 7 of them
are connected into a loop [185]. Non-proteogenic Dab residues give their positive charge to

the molecule, which is really important for its function [185]. All polymyxins are classified
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in 10 groups (A, B, C, D, E, F, M, P, S and T), however only polymyxins B and E (Figure
19) are widely studied, due to their active clinical use [185].

L-DAB
NH L-Leu

G L-DAB 5 \
NHZ

o M, %1.\
SMeths“Octancht:ldO [ H ﬂ\ /[ H 7 N QH f\l/ L-Leu
N™ 0

- \r g \-_./ N LDAB

N ;
0 gy 0 __/\\ HOJ/ & OY'K«”“NHE
L-Thr HN‘W' ‘N A L-DAB
L-Thr o H - NH,

Colistin (Polymyxin E) L-DAB
%" O
NJ\ IWN\/“\ 5"“” 02 £<
NHZ NH; jz_/_
Polymyxin B1 NH HN

Figure 19. Structure of polymyxin B1 (bottom) and polymyxin E (top).

Polymyxins are believed to act through the electrostatic interactions of charged Dab residues
with phosphate groups of lipid A of LPS, which displaces divalent calcium or magnesium
ions, which act as bridges between phosphate groups of neighboring LPS molecules. This
allows acyl chain and hydrophobic amino acids to insert into lipid tails region of outer
membrane [11], [189]. Recent studies suggest that insertion of polymyxins into OM
solidifies the patch around, as LPS is arranged into crystalline structure, and such structural
changes strongly correlate with antimicrobial activity [184]. It is clear that cations
displacement is not the only necessary step in antimicrobial activity, as polymyxin B
nonapeptide (no fatty acid tail) has no antibiotic activity despite perturbing the OM leading
to the suggestion that IM perturbation is necessary for killing [190]. Another proposed
mechanism of action of polymyxins is mediating contact between outer and inner
membranes, which would create phospholipid exchange and could create lethal for bacteria
osmotic imbalance [191]. At the same time polymyxins inhibit alternative NADH

dehydrogenase, thus disrupt bacterial respiratory chain [192].
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With the fact that polymyxins act only if they are able to approach the outer membrane and
insert themselves into it, it is not surprising that bacterial resistance mechanisms are based
on structural changes in their OM. One of the main resistance mechanisms is adding to the
phosphate groups of lipid A non-charged groups such as 4-amino-L-arabinose (L-Ara4N),
phosphoethanolamine (PEtn) or galactosamine, as it abrogates initial electrostatic interaction
of the drug with charged membrane [185], [193]. Another type of modification is changing
the disaccharide backbone of lipid A where an N-linked acyl chain is added instead of an O-
linked acyl chain. It can be possibly related to reduced flexibility of this linkage and
increased membrane stability [194]. PEtn can be added not only to the lipid A part of LPS
but also to the Kdo residue of the core, where it plays the same role of reducing net negative
charge of the molecule [145]. The most drastic changes of OM performed by bacteria
(specifically Acinetobacter baumannii) is total loss of LPS. In these resistant strains outer
membrane was still present, even in total absence of LPS, however membrane integrity of it
was compromised [195]. At the same time this mechanism of polymyxin resistance made
bacteria sensitive to other antibiotics, such as teicoplanin (initially used for Gram-positive
bacteria), azithromycin (macrolide class) and cefipime (cephalosporin IV gen.) [195]. The
opposite strategy is applied by Klebsiella pneumoniae, which creates a polysaccharide
capsule around its OM [196].

At the same time other mechanisms exist, such as efflux pumps. Thus Neisseria meningitidis
has Mtr efflux pump and PorB porine [197], Klebsiella pneumoniae KpnGH efflux system

[198], Vibrio cholerae with OmpU (not clear mechanism of action, possibly related to acting

as a sensor to trigger a DegS-dependent GE-activating cascade) [199], [200], in Yersinia

enterocolitica RosA/RosB efflux pump plays a role in resistance [201].

With an emerging danger of bacterial resistance it is important to clearly understand
mechanisms of action of last-resort antibiotics, such as polymyxins, and to use this data to

improve or create new antibacterial agents.
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Molecular dynamics

Molecular dynamics (MD) is the study of molecular motion, deformation and interaction
over time. Predicting or interpreting these changes is essential in fields such as chemistry,
physics, biology, or engineering [202]. The beginning of MD simulations can be attributed
to the work of Alder and Wainwright who published the method in 1959. They pointed that
complexity of multi-atom system description is mainly mathematical and that powerful
enough computers would be a privileged tool to deal with such tasks [203]. The importance
of computer-aided modeling was underlined by the Nobel Prize in chemistry of 2013, when
Martin Karplus, Michael Levitt and Arieh Warshel were awarded “for the development of

multiscale models for complex chemical systems” [204].

Before the era of modern computer simulations, the dynamics of only few types of systems
for which equilibrium properties could be computed exactly such as ideal gas, harmonic
crystal, etc. where studied. However, real materials rarely fit into one of those categories,
driving to different approximations, which reduce the quality of the model [205]. The N-
body problems — which historically originates from astrophysics and was found to be central
for studying microscopic systems — does not have general closed-form solutions for more
than two bodies, driving the use of computer simulations as a paramount tool [206].
Numerical simulations made computers to become a laboratory place for the so-called in
silico experiments. Where the real-life experiments are often set up so that more and more
constraints are placed to isolate the variables that have to be measured and thus increase the
precision on the measure, numerical experiments are generally fashioned upside-down, by
increasing gradually the complexity and adding more and more variables that are
supposedly affecting the studied phenomenon, in order to obtain increasingly realistic
measurements. This approach makes in-silico experiments not only an exceptional tool for
validating experiments or theories but also for making real discoveries and proposing new

paths to explore [4, 5].
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However, molecular dynamics has some limitations, particularly with the spatial and
temporal scales that are accessible. All-atom molecular dynamics (AA MD) simulations are
used to study systems at the scale of tens of nanometers, such as the famous model of
bacterial cytoplasm, where crowding effect was taken into account for the first time to create
a realistic description of biomolecular interactions [207]. Coarse-grained molecular
dynamics (CG MD) simulations can handle larger systems, up to few micrometers in size
(Figure 20) [7, 8]. At the same time some global projects were realized with CG MD, such
as cell model by Stevens et al [210] and mitochondrion model by Pezeshkian et al. [211].
However, both AA MD and CG MD are limited in terms of time scale, with the longest AA
MD simulations currently limited to the millisecond range and require the use of massive
supercomputer specialized for MD purposes, which are among the most powerful machines
available [212]. Considering that many biological processes, such as protein folding, occur
on the timescale of hundreds of microseconds and above, MD may still not be powerful
enough for certain scientific purposes, making room for other types of simulations based, for

instance, on continuum mechanics models.
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Figure 20: Characteristic scales associated with sizes of studied systems
by such computational methods as quantum mechanical simulations (QM),
AA MD , CG MD, and continuum mechanics.

Another important limitation of MD is the absence of electronic structure method to have a
more realistic picture of the bonded interactions. This can make it challenging to study
covalent bond-breaking and bond-making processes using classical MD alone [213].
However, it is worth noting the continuous efforts deployed to develop reactive force fields,

such as ReaxFF [214]. QM structure and energy data train empirical force fields, moreover
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electronic interactions driving chemical bonding are treated implicitly, allowing the method

to simulate reaction chemistry [214].

L Force fields, physical principles of MD

The basic idea of MD is straightforward: it requires a model system consisting of N particles
for which Newton’s equations of motion is applied. One may refine that description by
mentioning that two main steps need to be undertaken in order to obtain measurements: 1.
the system should reach thermodynamic equilibrium, 2. the dynamics should then be long
enough so that the sampling of the configuration space will be satisfactory, as one should
then proceed to make measurements of macroscopic variables by means of ensemble
averages, which truthfulness will be ensured only by the sampling quality. Observables
which we are able to measure with MD simulations should be described as a function of
positions and momenta of the system, such as potential, temperature, root mean square

deviation, etc. [205].

Molecular mechanics makes many simplifications. One of which is to consider the particles
(atoms or beads) to be punctual. The interactions of each particle takes a formal description
as a sum of 2-bodies, 3-bodies and 4-bodies interactions (Figure 21). A common example is
the treatment of the inter-atomic bonds in AA MD that are modeled by spring-like potential.
This simplistic description allows the atoms to interact realistically, the interaction being
attractive if the spring is stretched over the equilibrium distance, and repulsive in the
opposite case. The functional form of the potential energy as a sum of N-body contributions,
along with the set of parameters defining each of those terms constitutes the force field
[213]. These contributions are generally are by customarily divided as bonded interactions,
which include bond stretching, angle bending, and torsion of dihedrals, and non-bonded
interactions, which include repulsion resulting from Pauli exclusion principle, van der Waals
and electrostatic interactions, and reads:

E= Z Estretch+ Z Ebend+ Z Etorsion+2 Enon-bonded‘

bonds angles dihedrals pairs
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Figure 21: Scheme of the different interactions generally taken into account in a
force field. The name of the interactions refers to the terms used in the
manuscript. The common name of the name of the variable on which depend
these interactions is written for the bonded interactions. Six atoms are represented
and referred to as i, j, k, |, m, and n.

As mentioned above, the bond stretching term most generally takes the form of a harmonic
oscillator such that E, ., =Kypenll—1 eqlz, where Kgeen is the force constant which

describes the stiffness of the bond and where [ is the length of the bond and [, is the length
of the bond at equilibrium [213]. The harmonic form is suitable for the majority of systems,
however, if one needs to be able to reproduce such values as the frequencies linked to the
vibrational modes, the functional form must be improved by introducing some anharmonic
terms. The harmonic and the latter anharmonic terms come from the Taylor expansion made

to build the formal expression of the potential [215].

For the bending energy, the most common form is also harmonic, hence, the increase in the
energy will be proportional to the square of the increase of the difference in the angle 6

between the three atoms implied in this interaction and the angle 0., at equilibrium, such

t.hat: Ebend: kbend[ 6_ Heqlz .

For the torsional term, the angle ¢ of the system, consisting of 4 consecutively bonded
atoms referred to as i, j, k, and 1, is an angle along j-k bond, and between i-j and k-I bonds. It
is noticeable that this functional is 2-n periodic, so the energy varies as in a sine or cosine

pattern or as a combination of them [213], such as it is described in the commonly used

5
Ryckaert-Bellemans function which reads:  E,,( ¢y :Z C,lcos(y)|", y=¢—m.
n=0
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A final optional term of the potential energy which is often used is a sum over the so-called
improper dihedrals. They are used to keep specific molecular geometries inside a given
molecule, such as planar groups which would tend to adopt other conformations, or to avoid
molecules flipping to their mirror images. For this type of dihedrals a harmonic potential is
commonly applied to the angle & between planes generated by the atoms (i, j, k) and (j, k, I),

where i, j, k, | refer to four consecutively bounded atoms in a given molecule. A common
expression of that potential then reads: Eid({:‘jjk,]:%kgt ‘g‘,.}.k,—;-‘a}z , where & is the

equilibrium value of this angle. This kind of terms are necessary for aromatic groups and

many other structures, such as three atoms attached to the single “central” atom [216].

All terms mentioned above are bonded terms, as they describe interactions only between the
atoms which have chemical bonds between them. On the other hand, non-bonded terms,
describe interactions between all pairs of atoms, regardless of their chemical electronic

bonds. Hereafter is a brief description of the most common functionals referring to them.

Van der Waals interactions describe the attraction between atoms and may be interpreted as
a non-polar part of the non-bonded interactions, i.e. interactions which are not of
electrostatic origin nor due to the displacement of the electronic cloud. Traditionally, the
functionals describing it also include a repulsive term at very short distances, as a direct
consequence of the Pauli exclusion principle. The general functional form, for two atoms i

G
——=> , where C; is a constant and r; is the distance
;

repu!'sion(. rij ]

and j, reads: E,,|r;|=E
between atoms i and j [215].

One of the most common potential used for describing van der Waals interactions is the
Lennard-Jones potential (E.;). It is an inexpensive way to compute both repulsive and
attractive terms, at the contrary to Buckingham potential — and as far as for large molecules
calculating the non-bonded energy is the most time-consuming part [215] — that is why

Lennard Jones (LJ) potential is the most widely used one. The expression of this potential is

12 6
9\ _(%
r;j r,_‘

characterize respectively the distance at which the potential is zero, and the depth of the

the following: E,,(r;|=4¢, , where o; and &; are parameters which

potential well, i.e. the strength of the interaction between the two given atoms. When this
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potential is implemented in a given force field, it is common that only the values of o and ¢
are explicitly defined from quantum mechanical computations only for the interactions
between pairs of atoms of the same type. Thus, the estimate for the van der Waals potential
between atoms of different types is generally given using so-called combination rules which
give an estimate of o and ¢ from the defined parameters. The definition of this rule is made

for the entire force field. For instance, in the case of CHARMM general force fields [217],

_0ito;
the Lorentz-Berthelot combination rules are used, such that: |%i~ 7 , whereiandj
Ei=VEE)

refer to two atoms of different types [216].

In most classical MD simulations, the force field is optimized to only one electronic state for
each molecules in presence. This state is generally the ground state. In the case of the
electrostatic interactions, the partial charges of each atom are computed in the ground state
for each molecule. Those computations are either done in the absence of any environment or
in the presence of the most common medium which is generally water. In the scope of
biological systems where the molecules of interest often cross two media (water and lipids),
this might lead to some inaccuracies. These partial charges are most commonly computed
by fitting the calculations performed by electronic structures methods to the Coulomb

potential E; which is used to describe electrostatic interactions as pair-type interactions,

such that E ['rfj)z%

i)

, where g and g; are the partial charges of atoms i and j
respectively and € being a dielectric constant.

IL Periodic boundary conditions

Periodic boundary conditions are used to avoid problems at the edges of the simulation box
while allowing to simulate a system with a small number of atoms by making systems
virtually infinite. It means that the simulation box — the virtual “container” of all the atoms
of the system — is surrounded by translated copies of itself creating thus an infinitely

periodic lattice.

The box can be of a different geometries: cubic, rhombic dodecahedron, or truncated
octahedron being the most common. The rhombic dodecahedron is the smallest and most

regular space-filling unit cell: each of the 12 image cells is at the same distance and the
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volume is 71% of the volume of a cube having the same image distance. It is thus customary
to use better space-filling geometries, the latter could be saving ~30% of CPU time using
Gromacs package [218]. However, the choice of the geometry of the simulation box is

generally driven by the type of system which is simulated.

Gromacs package also uses the minimum image convention, which means that for short-
range non-bonded interactions, only the nearest image of the box will be used. This implies
that cut-off radius can’t exceed half of the shortest box vector. One should note that the box
size is an important parameter while designing some system. One should always be sure that
a molecule does not self interact by choosing accordingly a length of the box vectors should

that exceeds the longest dimension of the molecule plus twice the cut-off radius [216].

III. Treatment of non-bonded interactions
i van der Waals interactions — Hydrogen bonds, long-range treatment, and dispersion
corrections

Interestingly, the definition of the van der Waals interactions raise difficulties for atoms
involved in hydrogen bonds. Indeed, even though the main contribution to hydrogen bonds
comes from electrostatic attraction, it was shown that shorter range — yet steeper — van der
Waals interactions give better results. Hence, some force field introduce the use of a special
pairs list, where all hydrogen bonds are assigned specific parameters, non-typical for regular
interaction for these atom types. Alternatively, the use of a Lennard-Jones 10-12 has been
reported (where 10-12 are the exponents of the attractive and repulsive terms respectively)

[215].

To save computational resources, it is customary to introduce a cut-off distance r¢, such that
E)(ry)=0 if ry=rc. The value of rc is taken so that the dispersion interactions will be small
and generally range between 0.8 and 1.5 nm. This early method would define a plain, abrupt
cut-off of the LJ potential®. However, most of the commonly used force fields (see Table 5)
will also shift the potential so that Ep(r;=rc)=0, to avoid abrupt changes of forces at rj=re.
Another strategy which is often implemented is to smoothly switch the forces to zero

between another value of rj=rv-swich and ri=re.

& We assume that the van der Waals are described by a LJ potential. The description of the plain cut-off applies also to
other potentials, e.g. Buckingham potential. However, since we will describe smoother cut-offs which could be
potential dependent, and that LJ potential is by far the most used for most of the available force fields, we made the
choice to focus on that one.
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Table 5: Example of parameter sets for the van der Waals interactions in the Gromacs packages [6] for a
selection of commonly used force fields. Note that for each force field, more than one set of parameters could
be valid. For instance, Martini 2 was originally implemented using a force switch, and making use of the group
algorithm neighbor searching procedure, leading to a recommanded value of rc=1.2 nm. For the Gromacs
package, the type of cut-off is defined by vdw-modifier, ryiu-swich is referred to as rvdw-switch, r¢ is denoted
rvdw, the neighbor searching algorithm is defined by cutoff-scheme, and DispCorr permits to implement
dispersion corrections to either the energy, the pressure, or both.

Gromacs package option Berger [219] CHARMM 36 Martini2 [220] Slipids [221] Amber ff14SB

[222]
vdw-modifier Potential-shift Force-switch Potential-shift Potential-shift Potential-shift
rvdw-switch N/A 1.0 N/A N/A N/A
rvdw 1.0 1.2 1.1 1.4 0.8
cutoff-scheme Verlet Verlet Verlet Verlet Verlet
DispCorr Enerpres no no Enerpres Enerpres

In order to further reduce the computational cost, the use of cut-offs is associated to a
neighbor searching algorithm. The simplest algorithm generates a pair list of atoms every
nstlist step. This list contains, for each atom i, all the other M; atoms which are susceptible,

within nstlist time steps, to have a distance such that for any j atom of this list, we could
N
possibly satisfy r;<rc. Thus, for a system of N atoms, only the zj: .M, distances shall

be evaluated each step, instead of N|N—1| otherwise’. In the past years, modern MD
packages, including Gromacs, generally make use of the so-called Verlet list algorithm

which is a version of the neighbor algorithm showing very good scalability.

At distances rj~rc, the repulsion term will be negligible, however, the truncation of that
potential leads to discrepancies on the system's energy and pressure. That correction is
especially important on the pressure. For example, using a simple water box with a cut-off
of 0.9 nm and a density of 1000 kg cm>, the correction on the energy is of 0.75 kJ mol™ per

molecule while the correction for such system, accounting for the use of SPC model of

7 Inreality, in the frame of this neighbor algorithm, other optimizations are made. For instance, instead of computing all
the ry distances from that list and to compare them to the cut-off distance, to check whether they fall inside a sphere of
radius re centered around atom i, the algorithm preselects only the atoms which fit in a cube of the same center and of

2 2
dimension 2 re. This action will save some extra computation of the distance 1 i= '\/A X +A yz'l-ﬁ Z  forall

Ax<r,
atoms which do not satisfy a simpler condition to compute being { A Y<rg. Ontop, itis customary to exclude
Az<r,

for the pairs list atoms which from the same molecules which are a few bonds away, for which non-bonded
interactions are most likely to occur.
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water, would be of -280 bar [218]! As denoted in Table 5, most of the modern AA force
fields either recommend or are compatible with the use of such corrections as implemented

in the Gromacs package.

ii. Electrostatic interactions — Reaction field, Ewald summation

Since the electrostatic potential decreases slowly in comparison to dispersion potential,
applying cut-offs distances in the same fashion as for the van der Waals interactions would
lead to drastic inaccuracies. To better picture the problem, let’s consider using a cut-off at

r=re, similarly to what was done in the previous section about the dispersion interactions.

The general form of a decaying pair potential can be shortened to E[r.,'=é with A a

Ul n?
ij

constant of the system, and n, the power which sets the steepness of the decay. For such
potential, in the case of a system of uniform density p, the tail of the potential that is the
potential beyond rcreads [223] :

2

\ T Ar;
n}=2:thJ. — iy,

i

Emif[ r

ij?

where N is the total number of atoms in the system, and from that expression, we see that
E,lr;;n| is infinite for n < 3. Hence, potentials with n < 3 in a inhomogeneous system
will be only conditionally convergent. On top of this drastic problem, convergence of the

direct summation of each contribution to the Coulomb interaction is very slow.

Thus, it is customary to make use of methods based on the Ewald summation to compute
this potential in the frame of MD simulations. This method relies on the fact that most MD
simulations use periodic boundary conditions, creating a virtually infinite system [216]. The

electrostatic potential of an infinitely periodic system of N atoms reads:

N N
ECJ[r:jn]_ 3 ’
ngn]f:-—:on =—wn=-w i=1 j=1,j¢iifn‘=n,=n,=0 rfj‘i‘n_,ch'l‘nyLy"'nz Lz

where L,, L, L, are the lengths of the simulation box considered being a rectangular
cuboid, and n,, n,, n, are integers referring to the n" periodic box along the given axis.

Each punctual atom i is attributed a charge density distribution p; such that:
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piF|=q;8F =T,
where & refers to a Dirac distribution. The Ewald summation method, introduced in 1921
[224] consists in computing the electrostatic potential for two contributions: a short-range
and a long-range contribution. To do so, an arbitrary Gaussian distribution G is artificially
added and subtracted to the charge distribution:
pilF|=pi(7|+pf (F)
p;(F|=q,8(F—F|-q,G[F—F}).
piF|=q,G[F—7

Subsequently, the Poisson’s equations for the short and long range contributions can be
solved. Taking into account that punctual charge distribution can be taken as a limit case of
a Gaussian distribution with a standard deviation equal to zero, it is thus possible to express
the both contributions as a function of the error function and the complementary error
function, respectively erfc and erf. Both contributions are still under the form of the
summation introduced above. In the case of the short-range contribution, the terms for
bigger values of the distance between atoms i and j are rapidly decreasing, ensuring thus, the

rapid convergence of this summation.

However, the long-range contribution should be computed differently as the infinite sum
over the erf functions does not converge rapidly. The idea proposed by Ewald for this term
is to obtain a converging series in the reciprocal space. Since we work on a periodic lattice,
we can express the charge density distribution by periodic function and apply the analogy of
the Bloch’s theorem. Hence, the Poison’s equation can be advantageously solved in the
reciprocal space. It is important to note, that simplification used implies that the system has
a neutral charge — which explains the necessity to use counterions in MD simulations using
Ewald summation. The rapid convergence of the long-range distribution in the reciprocal

-’
space is ensured by the presence of an exponentially decaying term of the form e * ,

where o is the standard deviation of the Gaussian distribution and k is a Bloch vector
describing the periodicity of the system in the reciprocal space. Hence, the sum is rapidly

converging, as the contributions for periodic images of the reciprocal for bigger values of

|i<" become rapidly small.
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The complexity of this method for an optimal choice of o can be driven to an algorithmic
complexity of O(N*?) which is still prohibitive for large systems. To optimize further this
method, much work was done to lower the complexity of the long-range contribution as the
direct sum on the short-range contribution alone has a low complexity of G(N). Particle
mesh Ewald (PME) and smooth particle mesh Ewald® (sPME) were developed by Darden
and co-workers [225] where the use of the efficient fast Fourier transform (FFT) algorithm
is made to compute the Gaussian contributions of each particle on a grid that creates a
discrete mesh over the simulation box. This implementation drives the complexity to drop to

O(N log N).

iii. Treating long-range non-bonded interactions of bonded atoms

Applying the non-bonded terms between close neighbors inside a given molecule is
detrimental to the accuracy of the computations. Hence, non-bonded interactions between
atoms i, i+1, i+2, and i+3 (where i+1 is directly bonded to i) for a same molecule are
treated specifically. First, the atoms i+1 and i+2 are excluded from the non-bonded
interactions. Secondly, the interactions between atom i and atom i+3 are scaled by two
weights, generally referred to as fudgeqo and fudge.; applied respectively to the Coulomb
and van der Waals interactions. To apply these modifications, a so-called exclusion list is
created for the atoms i+1 and i+2, and the 1-4 interaction list is defined for the interactions

between atom i and the fourth closest atom(s), i+3.

IV. Potential energy surface

It is necessary to introduce the terminology that will be used throughout this manuscript,
especially in the context of free energy computations. The force field associated with a
system allows us to construct the complete potential energy surface (PES) for a given
electronic state, which is typically the ground state in classical molecular dynamics (MD)
simulations. Hence, each MD simulation frame represents one point on this hypersurface.
When a system undergoes transformations between different energy minima on the PES, it
follows a path of minimum energy, known as the minimum energy path (MEP). We will use
the convention which tends to be employed in the scientific community by referring to the
mathematical definition of this coordinate as the system reaction coordinate (RC) for that

given transformation. On the other hand, since the analytical definition of that RC is

8  The latter is the version implemented in Gromacs packages
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generally unknown, one often has to propose some analytical definition of that path which
can arguably be considered close to the RC. This analytical expression is referred to as a
collective variable (CV). A CV is thus defining an axis on which one can project the PES to
have a better understanding of local energy minima, barriers, or saddle points during a given

transformation.

As entropy and temperature play significant roles in natural transformations, our focus is
generally on exploring regions of the free energy surface (FES) that are close to the
minimum free energy path (MFEP). To accurately determine a point on the FES, extensive
sampling of the phase space at that point is required. Further details regarding enhanced
sampling methods in MD simulations will be discussed later in this chapter. However, it is
worth noting that, to keep computational costs manageable, it is common practice to limit
the dimensionality of these projections, typically using only one or two CVs, which provides
only a partial view of the FES. Therefore, it is important to ensure that the set of CVs

generates a base that is as complete as possible.

During the studied transformation — or reaction — reactants, products, and transition states
are stationary points of the PES — i.e. points for which the PES as a zero gradient along one
or more coordinates [213]. Mathematically speaking, any transition state on the PES is
defined by 9°E/&°q<0 |, for all the q geometric parameters (bond length, bond angle, etc.)
which are components of the reaction coordinates, while for all other directions the value of
the second derivative will be higher than zero. Points which have more than one coordinate
where the second derivative is negative are called higher-order saddle points or hilltops
[213].

The potential energy functional introduced earlier as a sum of N-bodies interactions depends
in fine on the positions of the punctual representations of the atoms in the system. In other
terms, we use only the nuclei coordinates as parameters to compute an estimate of the real
PES function. This is a direct consequence of the Born-Oppenheimer approximation which
shows that taking nuclei in the molecule as stationary with respect to the electrons is a good
estimation [202]. The Born-Oppenheimer approximation is the assumption that the
electronic motion and the nuclear motion in molecules can be separated [226]. The motion
of nuclei is much slower than those of electrons due to a huge difference in mass of

electrons and nuclei: a hydrogen nucleus is around 2000 times heavier than an electron, and
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for the majority of systems the Born-Oppenheimer approximation creates only small errors

[11, 15]. It should be noted, that many ab initio methods do not make that assumption [215].

The main methodology used to determine the set of parameters for a force field is by fitting
the individual terms to the results of numerical quantum computations or experiments [17].
For instance, in the case of Slipids force field, experimental heats of vaporization and

densities were used to fit the LJ parameters [227].

¥e Ensembles, thermal and mechanical macroscopic quantities

MD simulations are powerful computational tools which permit to generate the data on
which one will make measurements in order to investigate the behavior of complex systems
at the atomic level. To connect MD simulations with macroscopic observables and obtain
meaningful results, we should introduce the concept of statistical ensembles. Statistical
ensembles provide a statistical framework to describe the collective behavior of many

particles in terms of their probabilities and distributions.

i. Ergodicity, statistical ensembles, and measure in MD simulations

The ergodic principle is fundamental in MD simulations. It states that, given enough time, a
dynamical system will explore all configuration space compatible with its energy, volume,
and particle constraints. This principle is crucial because it allows us to connect the temporal
evolution of a system in a simulation to the ensemble average properties of the system at
equilibrium. This assumption is generally not verified for each and every system as it is very
difficult to prove a system ergodic. The main conclusion from that assumption is that the
frames of the simulations are as much a representation of the time evolution of the system as
they are supposedly independent experiments. As a note, it is important to remember that
memory effects are always present in the trajectories resulting from MD simulations. That
means that each and every successive frames are correlated. Thus, when one will measure a
macroscopic observable, it might be good either to use frames which are far enough from
one another to avoid biasing the result or to use statistical methods to correct that
correlation. It is anyway advisable to compute the integrated autocorrelation time (IACT) to

get an estimate of the duration of that memory effect.

To obtain reliable and accurate results when doing a measure from MD simulations data, we

should simulate a system for a sufficiently long time to ensure that it reached a
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thermodynamic equilibrium. Then, one needs to run another sufficiently long simulation so
that it explores all relevant configurations. The measurements should then take the form of
an ensemble average, reflecting the statistical behavior of the system rather than the
behavior of individual trajectories. The ensemble average is a statistical average taken over
all possible configurations of a system within a given ensemble. It provides a way to
calculate the average value of a property of interest, such as energy or position, considering
the probabilities associated with each configuration. Mathematically, the ensemble average,

denoted by (A), of a property A is given by:

(A)=) Pli)Ali),

where P(i) represents the probability of configuration i occurring in the ensemble, and A(i)
represents the value of property A for that particular configuration. The sum is taken over all
possible configurations in the ensemble. In the case of an ergodic system, the time average
of a property can be related to the ensemble average. The ergodic principle states that, over
a sufficiently long time, the time average of a property is equal to its ensemble average.
Mathematically, this is expressed as:
1 T

lim(=|| Alt|dt,

i 7]
where T is the total time of observation, A(t) represents the value of property A at time t,

and the integral is taken over the time period [0, T]. Thus, this expression represents the

time average of property A.

The fact that a measure in MD simulations is an ensemble average directly implies that the
system should be simulated in a given statistical ensemble. The microcanonical ensemble, or
NVE ensemble, is considered the natural ensemble for MD simulations. It describes an
isolated system with a fixed number of particles (N), fixed volume (V), and fixed total
energy (E). In the NVE ensemble, the system conserves its energy, allowing for accurate
and straightforward integration of the equations of motion. This comes naturally with a
pristine implementation of a MD software as the integration algorithm used are symplectic —

i.e. they conserve the volume of the phase space — which implies that they also conserve the
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energy of the system®. In reality, numerical approximation will always lead to some small
energy drift, but that can be monitored and will always be very small. On top, the volume of
the simulation box and the number of particles are initial parameters. That means that a
pristine MD code will surely conserve those two properties. This is why the NVE ensemble
is considered the natural ensemble in MD simulations. However, simulating systems in the
NVE ensemble is not always practical. Lots of phenomena are temperature-dependent, and
it is experimentally very difficult to work in the microcanonical ensemble — which would

limit the direct comparison of MD-based measurements with in vitro or in vivo experiments.

ii. Temperature coupling, flying ice-cube effect, hot solvent/cold solute problem

To simulate systems at a desired temperature, the NVT ensemble, or canonical ensemble, is
commonly used in MD simulations. In this ensemble, the system is in contact with a heat
reservoir at a fixed temperature (T). The exchange of energy between the system and the
reservoir ensures that the system reaches the desired temperature. Various algorithms are
used to control the temperature, such as Berendsen, stochastic velocity rescaling (called v-

rescale in Gromacs package), Andersen and Nosé-Hoover thermostats [228].

The simplest algorithm used for temperature coupling is the Berendsen algorithm [229]. In
this case, the system at temperature T is coupled to a heat bath which is set at a given
temperature Ty. This thermostat corrects the temperature of the system such that its deviation
exponentially decays with time. This decay is set by a time constant 7 in the following way:

dr _To—T
d o

However, Berendsen thermostat suppresses kinetic energy fluctuations, which drives the
system not to sample the given statistical ensemble (i.e. canonical or isobaric-isothermal
ensemble). The repeated velocity-rescaling procedure applied by this thermostat has other
consequences. Indeed, it was shown [230] that this method violates the equipartition
theorem which states that, for a system in thermal equilibrium, energy is shared equally for

each degree of freedom. Because of that rescaling, high-frequency fundamental modes are

9  Inreality the preservation of the volume of the phase space is a stronger property than just the energy conservation. It
comes from the fact that any Hamiltonian system obeys the Liouville’s theorem which states so. Later, in the
manuscript, when we mention the use of temperature and / or pressure coupling, we may modify the equations of the
dynamics and we are not anymore studying a Hamiltonian system.
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drained to low-frequency modes, such as center of mass (COM) translation. Hence,
especially for simulations where one does not remove the COM translations of (group(s)) of
the system, the so-called flying ice-cube effect may occur. This non-physical artifact has one
well-known visual consequence that takes the form of a seemingly frozen part of the
solvent, flying over the simulation box'. Nonetheless, Berendsen thermostat is still widely
used, although it is known to cause drastic problems [228]. At the present time, there are
very few reasons to keep using it: 1. if, for some reason, the force field developers explicitly
mention that its use is required, but that should still drive the users to exert extra care to
make any conclusions on their simulations, or 2. in order to approach thermodynamic
equilibrium during the equilibration procedure of a simulation, on which no properties are

going to be computed"'.

It is noteworthy that the stochastic velocity-rescaling thermostat [232] — otherwise referred
to as Bussi-Donadio-Parrinello thermostat — is an extension of Berendsen thermostat that
does not exhibit the aforementioned artifact. That is because this algorithm preserves the
fluctuations of the canonical ensemble, thanks to the introduction of a stochastic term. This
term allows to not select the exact value of the target kinetic energy, but a value taken from
the target distribution of the kinetic energy with an average taken as the target temperature.
This algorithm is commonly used for production run as it is both simple to implement, and

preserves the statistical ensemble of the system.

It is worth mentioning that nonphysical behaviors in simulations attributed to the presence
of a thermostat are not limited to the flying ice-cube effect. It was shown that temperature
coupling could influence the flux of water through nanotubes [233], the use of a single
thermostat in the case of inhomogeneous solute solvent systems could lead to gradients of
temperatures — even for other algorithms than Berendsen thermostat — leading to the so-

called hot-solvent / cold-solute problem [234]-[236].

10 It should be noted that the absence of such flying cube in the system does not mean that no artifacts are present. The
violation of the equipartition theorem can trigger the development of gradients of temperature across the system, and
the accumulation of kinetic energy either into the translational or the rotational degrees of freedom.

11 This use is now very common, for instance, CHARMM-GUI website [231], which is routinely used to prepare
simulation systems, provide a set of equilibration steps which most often make use of Berendsen algorithm.



COMPUTATIONAL STUDY OF SUPPORTED OR BACTERIAL LIPID MEMBRANES

iii. Pressure coupling

Similarly as with systems with constant temperature, the choice of the pressure coupling
algorithm is crucial when simulating systems under constant pressure conditions. The
isobaric-isothermal ensemble (NpT) and its variations — namely isobaric-isothermal-
constant lateral surface area of membranes (NpAT) and isobaric-isothermal-constant lateral
surface tension of membranes (NpyT) [237] — are very often used as they mimic conditions
with are very often used experimentally. In MD simulations, pressure coupling algorithms
allow for the adjustment of the system's volume to maintain a desired pressure. The
aforementioned NpAT and NpyT variations allow for controlling additional variables like
surface tension or area fluctuations. These ensembles are particularly relevant when
simulating systems with interfaces, such as liquid-liquid interfaces or lipid membranes.
Berendsen algorithm has been commonly used for pressure coupling for a long period,
although algorithms preserving the correct statistical ensemble are now the golden standard.
As such, we can cite Parrinello-Rahman barostat [238], or an analogous algorithm to

stochastic velocity rescale called stochastic cell rescaling [239].

VL Energy minimization

Exploring PES and locating stationary points are important for geometrical optimization of
the studied molecules. This step is generally called energy minimization. It also allows the
system to get rid of steric clashes - i.e. improper relative positions of different molecules.
While building a system, it is customary to use automatized process to add the solvent.
Solvent molecules at the interface with solutes can be too close or in unfavorable regions,
e.g. inside the hydrophobic core of a membrane, inside some unfavorable regions of a
protein, or simply too close to the atoms of other molecules. Energy minimization procedure
will be used to manage with these issues and get a sufficiently stable structure to further

proceed with MD simulations.

Energy minimization algorithms requires two inputs: 1. the definition of energy surface, i.e.
a force field, and 2. the initial coordinates of each and every atoms in the system, i.e. a
structure file. These inputs will be used by the minimization algorithm to determine the
fastest direction towards local minimum of the PES and the distance to the minimum in that
direction [240]. In computational chemistry, we make an assumption that the gradient can be

calculated analytically. Also, in practice we consider the optimization converged when the
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gradient the potential energy change between two iterations becomes sufficiently small or if
the maximum forces between two atoms is lower than some predefined tolerance. This
approach obviously has limitations for functions with a very flat energy surface in the
studied region, because they can meet the convergence criteria without being in proximity of

a stationary point [215].

The steepest descent method — which is the most frequently used one — computes a
displacement in order to minimize the maximal force acting on any atom. Thus, the set of
new positions of all the N atoms of the system and referred to as 7 is computed in the
following way for the step k of the minimization process:

—r

e Fy

T =Ty~ =7 M
max[le”

where 1_7; =—_V- E,, which permits to propagate the system in the opposite direction to the
gradient of the potential E. The motion is scaled both, by the largest scalar force on any
atom, and by the maximum displacement at the step k. This displacement depends on the
initial maximum displacement h,. For any step k+1, the displacement is defined as such:

h,,,=1.2h, if E,, <E,
hy =02k, B >E

The algorithm will then stop either if the maximal force is lower than some tolerance, or if a

maximum number of steps was reached.

More refined methods are also often implement, such as the conjugate gradient method, or
even some quasi-Newtonian method such as the limited-memory Broyden-Fletcher-
Goldfarb-Shanno algorithm [218] which can be advantageously used, either along with a
steepest descent procedure or as a standalone minimization procedure in case the initial

attempts of energy minimization did not succeed.

VIIL Numerical integration of the equations of motion

The heart of MD simulations consists in the integration of the classical equations of motion
applied to each punctual atom to which is associated a force which is derived from the

potential generated by the sum of N-body contributions described above and which is set by
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the choice of the force field. We mention in section V that, since we pristine MD
simulations work with Hamiltonian systems, these integrators should be symplectic. This
fundamental property implies that upon any canonical transformation such as time-
integration of the equations of motion, the volume of the phase space of a Hamiltonian
system is conserved. Since a time-independant Hamiltonian system will conserve energy
and other properties, the use of symplectic integrators will also conserve those system

properties, which are fundamental to follow the dynamics of the system accurately.

Since one turns into numerical integration of the equations, that implies that the user should
choose a finite time step such that we sample well enough the highest-frequency modes of
the system. Some of the fastest vibrational modes are linked to C-H bonds, which have a
period around t~11 fs [241]. It can be shown that — given the order of the symplectic
integrator — its stability can be assessed for a given value of 7. For a value of 10 fs, the
maximum time-step for a Verlet integrator is of 2.25 fs [241]. This explains why it is
customary to choose a value At=1 fs AA MD for which all bonds are treated explicitly and

not as constraints.

To apply the chosen integrator numerically, one should discretize the Newton’s equations —
e.g. by means of a Taylor expansion, which is generally written for both coordinates and
velocities for any given atom i such that:

4

Filt+At)=F[t]+V,[t)At+F, (t12—+r It}—+G[At

v|t+AtJ—vlt+F(]—+v[t] +v{tl—+6(At“]

where F, is the force acting on the atom i. The Verlet family of symplectic integrators

I

was thus developed to integrate these equations and the Verlet integrator is obtained by

summing F.[t+At] and F,[t—At) and reads:

Flt+At|=27[t)-F [t— Atﬁ+F|t} m+5[At4]

Thus, the velocities are computed simply as follows:
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5 ]_F,.[t-n-At)—ﬁ[t—At)

! 2At

+0(AtY),

which drives the velocities to be only of order 2. That later issue drives to summing errors
rather fast and might not be appropriate for long runs of MD simulations. At the moment,
two numerical symplectic integrators are solving this issue and are the most often used for

MD simulations, namely velocity-Verlet and leap frog integrators.

VIIIL. Free energy calculations

Free energy is a state function in thermodynamics that plays a central role in understanding
the behavior of physical and chemical systems. At its core, free energy represents the
maximum amount of work that can be extracted from a system while keeping its
temperature and volume (or pressure, depending on the ensemble) constant. We propose
here to briefly explain the importance of free energy measurement in MD simulations,
driving to a first overview at the thermodynamic scale. The statistical physics origin of MD
simulations also rises in this very topic. We show in this section why pristine MD
simulations are not appropriate to make such measurements. Finally, we describe the
method we used the most during the present work to compute the free energy profile for

given processes, i.e. the umbrella sampling procedure.

i Thermodynamics, work, kinetics, and experiments

In thermodynamics, there are different definitions of free energy, each tailored to specific
ensembles and related conditions. The two most commonly used definitions are the Gibbs
free energy (G) and the Helmholtz free energy (A). The Gibbs free energy is applicable to
systems at constant pressure, while the Helmholtz free energy applies to systems at constant
volume. Mathematically'®, the Gibbs free energy is defined as G = H - TS, where H
represents the enthalpy, T is the temperature, and S is the entropy. On the other hand, the
Helmbholtz free energy is given by A = U - TS, where U is the internal energy of the system.

These different formulations of free energy provide valuable insights into the
thermodynamic favorability of a process. If the free energy infinitesimal change for a
system — which is formally the differential form, respectively dG and dA — is negative, it

indicates that the related infinitesimal process is thermodynamically favorable, meaning it

12 For the sake of simplicity, we stay in the frame of closed-systems, i.e. for a constant number of particles N in the
system.
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can occur spontaneously. Conversely, a positive free energy change suggests that the
process is energetically unfavorable and requires an input of energy to proceed. By
understanding the free energy landscape, one can predict and analyze various phenomena,
ranging from chemical reactions and phase transitions to the stability of biological

macromolecules.

Understanding the variation of free energy is crucial in MD simulations as it provides
insights into the available work of a system which is mediated by thermal energy. To better
see how thermal energy drives a given process, one can relate to the Arrhenius law, which
links the speed of a reaction to the probability of a chemical process crossing an activation
barrier. This probability depends, obviously, on the height of the barrier — which can be
proven® to be AG?, i.e. the difference of free energy between the barrier and the initial state
of the reaction — but the exponential term is also inversely proportional on the temperature
of the system, which governs the Brownian motion and determines the speed at which the

system explores the configuration space.

In MD simulations, the work done in different ensembles, such as the canonical ensemble
(NVT) and the isobaric-isothermal ensemble (NpT), can be formally related to the free
energy by examining the differential form of the free energies in each case. By analyzing the
differential expressions of Gibbs free energy (dG) and Helmholtz free energy (dA) in these
ensembles, one can establish a formal link between the variations in free energy and the
work done by the system. The differential Gibbs and Helmoltz free energy (dG) are related
to the reversible work (6W..,) performed by the system. The reasoning is written here only in

the case of Gibbs free energy as it is very similar for Helmoltz free energy:

dG=dH —TdS—SdT
dG=dU+ pdV +Vdp—TdS— SdT
dG=5Q+8W+pdV +Vdp—TdS—SdT
dG=TdS+W ., — pdV + pdV —TdS+SdT ,

dG=0W , +SdT if process is reversible (2""T law of thermodynamics)
dG=06W ,, if T=const

13 In the frame of the transition state theory (TST), the Eyring equation was formally introduced, based on developments
from statistical physics.
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The reversible work (W,.,) corresponds to the maximum work that can be extracted from the
system, and it represents the reversible component of the total work done by the system. In
contrast, the irreversible work arises due to dissipative processes and is not accounted for in
the differential free energy expressions. It is important to note that the reversible work is the
component directly related to the changes in free energy, as it represents the work that can

be recovered without any energy losses.

Furthermore, the aforementioned Arrhenius equation shows that accessing to the free energy
variations of certain processes could be a step to a better understanding of the kinetics of a
process in a second step. Conversely, other processes, such as ligand permeation, require to
access the free energy profile for the process in order to access to an estimate of the Kinetic

of the process, such as the permeability coefficient [242].

Finally, free energy variations not only offer fundamental insights into the thermodynamic
favorability of a process but also find their origin in experimental observations. Experiments
are typically conducted in the canonical ensemble and even more often in the isobaric-
isothermal ensemble, making the observables associated with free energy variations natural

measures of the available work of the system.

ii. Reaction coordinates and collective variables

To obtain meaningful free energy profiles of a given process, this one should be evaluated
along the minimum free energy path (MFEP) on the free energy surface (FES). This path is
formally described by a basis formed by a set of orthogonal vectors referred to as reaction

coordinates (RCs).

When computing the free energy profile of a process, one must identify and estimate this set
of reaction coordinates. However, directly sampling all the degrees of freedom of a system
is generally not accessible either because of the high dimension of subsequent RCs, or most
often, because we lack the knowledge to appropriately describe these RCs formally.
Collective variables are functions that capture the essential features of a system and provide
a low-dimensional representation of the reaction coordinates. Formally that has two
consequences that one tries to minimize during their design: 1. the basis they generate is
incomplete, but to make the CVs meaninful, the projection of the MFEP on the CVs should

account for most of it, and 2. the basis might not be generated by orthogonal vectors, which
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leads to double-counting issues, but the choice of the CVs is generally made such that
orthogonality is mainly preserved. These variables are typically chosen based on their
relevance to the process under investigation. They can include geometric parameters,
distances between atoms or groups, angles, torsional angles, or any other suitable descriptors
that capture the important changes occurring during the process. Employing accurate CVs
can allow to effectively navigate the high-dimensional configuration space and to focus on
the essential changes that define the reaction coordinates. The choice of appropriate
collective variables is crucial for obtaining accurate and informative free energy profiles

[243]-[247].

iii. Measuring free energy with MD simulations

In MD simulations, the measure of the potential energy of the system is inherent to the
simulation as it is computed at every frame while propagating the system through time by
integrating the equations of motion. The potential energy represents the energy associated

with a specific conformation — or microstate — of the system.

In a macroscopic thermodynamic state, there are numerous microstates or conformations
that correspond to different arrangements of the system's atoms and molecules. Accessing
the free energy of a system that transitions between different states requires formally
sampling each microstate associated with a given macroscopic state. This is because in
statistical physics, to obtain meaningful measurements, one must perform an ensemble

average, which involves sampling all accessible conformations.

MD simulations allow for the exploration of different conformations by generating
trajectories that capture the system's evolution over time. However, it is important to
recognize that MD simulations, in their pristine form, may not adequately sample the entire
conformational space or sufficiently explore high-energy regions and energy barriers. The
limitations of sampling arise due to the finite length of simulations and the inherent

stochasticity of molecular dynamics.

To better understand the origin of the sampling difficulties that arise to measure the free
energy using pristine MD simulations, it is best to leave the thermodynamic point of view

and to further refer to statistical physics. In this frame, in the case of the canonical ensemble,
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the probability P; that the system lies in the microstate i is such that P,occe™™, which

means that it decreases exponentially with the energy of the system in the given microstate.
This observation further explains why natural MD simulations will undersample regions of
high energy. It also explains that the system will potentially never cross high energy barriers

during the course of a simulation, driving to potentially unexplored portions of the RC.

iv. Umbrella sampling

To tackle the aforementioned problems, many so-called enhanced sampling methods were
designed in order to access FE profiles following a system path on the FES using MD
simulations, including, but not limited to metadynamics, replica-exchange, alchemical free
energy computations, accelerated weight histogram. The general idea is often to modify the

probability the system has to explore a given region of the FE landscape.

One of the most used method at the time is called umbrella sampling [248], [249]. The
method divides the system in many slabs along the chosen CV which are referred to as
umbrella windows. The name of this method is linked the use of biasing potentials which act
along the CV and which generally take the shape of an inverted umbrella. The most

common of those biasing potentials w being a simple harmonic potential, such that

wf:kaaS[CV—CVE]Z, where CV is the central value of window i. Hence, in each slab,

the system is biased to stay in the surrounding of CV,, allowing to obtain a proper

sampling in this region of the conformational space.

In the frame of the canonical ensemble, one would compute the Helmholtz free energy™ as

described in statistical physics such that A = — kgT In Z, where Z is the partition coefficient
which reads Z:I e P®"dr, where E is the potential energy of the system. To evaluate

the free energy along a given RC, which we will refer to as & one can express the

probability distribution of the system along that RC:

. _fé(&llr']—’g’]e_ﬁ‘gdr
z(g=1— ,
8 J' e "adr

14 In the case of the isobaric-isothermal ensemble, one would consider computing the Gibbs free energy. The expression
of the partition coefficient would thus be affected, but the general reasoning will be same.
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with & referring to the Dirac distribution. Hence, the free energy along & can be expressed as
Al&l=—k,TIn|Z|&||, and is often referred to as the potential of mean force (PMF). The

ergodic principle is once more assumed to access to Z(¢) in the frame of MD simulations,

yielding

z(g=tim [, pl$le") de",

where p is the count of occurrence of £ in a given interval. In this case, Z(§) is nothing more

than the probability distribution to find the system in the vicinity of a given value of the RC.

After a sampling procedure, the unbiased free energy profile can be accessed since we know
the analytical form of the biasing potentials that where applied on each windows. To do so,

it is common to use the weighted histogram analysis method (WHAM) [250].

V. Safety checks

Many parameters control the quality of the free energy profile estimated by means of US. At
first, the preparation of the system is of great importance. In order to generate the initial
conformations for the set of umbrella windows, many strategies can be adopted. The most
common one is by means of a procedure often referred to as steered molecular dynamics
(SMD). The idea is to gradually move the center of a biasing potential along the CV that is
implemented for the US procedure. This slow motion of the potential will induce the system
to be pulled in a range of values of the CV for which one wants to compute the free energy
profile. In this regard, it is critical to choose the rate of pulling with care as a too fast pulling
will drive the system far from equilibrium. That can induce the system to not having the

time to relax in the further simulations used for the US procedure.

As we mentioned above, the choice of the CV which is describing the RC is of utter
importance as it can be very complicated to notice the effects linked to a poor CV on the
profile. Mainly, two consequences that should be mentioned are integrated barriers and
averaged wells. These problems happen when the MFEP is partly orthogonal to the chosen
CV, or when multiple wells are located closely to one another. In the first case, if the MFEP
is orthogonal to the CV around a saddle point, the system will have higher probability to
explore regions of low energy which are located orthogonally to the transition state. Hence,

when the free energy of the related windows will be computed, the integration of the all
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contributions will delete the presence of the energy barrier along the CV. In the second case,
if there is a minima located orthogonally to the CV, a long sampling might drive the system
to explore it as well as the system will explore the region close to the MFEP. Hence, the
final value of the free energy will be a weighted average of the many minima orthogonal to

the CV, driving to a wrong estimate of the free energy profile.

The first step to check for the quality of a given free energy profile is to check the
convergence of the free energy values with time. For that, we plot the profile for many
chunks of the trajectory, i.e. 0-n ns; n+2n ns; ... ; i n-(i+1) n ns; ... From this plot, the
relative difference in free energy should get smaller when the system is at equilibrium™.
This is one necessary safety check as, since we are doing an ensemble average, the system
should be at thermodynamic equilibrium. From this plot, it is also possible to notice some
signs showing a poor CV. For instance, if the system is seemingly converging and suddenly
drops to another value. Such behavior could be the sign the system crossed a barrier
orthogonal to the CV and that the FE values that are obtained in a second time are an

average of the values in the two minima that are explored, orthogonally to the CV.

Secondly, it is important to estimate the errors and to keep any comment within them. The
most common method to estimate the errors is by means of bootstrapping analysis [251].
One should note that bootstrapping can lead to underestimating the real errors on the FE
[251].

Finally, if the quality of the CV is uncertain, one could perform the FE calculation using
conformations generated with 2 SMD procedures: one in the forward direction from a given
initial state to the final state and a second in the backward direction. This is a common way
to evaluate the quality of the CV. If the two profiles show a hysteresis, that means that the
system take two different paths on the FES which are not the MFEP [244].

IX. Physical limitations and conclusions

Through this chapter, we briefly went through the methods underlying MD simulations.
This overview draws a clear picture of the wide range of application of this method: from

the study of ligand-ligand interactions, to the study of membrane-protein interactions or to

15 The system is generally out of equilibrium at the beginning because of the SMD procedure that is generally used to
generate the initial configurations for the umbrella windows.
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the dynamics of small organelles, and, in a near future to the coarse-grained model of the

whole cell!

However, and it is necessary to strengthen it, there are many boundaries and limits to MD
simulations. At first, MD simulations were not designed to tackle reactivity, and even
though some attempts are in progress, most of force fields optimized only for the ground

states of each and every molecules.

Secondly, MD simulations are intrinsically of statistical nature. Thus, quantitative
measurements are to be under the form of ensemble averages. This implies that the user
should make sure to sample a given statistical ensemble by checking the quality of the
pressure and temperature coupling algorithms which are used, but also that the system
should be at thermodynamic equilibrium when one wants to make any measurements. It is
possible to make use of the trajectories to obtain a qualitative idea of some process — but
then extra caution should be applied, and, it is advisable to make use of several replicas of

the simulation to obtain some statistics on observations linked to the dynamics.

However, once the user exert proper care to build, run, and analyze simulations, MD
simulations are a tool of choice to have access to spatio-temporal scales which are above the
limits of most experimental techniques. These simulations are now routinely used, along
with experiments, to create or validate new physical models of many phenomena. In the
course of this manuscript, we will apply MD simulations especially to bacterial membrane

models and to their interactions with surfaces and antibacterial drugs.
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Influence of substrate hydrophilicity on structural

properties of deposited lipid structures

The importance of membranes in nature, as an host to many biological functions or as a
natural barrier between cellular compartment, drove to the development of model systems to
mimic their structures. Various applications followed those models, starting with the idea to
create a lab on the chip, designed to model a portion of a biological system and to run
measurements — such as quartz-crystal microbalance (QCM), surface plasmon resonance, or
atomic force microscopy (AFM) analyses [97] — which require a stable deposited lipid
structure. It is with this general aim that we wanted to get a better understanding of the
underlying interactions between lipid membranes and substrates, as they are a tools of
choice to explore drug-membrane interactions. Although this method is widely used [88],
[99], [100], it is of great importance to characterize the substrates which could balance best
between leaving the lipid structure unharmed, so that all its biological functions will be
preserved, and stabilizing that structure well and for a long time, so that experiments will
give accurate results. In this chapter, we decided to focus on the influence of the material on
the interactions with simple mono-component structures, although, in the end, our aim is to
simulate the deposition of a model of the outer membrane of Gram negative bacteria, i.e. an
asymmetric bilayer made of LPS in the upper leaflet, and a majority of

phosphatidylethanolamine in the lower leaflet.

The focus of this work is to understand the influence of hydrophilicity of the substrate on
the structure of supported lipid bilayers (SLBs). For this purpose, we selected a several
types of substrates with a wide range of hydrophilicity: pristine graphene (GR), graphene
oxide (GO) with several types of oxidation and silica. This choice of substrates comes from
the popularity of oxidized surfaces for SLB formation [98]-[102]. At the same time
hydrophobic surfaces, such as GR, are used for studying self-assembled monolayers (SAMs)
[102], [104]-[106]. In this regards GO is an interesting choice, as it can come in various

oxidation and one can “tune” its hydrophilicity. In this work, we tested oxidation levels
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(OL) of 5 and 17%. OL is defined as the ratio between the number of oxygen atoms of
epoxy and hydroxyl groups and the number of carbon atoms on the surface. We also
addressed the effect of the ratio between between epoxy and hydroxyl groups (E:H) at a
fixed OL of 17% to check how each functional group affects SLB stability. The results
presented in this chapter were recently published [252].

I Strategies to model supported lipid bilayers

To be able to study the influence of water interfacial layer we created several types of

systems:

a. A lipid bicelle limited by semi-cylindrical caps in XZ plane which forms an
infinite bilayer in Y direction (Figure 22 A, B).

b. An infinite lipid bilayer adsorbed directly onto the substrate without water
molecules in between (dry interface) (Figure 22. C, D).

c. An infinite lipid bilayer adsorbed onto the given substrate with a thin layer of

water molecules (wet interface), (Figure 22 E, F).

Figure 22. Snapshots of the simulated DOPC systems deposited on GO with 17% OL. A, B: the bicelle setup (a); C, D: the
bilayer setup with dry interface (b); E, F: the bilayer setup with wet interface (c). Left column (A, C, E) shows initial states
of the systems, while the right column (B, D, F) corresponds to the final adsorbed state. In GO, carbons are blue, oxygens
are purple, and hydrogens are pink. Bulk water is shown as light-green balls and sticks. Interfacial water is shown in space
fill representation with green oxygens and yellow hydrogens.

107/189



COMPUTATIONAL STUDY OF SUPPORTED OR BACTERIAL LIPID MEMBRANES

The bilayer setup does not allow water to diffuse between bulk solvent and the lipid-surface
interface, leaving the number of water molecules unchanged during the time of our
simulations. This creates an important limitation for this system. Interlayer of water trapped
in between the infinite bilayer and the infinite substrate might drive the system to a
metastable state. Of course, the system can get involved in a very slow process of
equilibration via spontaneous passive diffusion of water [9], but it is not relevant in the
present study due to the time range of diffusion process not accessible by means of AA MD.
However, it is a widely used model which allows a direct comparison with many existing
studies [7], [8], [104], [253] and, at the same time, with the bicelle setup we introduce in the
present work. The bicelle setup allows interfacial water molecules to freely exchange with
bulk water molecules, at the expense of a larger system with no control on the final

thickness of the hydration layer, and potential inhomogeneities.

Table 6 summarizes the different systems which were simulated during this work, and

details the different OL and surface hydrations which were used for each system.

Table 6: The list of the modeled systems used in this study.

System Surface (OL, groups ratio) Interface Setup
Reference No surface Wet Bilayer
S1 GR Wet Bicelle
52 GO (5%; 1:1) Wet Bicelle
S3 GO (5%; 1:1) Dry Bilayer
S4 GO (17%,; 1:1) Wet Bicelle
S5 GO (17%; 1:1) Wet Bilayer
S6 GO (17%; 1:1) Dry Bilayer
S7 GO (17%; 1:2) Dry Bilayer
S8 GO (17%; 2:1) Dry Bilayer
S9 Silica Wet Bicelle

II. Methods

The structures of GO were created by first constructing a sheet of planar pristine graphene
and then distributing protonated epoxy and hydroxyl groups randomly on both sides of the
graphene plane following the widely used Lerf-Klinowski model [254]. We respected the
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tendency that hydroxyl groups cannot be in neighboring positions when they are located on
the same side of the plane and prevented placement of epoxy and hydroxyl groups on the
same side of plane on nearest neighbor carbon atoms to avoid energetically unfavorable
states which can cause defects of GO structure in real life [252]. As the plane was
considered periodic, we did not add carboxyl groups typical for the edges of the

nanoparticles of GO.

The silicon dioxide substrate was modeled as an infinite perfect layer which surface contains
silanol groups (Si-OH) only (model named silica_Q2_9_40H_0) [255]. We did not consider
the protonation-deprotonation equilibrium of the silanol groups and did not include any
jonized siloxide (SiO—Na+) groups, even though non-ionized silica is typical for far more
acidic environment due to the fact that, at the moment of the study, INTERFACE force field
was not implemented directly to any publicly available modeler and we were limited to use

the structure kindly provided by Dr. Hendrik Heinz [255].

All simulations were performed using Gromacs packages (version 2016.3, 2018.2 and
2019.2) [256]. The Stockholm lipids (Slipids) force field was selected for DOPC molecules,
as Slipids was compared with various experimental data such as X-ray and NMR and was
shown to give a good agreement, which makes the force field to be suitable for simulating
biomembranes in a tensionless ensemble. It was used in combination with AMBERS99sb
force field for water [257] using TIP3P model. The parameters for GR and GO developed
and tested by H. Tang et al [258], [259], are based on OPLS-AA force field and this
combination demanded an adaptation to be used with AMBER types of functions. OPLS-
AA uses value of 0.5 for fudgeQQ parameter (the multiplication factor for electrostatic 1-4
interactions) and AMBER is using 0.8333, so non-bonded interactions between GO atoms
were adjusted with pairs section. Like that, this adjustment does not influence other
molecules in the system. For silica, the INTERFACE force field [255] was used since it
reproduces properties of oxides with high accuracy and combines well with AMBER force
field, as it uses similar parameters for 1-4 interactions and its potential energy function is

basically the same.

All simulations were performed in the NpT ensemble at a pressure of 1 atm and a
temperature of 320 K maintained by velocity-rescale thermostats [260] applied respectively

to the substrate (either GR, GO, or silica), to the lipid membrane, and to the water, and



COMPUTATIONAL STUDY OF SUPPORTED OR BACTERIAL LIPID MEMBRANES

involving a time constant for coupling of 0.1 ps, with semi-isotropic pressure coupling using
Berendsen barostat. Since the system embeds a periodic solid substrate along X and Y
dimensions, no pressure coupling was applied along these dimensions. No bonds were
converted to rigid constraints. An integration step of 1 fs was used for all setups. Long range

electrostatics was computed with the PME method [261].

To create the bicelle setup we let an infinite DOPC bilayer equilibrating for 200 ns to
reshape after adding water along the X axis to form the bicelle caps. The newly created
bicelle was equilibrated for 100 ns and only after that the system was used for the deposition
procedure. The bicelle was initially placed around 5 nm from the surface. 3 flat-bottom
potentials with a force constant of 500 kJ mol™” nm™and a flat area spanning over 2 nm from
the center of mass (COM) of the substrate — or from the COM of the surface of the substrate
in the case of silica — were applied to three adjacent regions of the bicelle along the X axis to
avoid its deformation. The potentials were removed when the distance from the substrate to
the head groups of the lipid monolayer facing the substrate was lower than 1 nm. This
allows water to redistribute and the bicelle to deposit naturally. The production run was

started once the bicelle was totally deposited and no major water redistribution was present.

For the setup 2 (S5), a thin layer of water was added between the infinitely periodic bilayer
and substrate resulting in around 7 water molecules per head group. This state associated
with a partial hydration of the polar groups of the membrane, sometimes referred to as a
dehydrated state, was used to create an interfacial layer of 4-8 A thick, leaving the SLB in a
close-contact conformation with the substrate for which water molecules are trapped, if they
do not undergo a slow passive diffusion through the membrane. This number of waters per
lipid was selected as the minimal number of waters to hydrate phosphate groups of a free
bilayer [262], [263]. Moreover Stachura and co-workers [264] show that for DOPC lipids
simulated with Slipids, 6.8 hydrogen bonds with water are found on average in fully
hydrated states. Yin and Zhao [265] found that there are 6 water molecules in the first
hydration layer. Even if many studies show that head groups of DOPC exhibit commonly
values ranging 9-16 waters in their first hydration shell [266]-[270], we wanted to study the
minimal adequate number of waters to compare with absolutely dry interfaces and bicelles.

Interestingly, Vishnyakov and co-workers [2] show that in the conformation of the SLB in
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close-contact with the support, the hydration is partial and does not cover the whole lipid

surface.

Structural changes of SLBs
i. Distance from the support and thickness of SLB

Deposition changes structural properties of lipid bilayers, even if it is a well made surface.
We studied those changes to give a better understanding on which substrate keeps the
bilayer in the most natural structural state. For every substrate except GR and for every MD
setup, we obtained equilibrium systems in close-contact state (Table 7), which once again
underlines how energetically favorable this state is. Distances were computed for the last
100 ns of the simulation to ensure taking into account only equilibrated structures and error
was computed as a standard deviation of the distance value. For all systems error did not
exceed 10%.

Table 7: Distance from the COM of the substrate to the one of the phosphate group of the proximal lipid
leaflet. The error was computed as a standard deviation.

System Surface (LO, group ratio) Distance (A) Error (A)
§2 (bicelle) GO (5%; 1:1), wet 5.4 0.4
54 (bicelle) GO (17%; 1:1), wet 4.2 0.1
S5 (bilayer) GO (17%; 1:1), wet 5 0.2
59 (hicelle) Silica, wet 5.8 0.4

The hydration layers obtained for these systems remained not thicker than 4 A. All lipid
bilayers formed at 4-6 A from the substrate and were stabilized with well-defined

thicknesses ranging from 2.8 to 3.8 nm (Table 8).

Table 8. Thicknesses of lipid bilayers and bicelles obtained from FATSLiM program [271].

System Surface (LO, groups ratio) Thickness Error (nm)
(nm)
S0 (bilayer) Reference 3.88 0.04
S2 (bicelle) GO (5%; 1:1), wet 2.8 0.1
S3 (bilayer) GO (5%; 1:1), dry 3.66 0.04
S4 (bicelle) GO (17%,; 1:1), wet 3.29 0.03

S5 (bilayer) GO (17%; 1:1), wet 3.79 0.04
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S6 (bilayer) GO (17%; 1:1), dry 3.68 0.03

S7 (bilayer) GO (17%; 1:2), dry 3.51 0.02
S8 (bilayer) GO (17%; 2:1), dry 3.56 0.02
S9 (bicelle) Silica, wet 3.62 0.03

In this study we also observed shrinking of the bilayer thickness. According to Table 8, we
obtained relative thicknesses of 93% for silica, 84% for GO 17% and 72 % for GO 5%; we
showed that the bilayer thickness can also be a fingerprint of the close-contact state since
this one appears to be very sensitive to the surface hydrophilicity. Interestingly, this effect
was also shown experimentally while using quantitative differential interference contrast
microscopy. Regan et al. * have shown that the bilayer thickness of DOPC on glass with
different treatments is reduced from its initial state (a second bilayer on top of the SLB). The

observed thicknesses relative to the bilayer were found to range from 89 to 92.7%.

However, one should remember that data obtained from MD simulations are not directly
comparable with experimentally determined thicknesses. In MD simulations, the density
profile of each chemical or functional group can be measured whereas the raw data from
experiments such as neutron reflectivity are intrinsically convoluted. Thus, in order to
access information on the thickness of the different layers, experimental data should be
fitted using a model defining the number of selected groups as well as initial parameters
including a first guess of the thickness of each layer. Each slice is generally modeled by a
switching function, where a switching function is a function which has values only 0 and 1
and . Even if it is less and less the case, those fitting models long assumed that there is no
overlapping between the different groups [131]. All in all, these switching functions cannot
give a directly comparable estimate of the thickness [4]. Moreover, the definition of the
measure of the thickness is not uniform in the literature, which can give results differing up
to a nanometer. We report here several of the widely accepted definitions of the bilayer

thickness (see Figure 23):

1. d,, — the thickness is defined as a distance between phosphate groups of different
monolayers. In practice, this observable is computed from mass density profiles.

2. dussce — the thickness computation takes into account the local fluctuations of the
membrane by considering neighboring lipids. This is utterly important for highly

curved membranes. This approach allows to compute the distance between two
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surfaces: upper and lower leaflet. The distance between two surfaces is computed by
projecting the vertices of a given surface onto the other (head groups positions are
used as vertices for the triangulation of the surface) — see the recent example by
Bhatia et al. [272].

3. ds — in that case the thickness is defined between the intersections of the head group
profile with water for both monolayers as mentioned by Golovina et al. [269].

4. dpwum — the thickness is defined between the outer values at half maximum of the

heights of head group distributions "',

der
.

[\ _ .
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Figure 23: Schematic representation of different methods to
compute thicknesses of membranes.

In the present work on GO with various OL, we observed an increase of the thickness of
deposited bicelles while the hydrophilicity of the surface increases. This could be explained
by the fact that bicelles systems had the opportunity to redistribute such a way that as many
hydrophilic head groups as possible can get in contact with more hydrophilic substrate. At
the same time, an opposite tendency appears in the case of the bilayer setup. Bilayers
deposited without interfacial water with 17 % OL are thinner than with 5 % OL for epoxy /
hydroxyl ratios 1:2 and 2:1, but thicker with the standard ratio 1:1. One should note that
Regan et al. [3] obtained a decrease of the relative bilayer thickness with decreasing
hydrophilicity for DOPC on glass. Stachura et al. [264] addressed the structure of non-
deposited stacks of lipid bilayers for different hydration levels. They showed that the
progressive dehydration of the systems drives to an increase in their thicknesses. In the
present work, however, we observe that the system S6 — with dry interface — is thinner by

1.1 A than the system S5 — with wet interface.
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ii. Influence of interfacial water

Straightforwardly, the number of interfacial water molecules between the head groups of the
lower layer and the substrate increased accordingly with the hydrophilicity of the surface. In
the case of GR/GO systems, the surface hydrophilicity can be characterized by following the
variation of the OL. We found that no interfacial water is present in the monolayer deposited
on the GR (S1), only 2.5 waters per lipid are present for the bicelle on GO 5% OL (S2), 13
for the bicelle on GO 17% OL (S4), and 14 in the case of the silica (S9). The influence of
the hydration layer on the close-contact state can be revealed by looking at the differences
between wet and dry setups. For instance, for S6 and S5 systems, namely bilayers which are
deposited on GO with 17 % OL either with no interfacial water (dry interface) or with a
minimal amount (dehydrated system with ~7 water molecules per lipid in the lower
monolayer), we observed that the peak of the distal head groups of the dehydrated SLB is
shifted by 4 A more from the support than the one of the SLB with a dry interface (Figure
24). Meanwhile, the head groups of the lower leaflet are equilibrated around the same
distance to the support (3.0-3.5 A). Even though the distances between substrates and
bilayers in those two systems are the same, the variation of the hydration level already has
some consequences on the bilayer properties such as its thickness. For these dry and
dehydrated systems, we obtained thicknesses of 3.79 and 3.68 nm, respectively. For GO 5%
in the dry setup (S3), a similar bilayer thickness was obtained (3.66 nm).

These results altogether highlight the main role played by GO substrate interactions. The
presence and the thickness of the interfacial hydration layer are not sufficient to promote

such large variations (1 nm) observed for the bilayer thickness.

iii. General structural changes

The density profile of systems mentioned above are presented in Figure 25. The variation of
hydrophilicity modifies the way lipids organize themselves, as clearly visible from the

profile.
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Figure 24: Density distributions of head groups, tails and water averaged over the last 50 ns of the trajectory for the
different studied systems. The error bars are represented in a lighter shade of the color of the system and were computed
using a Bayesian method considering the time autocorrelations.

The density profiles (Figure 24 left panel) obtained for GO showed that the proximal head
group profile is quite similar for the two OL investigated here. However, the density of the
proximal head group is higher than it is for the reference bilayer or for silica. The associated
peak is also much thinner for GO than for the reference system. This feature reveals the
tendency for lipids to strongly adapt in the vicinity of the surface. For GO, the distal part,
although displaying the same broadening, was found to move toward the substrate with
decreasing OL. In that respect, the bilayer on silica was found the most preserved system for
which even the proximal head group profile is widening in a similar way as it is for the
distal head group. For GO and silica, the tails profiles look quite similar and roughly
resemble that of the reference bilayer. However, they shift toward the substrate while the
substrate becomes less and less hydrophilic (silica > GO 17% OL > GO 5% OL > GR).

Moreover, an additional peak appeared in the tails’ profiles close to the surface. The
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corresponding density is higher in the case of GO 5%. This shows that two types of
conformations of the tails occurred during the simulations for less hydrophilic systems. The
first one is roughly similar to the case of a natural bilayer while the second one is imposed
by GO / GR surfaces. It is though at the expense of a system-wide lipid reorganization,
involving an important change both in the APL and in the membrane thickness, that a
distribution of the lipid tails closer to the one of a free solvated lipid bilayer is obtained for
GO at 5% and in a less extend for GO 17%. This statement can be checked by comparing
bicelle and bilayer setups which allow or prevent the lipid reorganization. Indeed, if in all
the density profiles of the SLBs deposited on GO there exist a peak of the tails in the region
3.5-4.0 A from the substrate, the density of those groups is systematically lower in the case
of the bicelle.

In the case of GO, the proportion of epoxy / hydroxyl on the surface might change the
quality of the deposited systems since the surface energy should be affected as it is known
that those two groups exhibit drastically different electrostatic interactions [273]. It is thus
important to address this topic in the close-contact configuration where those differences in
short-range interactions prevail. We investigated the GO system at 17 % OL for three epoxy
/ hydroxyl ratios: 1:1 (Figure 25, right panel, green), 1:2 (Figure 25, right panel, purple), and
2:1 (Figure 25, right panel, blue). The ratio 2:1 (E:H) shows a slightly broaden distribution
of the distal head groups and a slightly reduced thickness of the membrane. Surprisingly, we
observe a more important effect with the ratio 1:2 where the membrane quality is way more
affected, and the shape of the distal head groups is widely broadened leaving on the density

profile a peak presenting a large shoulder.

iv. Lipid tails, their order and orientation

The study of the tails, their order and orientation are thus of high importance to characterize
the interactions of the GO substrate with the membrane. We analyzed first the deuterium
order parameters of all studied systems separately for lower and upper monolayers (Figure
25). It is clearly visible that in the case of GR all lipid tails are completely disordered and
mostly lay flat on the surface (the order parameter is negative). In the case of GO 5% there
is a striking difference between lower and upper monolayers. In the lower monolayer the
ordering of the tails is decreased dramatically. The parts below the double bond (positions 9-

10) lay almost flat on the GO surface while proximal parts are more inclined to the surface
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but are still dramatically less ordered than in the reference bilayer. In the case of GO 17%
there is almost no difference between the ordering of lower and upper monolayer while both
are somewhat less ordered than the reference. For silica both monolayers are even more
ordered, and the upper monolayer almost reaches the values of the reference bilayer. In
general, there is an obvious trend of increasing the ordering of both monolayers from GR to
GO 5%, GO 17%, and silica. This trend is especially visible for the lower monolayer which
responds to the decrease of the surface hydrophobicity. For all studied systems, the lower

monolayer is less ordered than the upper one due to the disturbance brought by the support.

The fact that the upper monolayer, which is at best weakly interacting with the support,
never reaches the ordering of the reference system suggests that there is a significant amount
of inter-monolayer coupling. Disturbed lower monolayer influences the upper one by means
of the interconnected lipid tails in the central part of the membrane. Thus, selection of the
least disturbing substrate is truly important to make the model be as close as possible to

natural membrane systems.
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Figure 25: Deuterium order parameter and angle formed between the normal to the membrane and the vector formed by the
carbons Ci-Cj»2. Dashed lines are for the outer leaflet and plain lines are for the inner leaflet.

To get a more straightforward view of the inclination of the aliphatic tail towards the

substrates, we made the computation of the angle formed between the normal to the

membrane and the vector formed by the carbons C;-C;., that we also report in the Figure 26.

This observable was made so that the angle will be comprised between 0 and 90° — 90°

corresponding thus to an orientation coplanar with the substrate — if the carbon C; is lower

than the carbon Ci.; along the z axis and between 90 and 180° otherwise. It is thus clearly

visible that the proximal leaflet is more aligned to the substrate than the distal one, in all

cases. Once again, we notice that, in the case of the bicelle setup, the more the system is

hydrophilic, the less the lipid tails are parallel to the substrate.
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V. Interactions between the head groups and the substrate

The orientation of the P-N vector is also a known observable which permits to characterize
the interactions that endure a given aminophospholipid monolayer *" *.. We report the
probability distribution of the P-N angles to the normal of the membrane for each monolayer
and each systems computed using the bicelle setup (Figure 26). The distributions are
drastically different. The one of the upper leaflet is a wide distribution showing the mobility
of the head groups of a free monolayer. In the lower leaflet, at the exception of the system
on silica, the distribution is centered around 90° showing the strong influence of the
substrate on the head groups. For silica, as it is visible on Figure 27, the choline groups are

mainly closer to the surface than the phosphate groups.
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Figure 26: Probability distribution of the P-N angles to the normal of the membrane for each monolayer for the systems
computed using the bicelle setup.

On Figure 27, snapshots of the contact layer obtained with the bicelle setups on different
substrate ranged by order of hydrophilicity are plotted. It clearly shows the continuous

transition from a supported monolayer formed on a hydrophobic substrate to the close-
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contact state obtained on hydrophilic substrates. It should be noted that the density peaks of
the tails observed close to the surface in Figure 24 represent in fact the tails laying down and

parallel to the substrate.

b

P Lipid tail P Phosphate group  ® Choline group

Figure 27: Panel A. is a schematic representation of the subset of atoms which are shown on the panel B. Panel B. shows
snapshots in the XY plane of the last frame of our simulations for the different systems simulated with the bicelle setup.
The snapshot shows a cut of the bicelle representing only the atoms closer than 6 A from the substrate.

Iv. Electrostatic interactions, influence of different surface groups

The effects of lipid / substrate electrostatic interactions and inhomogeneous distribution of
the epoxy / hydroxyl groups on the close-contact state were also addressed by calculating
the electrostatic potential created by the substrates (Figure 28). As expected, the local
electric potential created by GO (5 and 17 %) and 3 different epoxy / hydroxyl ratios
displays strong inhomogeneities at short range distance from the surface. At 0.5 nm from the
surface, i.e. a distance comparable to the contact distance between the substrate and the
bilayer found in this study, the potential ranges from -0.86V to 0.86V. It thus spans over a
twice bigger range than the difference of potential of single component PC membranes
(around 0.8V ). However, the characteristic drop of the electrostatic interactions with the
distance shrinks the difference of potential to the order of 0.5 V at about 10 A from the
surface. This can drive to the conclusion that the upper monolayer and even the tails of the
lower monolayer are not strongly influenced by electrostatic interactions with an oxidized

substrate. It also brings to the light that depending on the distance from the membrane to the
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surface, electrostatics will or will not come at play with the head groups of the lower

monolayer, especially in the metastable states which could occur far from the surface.
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Figure 28: Electrostatic potential maps of the GO substrates used in the present work.

V. Conclusions

In this work, we investigated SLBs of DOPC onto surfaces with different oxidation levels
for GO — thus various hydrophilicity — and silica. We modeled the deposition using not only
infinite bilayers, but also semi-infinite bicelles, which allow fast redistribution of the
interfacial water molecules and lipids between the two leaflets. Such properties as thickness
of bilayer, tails orientation and thickness of hydration layer differ for different substrates.
This nonhomogeneous structure creates a particular shape of the lower monolayer, where
tails still try to approach parts with lower density of functional groups and head groups near
hydrophilic parts. Strong difference in between hydrophobic and hydrophilic regions on GO
are present in the variation of electrostatic potential close to the substrate. This shows that
close-contact state is characterized by strong electrostatic interactions with the substrate.
This also extends the idea that electrostatic interactions matter in the cases of charged lipids
or charged surfaces [275]. We only observed the close-contact stable state for which the
thickness of the interfacial hydration layer is comprised in the range 4-8 A. These results do
not exclude the existence of potentially metastable {3 states for DOPC on GO but imply that
the barrier which separates o and 3 states is probably lower than the thermal energy or that

the pulling on the bicelles overcomes this barrier.
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In the forthcoming study, we will estimate this energy barrier within a potential of mean
force methodology. This would allow to add quantitative characteristics to the whole
process of deposition and moreover this method can allow to simulate adequately various
lipid membranes, including those modeling outer membrane (OM) of Gram negative
bacteria, containing lipopolysaccharides (LPS). However, it is worth mentioning, that highly
hydrophilic supports still reshape the inner layer of deposited membranes, even if such
changes would be minimal comparably to more hydrophobic supports (Figure 24). To avoid
these changes in structures, other approaches for models of OM are considered, such as a
floating bilayer on the top of the deposited SAM [140]. It is important to avoid structural
deformation to study biological functions of such complex membranes properly and to be

able to study interactions with potential antimicrobial peptides (AMP) in vitro.

This work points that the close-contact state is a stable conformation which might appear in
reality. The question remains to know the proportion of the membrane on this state on a

given lipid patch.
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Free energy of deposition of lipid membranes on

solid substrates

In order to verify the observations from our previous work [1] and from the work by
Vishnyakov et al. [2], we wanted to design a protocol to measure the free energy profile of
membrane deposition on a surface. To the extent of our knowledge, this work has never
been carried out previously and would be a strong insight into the fine interactions between
membrane and solid substrates that would allow us to better understand 1. whether both «
and [ states, first introduced by Vishnyakov et al. [2], exist, and 2. the extend to which
surfaces may influence supported membranes. This work is of high importance to design
lab-on-the-chip experiments which will optimize the balance between a stable deposited
layer and an unperturbed layer — so that the measure of biological properties will be

unbiased. It would also complement the work by [3].

In this section, we describe a series of important steps that were undertaken on the way to
create a working protocol to measure the free energy of adsorption. Although it is
uncommon to focus on negative results, this work is of true importance and will permit to
better understand which further steps should be undertaken in order to create a better

protocol in the future.

Modeling silica with CHARMM-GUI
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Figure 29: Schematic representation of the quartz and cristolabite structures of silica [2], [68], [114], [255], [277], [299],
[300]. Differences in their structures imply different surface properties, for instance, quartz has a higher silanol density than
cristobalite.

CHARMM-GUI implemented the so-called Nanomaterial Modeler module which is a
graphical user interface on the portal guiding through the steps of creation of all-atoms
nanomaterial structures. In the case of silica, the two main structures which are (meta)stable
at room temperature and used in the industry are present — namingly a-cristobalite and -
quartz (Figure 29). They present different surface microstructures and ion adsorption

properties [277]. Overall, the choice was to use the a-quartz since it is the most abundant.

IL A semi-periodic system in all-atoms simulations

To study membrane substrate interactions, several properties are of importance: 1. the
membrane area might change when the distance to the substrate is very small [1], [276], 2.
the interfacial water should be able to escape while the distance from the membrane to silica

is affected by the steered MD process [1], [2], [278].

In the previous work, we introduced an original setup making use of bicelle — i.e. of a semi-
periodic membrane. The advantage of such setup is that the system lets water to flow

between bulk and interfacial areas. In the meantime, there are several drawbacks:

1. The system must be larger than with a similar fully periodic membrane. Indeed, the
analysis of the deposition should exclude the caps of the bicelle, where the lipids are
partially flipped. This kind of orientation may exist on real systems, however, in a
MD setup, those lipids would be statistically over-represented if they are not

excluded.
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2. The system must be rather long on the axis which is capped. As a consequence, the

membrane might undulate more and the subsequent analysis are more complicated.

To avoid such issues, it was decided to build a system with a fully periodic membrane
whose area per lipid could still vary. In this regard, we designed a semi-periodic silica
surface (Figure 31). This system fulfills all the properties which are needed: 1. the
membrane area can change, since the dimension of the box along the x axis, along which the
silica is not periodic, is now allowed to vary, as far as we apply an anisotropic pressure
coupling, and 2. the interfacial water can freely exchange with the bulk water through the

gap along that axis.

The first task to build that system was to choose the size of the gap along the x-axis. Four

systems were prepared with initial distances of 1.0, 1.5, 2.0, and 2.5 nm.

The choice was made to first generate the system in all-atoms, to be sure that the
electrostatic interactions, which are known to be fundamental in the process of membrane-
substrate interactions, will accurately be taken into account. To increase the realism, the
surface of o-quartz, which was created with the Nanomaterial Modeler module from
CHARMM-GUI, was modeled with a ionization degree of 13.3 %, which is what one may
expect at neutral pH (Figure 30) [255].
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Figure 30: Amount of dissolved sodium ions depending of the pH. Reprinted with permission from Emami et al. Copyright
2023 American Chemical Society.
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To be sure that the membrane will not be disrupted or drastically affected by the absence of
periodicity in the silica, the size of the system was chosen so that space between the periodic
images for the largest accounted distance (2.5 nm) generates a hole in the substrate which
represents less than 30 % of the surface of the substrate. Thus, we built a silica of

dimensions 8.7x10.2 nm.

Figure 31: Screenshot from molecular dynamics simulations showing A. the rotation with respect to the initial horizontal
orientation of the semi-periodic model of silica and B. the cavitation taking place in the solvent. The solvent is represented by
means of blue surfaces, silicon atoms are represented as gold spheres, oxygen atoms as red spheres, and hydrogen atoms as
white spheres

A B
Since there is no periodicity along the x-axis, we expected to see some rotation of the silica

around the y axis (Figure 31). To avoid this effect, we first applied position restraints acting
along the three dimensions on all heavy atoms with an initial force constant of 1000 kcal /
mol / nm?. The presence of the constraints was inducing artifacts in the simulation box in the
form of cavitation (Figure 31) which did not disappear, either after reducing the force
constant, appending the simulation to up to 200 ns, annealing up to 360 K for 100 ns, or
applying restraints by means of Gromacs pull code. This issue, combined with the poor
performance linked to the periodicity of the molecule drove us to conclude that this setup is
not appropriate for the simulation of membrane adsorption on solid surfaces. Using
periodic-molecule options requires a slower PBC algorithm and does not allow to use MPI
parallelization with the newest versions of Gromacs packages available at that time.
Additionally, using OpenMP is less efficient for these systems. The only workaround was to
run every simulations on nodes embedding GPU — which was driving to performances 10 x
better than on CPU-only nodes. However, the performance was still in the range 10-15 ns /

day.
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A periodic system with a pore in the membrane in all-atoms

To avoid the issues encountered with the semi-periodic silica, we decided to use a fully
periodic silica patch along with a periodic membrane bilayer. Although this strategy is not
perfect, as it hampers the ability of the membrane to adjust its area per lipid while
interacting with the surface, it was already used in different studies [1], [2], [279]-[281] and

it could be a first insight into the free energy of membrane adsorption.

In such systems, two possibilities would allow interfacial water molecules to redistribute
during the steered MD, when the membrane is pulled toward the surface. The first
possibility proposed by Roark et al. [278] uses a semi-porous silica designed so that water
molecules could flow through a pore. Their model had a silica slab with a real pore with the
diameter of around 2 nm. In order to avoid creating a realistic porous silica slab, which
would require to create a complicated script to compute the distribution of the groups on a
curved surface correctly and which goes beyond the scope of this work, we decided to try
creating a “virtual pore”. The idea was to create a subset of atoms of a different type, which
do not interact with water atoms but have the same bonded and non-bonded interactions
with any other atoms (Figure 32). Even though Gromacs allows in the “free energy” section
of the mdp file to interpolate between two topologies, this applies only to a whole molecules
so that we cannot set the fudge coefficient foq=0 only to that selection of atoms from the
silica virtual pore. Thus, it was possible to remove only the van der Waals interactions
between silica and water, and the coulomb interactions forbade water molecules to go

through the substrate.
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Figure 32: A. Schematic representation of the virtual pore in the silica. B. Projection of the value of resp. van der Waals
interaction and to the scaling coefficient applied to electrostatic interactions on both x and y axes. Note that it is impossible
with Gromacs to apply a different coefficient on the electrostatic potential for different parts of one molecule

Since it was not possible to create a simple and realistic model of porous silica, the choice
was made to maintain a 1 nm-radius pore in the membrane using Plumed [10] plug-in that is

later used to implement the collective variable (CV) (Figure 33):

# Loading all the index groups

membrane: GROUP NDX FILE=plumed.ndx NDX GROUP=Lipid UNIQUE
tails: GROUP NDX_FILE=plumed.ndx NDX_GROUP=Tails UNIQUE

# Computing the COG of the membrane

membrane_com: CENTER ATOMS=membrane NOPBC

# Defining the minimal distance between the center of the simulation box and the lipid tails
dist_tails: XYDISTANCES GROUPA=membrane_com GROUPB=tails

ALT_MIN={BETA=15.0} LOWMEM
# Blasing the system to maintain the membrane pore

restpore: RESTRAINT ...
ARG=dist_tails.altmin
AT=1.0

The area of the opened pore is kept to less than 5 % of the surface of the membrane, to
ensure that further free energy (FE) calculations will not be drastically affected. One should
also keep in mind that the surface of the membrane affected by the pore is much larger than
the water channel itself, as the partial lipid flip flop involved in that structure could also

affect the interactions with the surface.

129/189



COMPUTATIONAL STUDY OF SUPPORTED OR BACTERIAL LIPID MEMBRANES

Figure 33: Representation of the setup built to compute the free energy of membrane deposition on solid surface,
making use of a pore maintained in the membrane using Plumed plug-in.

i. Deposition is a solvent-driven process

The first CV that we developed relied on the assumption that the deposition of the
membrane is driven by the removal of extra interfacial water molecules. To obtain a CV
independent from the size of the system, we decided to use the number of interfacial water

per lipid in the monolayer facing the surface.

To access this number, it is straightforward to use the predefined multicolvar — i.e. a
collective variable depending on a number of other coordinates — called DENSITY. This

function allows to calculate the number of atoms of a given group.

Plumed implements different methods which allow to restrict that function to some
geometrical shapes — e.g. cylinder, sphere — allowing to restrict that computation in some

regions of the simulation box. In that case, the region of interest could be defined as a cavity
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limited on z by the COGs of the substrate and that of the membrane and taking on x/y the

size of the box.

However, Plumed does not provide, to our knowledge, any way to implement such
geometrical restriction straightforwardly, but it does provide the method to define a cavity.
As shown on the Figure 34 , the cavity should be defined by means of 4 atoms. Since the
steered MD (SMD) process will drive the membrane to move closer to the surface, it is
important to define the cavity in such a way that it really takes into account the COG of the

membrane. Plumed allows only two way to use an atom which coordinates are not fixed:

» either by taking an atom from the system — but there is no atom in the system whose
COG will always coincide with the one of the membrane,
* or by defining a virtual atom as the center of geometry of a group.
It is not possible to define a third atom with the components of another atom or virtual

atoms, to obtain for instance, a virtual atom which coordinates read:

0
V= 0

Zembrane COG

That limitation drives us to make use of a virtual atom defined as the COG of the
membrane. A schematic representation of the cavity is reported in Figure 34. To build the
cavity, one needs to understand how it is defined. Plumed defines it out of 4 atoms. The first
3 atoms are used to generate the 3 unit vectors which will define the 3 dimensions of the
rectangular cuboid that will define the cavity. The first of these unit vectors, u, points from
the first reference atom to the second. The second, v, is then the normal to the plane
containing atoms 1,2 and 3 and the the third, w, is the unit vector orthogonal to these first

two vectors. Finally the vector connecting atom 1 to atom 4 is used to define the extent of
the box in each of the u, v and w directions. Since we can define only one atom in the

membrane due its motion (center), this atom should be the 4™ atom, which is used only once.
Then, the coordinates of the 3 other atoms are expressed in scaled components to take into
account the box dimension and express the coordinates of the system for each dimension in

the range [-0.5;0.5]. One should note that the z position of these 3 atoms is system
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dependent. In our case z=0.25 is lying in the middle of silica. Here is are the coordinates we

should thus use:

—-0.5 0.5 -0.5
a,=—0.54,=|—-0.5|;a;=|—0.5(-
0.25 0.25 0.50
A A x/y plane through
Simulation box

l Ll Atom 4 |

Simulation box
(self)

o membrane COG
(periodic)

x/y plane through
silica surface

Figure 34: Schematic representation of the cavity built using Plumed. The cavity is made by defining it across 3 periodic
images from the simulation box and the simulation box itself. This is needed, due to the use of the scaled components for the
definition of the vectors generating the cavity. The cavity is represented in mauve, the 4 atoms generating the cavity are red

dots, and the vectors generated by those virtual atoms are represented and named u ,3 s f';’, following the convention in
Plumed documentation.

Unfortunately, this definition drives to a divergence in the count of water molecules in the
box. That could be due to a wrong definition of that cavity relatively to the PBC of the
system. Indeed, if the x and y dimension of the box change, it is possible that some atoms
will be inside the box multiple times. We tried to take some small margin by shifting the
origin of the the coordinates defining the cavity, but this issue kept appearing. However, if
only a cavity of size a forth of the box is defined by shifting the origin in (0,0,0), we

obtained a correctly defined cavity:
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In that case, only a fourth of the water molecules present in the interfacial area were
selected, as compared with a selection using MDAnalysis. One may think that it is possible
to simply generate 4 cavities and sum them to define the CV. However, the unique
definition of an atom located at the COG of the membrane hampers this possibility. This

drives this CV not to be an option with the current version of Plumed.

Here is the implementation of the CV:

## Selections from the index file

water: GROUP NDX_FILE=plumed.ndx NDX_GROUP=Water UNIQUE
membrane: GROUP NDX_FILE=plumed.ndx NDX_GROUP=membrane UNIQUE
tails: GROUP NDX_FILE=plumed.ndx NDX_GROUP=Tails UNIQUE
si_surf: GROUP NDX_FILE=plumed.ndx NDX_GROUP=si_surf UNIQUE
phosphates: GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphates UNIQUE

# Definition of the COG of the different groups
membrane_cog: COM ATOMS=membrane NOPBC # nopbc
si_surf_cog: COM ATOMS=si_surf NOPBC

# Definition of the 4 local referentials. The silica COG is [61.91050636, 59.46251586, 40.26026869] initially
(MDAnalysis). Initial box is [2.35594 11.87835 16.34846] nm. COG Silica is about 0.24626.

refl_atom1: FIXEDATOM AT=0.0,0.0,0.25 SCALED_COMPONENTS
refl_atom2: FIXEDATOM AT=0.5,0.0,0.25 SCALED_COMPONENTS
ref1_atom3: FIXEDATOM AT=0.0,0.0,0.50 SCALED_COMPONENTS

# Compute the density between the COGs of the silica and membrane

dens_water: DENSITY SPECIES=water
CAVITY DATA=dens_water ATOMS=ref1_atom]1,refl_atom2,refl_atom3,membrane_cog SIGMA=0.1
LABEL=cavl

# Compute the number of water molecules to check with the reality
n_water: CUSTOM ...
ARG=cavl
VAR=cl
FUNC=c1/3
PERIODIC=NO
... CUSTOM

# Define the CV: Number of water / lipid (245 lipid / ML) — for tmonitoring, this is done in a second CUSTOM
hydra: CUSTOM ...
ARG=n_water
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VAR=n

FUNC=n/245

PERIODIC=NO
... CUSTOM

# Defining the CV
pulling: MOVINGRESTRAINT ...
ARG=hydra
STEPO=0 AT0=100.0 KAPPA0=1000.0
STEP1=5000 AT1=100.0 KAPPA1=1000.0
STEP2=505000 AT2=0.00 KAPPA2=1000.0
... MOVINGRESTRAINT

ii. Deposition is driven by the distance from membrane to substrate

CV(min_dist) CV(max_dist)

»

v

.I
Y
.
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Figure 35: Schematic representation of the CV definition. The choice of the maximum distance is motivated by the study
which focuses on the deposition of membrane at the exclusion of any adsorption mechanism. Thus, by choosing the minimal
distance represented by the orange double arrow, one may stretch the membrane during the SMD procedure, which will drive
the membrane in a further out-of-equilibrium than by pulling the system along the maximum distance depicted by the purple
double arrow which would have as a consequence to stretch the membrane which will react to this stress faster than to the
stretching stress.,

It is a common assumption to characterize membrane deposition by the distance from the
silica surface — which could be characterize by the average position of the first layer of
silicon atoms — and the average position of the phosphate from the lower monolayer, which
is facing the silica (Figure 35). However, in order to build a CV which will be use to pull the
system by means of a SMD procedure, one may want to avoid using this as a CV. Indeed,
the SMD procedure will inevitably drive the system out of equilibrium. In the case of that
aforementioned CV, it will stretch the membrane which will be far from equilibrium and

might partially dissociate. To avoid these issues, the CV was defined as the maximal
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distance between the average position of the phosphate from the upper monolayer and the
surface of silica (Figure 35). That allows to drive the system out of equilibrium by
compressing the membrane — since the water at the interface will not have the time to
redistribute though the pore, it will act even more as a wall than normally equilibrated bulk
water. The advantage is that the compressibility of the membrane will be limited which will

not possibly drive the system that much out of equilibrium in case of an aggressive steering.

Obviously these considerations should be taken at the light of the pretty poor performance
of those simulations linked — once again — to the use of the periodic-molecule parameter for
Gromacs simulations. Being able to use only OpenMP and GPU — and obtaining all in all a
poor scalability for a mid-size all-atoms system in the range of 250 000 atoms required from
us to optimize every procedure if we wanted to obtain satisfactory performance. For the
SMD procedure, 2 fs time step was used, v-rescale temperature coupling was applied for
three separate groups, namely to the membrane, silica and solvent. Berendsen pressure
coupling was used as it is the most appropriate algorithm for systems so far from
equilibrium. At the moment the system was designed, the best performance were between
10 and 15 ns/day for the SMD and umbrella sampling (US) procedures. To allow the
membrane and water to relax and to sample sufficiently at any given window of the US
procedure, it was expected that 200-400 ns would be sufficient. In fact, some simulations
were done to have a look at the rate at which water at the interface was equilibrating, prior
to running the US procedure. For that, after a steering procedure and running several
windows, the evolution of the number of water molecules at the interface with time was
computed. Figure 36 shows that water redistributes upon the applied bias within 100-200 ns.
We concluded that a further sampling of 100-200 ns/window would lead to a well-sampled
FE profile. With the computational speed and the available resources it seemed as a

reasonable assumption: realistic and yet enough to let water reach stable density.
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Figure 36: Evolution of the number of trapped water molecules at the interface between the membrane and the substrate with
the simulation time for two positions of the center of the biasing potential following a SMD procedure

To avoid the waiting of a month-long single SMD simulation, we decided to opt for a fast
pulling rate for short distance. This allowed to generate sequentially a bunch of 3-5 windows
that were subsequently running in parallel for 100 ns before using the last frame of the last
window to start another SMD procedure. Also, this way allowed to limit membrane
deformations while pulling, as after equilibration of the last window system had the
possibility to let the trapped interfacial water to redistribute. Due to the rate of pulling (~40
ns/nm) which is faster than the speed for water to reach equilibrium, part of that water
accumulates at the level of the lower leaflet of the membrane. If we select windows were
this “pocket” drives the membrane to be too far from equilibrium, the time to let the system
relax and reach equilibrium would grow dramatically. Since the compressibility of water is
known to be pretty small, we expected the membrane to endure intense stress during the
SMD procedure and the beginning of the US procedure. To overcome this problem, the first
100ns were ran with a steeper biasing potential (k=30000 kcal/mol/nm) to hold membrane
on place while trapped water is diffusing through the pore and the membrane is relaxing.
These first 100ns are not taken into account in our analyses. Afterwards, a much weaker
harmonic potential (k=1000 kcal/mol/nm) is used. Although this method allowed to gain a
considerable amount of time, obtaining a first profile with 20-25 windows still requires a

considerable amount of time, independently of the available computational resources due to
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the issue to set up a nice parallelization scheme. Hence, obtaining one single profile sums

more than 5 months of computations.

The implementation of the CV was made in Plumed and can be summed up as follows:

# Loading all the index groups for the substrate surface and the membrane phosphates

membrane:
tails:

silica:
phosphate:
phosphatel:
phosphate2:
phosphate3:
phosphate4:
phosphate5:
phosphate6:
phosphate7:
phosphate8:
phosphate9:
phosphatel0:
phosphatell:
phosphatel2:
phosphatel3:
phosphatel4:
phosphatel5:
phosphatel6
phosphatel7:

GROUP NDX_FILE=plumed.ndx NDX_GROUP=Lipid UNIQUE

GROUP NDX_FILE=plumed.ndx NDX GROUP=Tails UNIQUE

GROUP NDX_FILE=plumed.ndx NDX_GROUP=silica UNIQUE

GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate0 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX _GROUP=phosphatel UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate2 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate3 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate4 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate5 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate6 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate7 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate8 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate9 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphatel0 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX _GROUP=phosphate1l UNIQUE
GROUP NDX_FILE=plumed.ndx NDX _GROUP=phosphate12 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate13 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphatel4 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphate15 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX GROUP=phosphatel6 UNIQUE
GROUP NDX_FILE=plumed.ndx NDX_GROUP=phosphatel7 UNIQUE

# Computing the COG of each group

membrane_com:
silica_cog:

phosphate0_cog:
phosphatel_cog:
phosphate2 cog:
phosphate3 cog:
phosphate4_cog:
phosphate5 cog:
phosphate6 _cog:
phosphate7_cog:
phosphate8_cog:
phosphate9 cog:

phosphatel0 cog:
phosphatell cog;
phosphatel2 cog:
phosphatel3 cog:
phosphatel4 cog:

CENTER ATOMS=membrane NOPBC
COM ATOMS=silica NOPBC

COM ATOMS=phosphate0 NOPBC
COM ATOMS=phosphatel NOPBC
COM ATOMS=phosphate2 NOPBC
COM ATOMS=phosphate3 NOPBC
COM ATOMS=phosphate4 NOPBC
COM ATOMS=phosphate5 NOPBC
COM ATOMS=phosphate6 NOPBC
COM ATOMS=phosphate7 NOPBC
COM ATOMS=phosphate8 NOPBC
COM ATOMS=phosphate9 NOPBC
COM ATOMS=phosphate10 NOPBC
COM ATOMS=phosphatell NOPBC
COM ATOMS=phosphatel2 NOPBC
COM ATOMS=phosphatel3 NOPBC
COM ATOMS=phosphatel4 NOPBC
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phosphatel5_cog: COM ATOMS=phosphatel5 NOPBC
phosphatel6 cog: COM ATOMS=phosphatel6 NOPBC
phosphatel? _cog: COM ATOMS=phosphatel7 NOPBC

# Computing the distances

interf_dist: ZDISTANCES GROUPA=silica_cog GROUPB=phosphate0_cog,
phosphatel cog, phosphate2 cog, phosphate3 cog, phosphate4 cog, phosphate5 cog,
phosphateb cog, phosphate? cog, phosphate8 cog, phosphate9 cog, phosphatel0 cog,
phosphatell cog, phosphatel? cog, phosphatel3 cog, phosphateld cog, phosphatel5 cog,
phosphatel6 _cog, phosphatel?7 cog MAX={BETA=0.02} NOPBC LOWMEM

# Defining the CV
restdist: RESTRAINT ...
ARG=interf_dist. max
AT=6.0
KAPPA=1000.0
. RESTRAINT

In this Plumed implementation of the CV, we use a grid of phosphate groups which divides
the membrane surface in 18 groups. There are two reasons to use this extra complexity. The
first being that the selection of subgroups permits easily to select those phosphates which
are not involved in the pore. Secondly, the extra averaging also smooths the membrane
surface and helps avoiding extra fluctuations which we do not wish to consider in our

model.

The US procedure is using rather standard parameters. The windows are spaced every 1 A ,
for the production run a value of the force constant for the biasing potential k=1000 kcal
mol” nm™ permitted to obtain a sufficient overlap even while using a bin size of 0.1 A

(Figure 37).
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Figure 37: Histograms for the first 15 windows involved in the US procedure for the first 150 ns. One can see that the
overlap is already substantial between adjacent windows and that the lowest cardinal in any bin is always statistically
representative which ensures to obtain a smooth FE profile.

Although the system was sampled for more than 250 ns for the whole set of windows and
up to 350 ns for the first 23 windows, the FE profile did not reach convergence. Figure 38
shows the convergence plot by bunch of 30 ns and presents visibly strong variations. It is
clear that any trends presented in this graph is not trustworthy for general conclusions, as
variations are far too big and it is hard to see the general tendency for this profile without
complete convergence. Similar conclusions are drawn on the free energy profiles computed
from the subset of windows ran for 350 ns. Interestingly, the water exchange between bulk
and interfacial water is almost null, but the profile was not converged. That could be the
sign that the CV that was chosen is not appropriately describing the deposition mechanism.
Indeed, we know that membranes endure some major changes while interacting with
surfaces, starting by an increase of the area per lipid, some drastic changes of the order
parameter and followed by partial or complete reorganizations of the lipid at the surface of
the substrate [1], [104], [276], [282]. It is worth mentioning that the most important
modifications at the membrane level should not be able to happen due to the setup using a
fixed area per lipid, thus it is very possible that the SMD procedure just drove the system

too far out of equilibrium to be able to relax it in the range of 300 ns.
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Figure 38: Convergence plot showing the free energy profile of deposition of POPE on silica for the first 26 windows sampled
for 250 ns,

A rough model in coarse gained simulations

Since the initial attempts did not succeed with all-atoms MD simulations, particularly due to
the drastic amount of time needed to sample correctly the system, was decided to start to
build up a naive system in CG MD, that would be later refined, to give a better
understanding of the major contributions to the interactions between substrate and
membrane. First we decided to use a very rough model of silica published by Perrin et al.
[283]. This model consists of 1 type of neutral bead which represents a silanol group, this
model does not take into account the bulk silica, as their computations show no differences

for their computations for multiple-layer silica model.
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Figure 39: A. Screenshots from the simulation showing the SMD procedure for the deposition of a CG model of POPE on the
simple CG model of silica. All atoms are represented as spheres except water which is not shown for the sake of clarity. B. The
evolution of the maximal and minimal distance of the system is shown along with the simulation time during the SMD procedure
where the center of the biasing potential is move linearly with time and for which the potential biases the maximal distance
between the membrane and the silica surface.

Figure 39 A. shows the process of membrane deposition driven by SMD procedure which
we used to generate the windows for the subsequent US procedure. The CV used to run the
SMD procedure was the same as for the all-atom attempt. We checked that the reaction of
the system to the moving restraint is linear and follows well the CV as one can see on Figure
39 B. The free energy profile — which converged pretty fast due to the oversimplification of
the system — takes into account 17 windows which were ran for 1 ps each. However, that
profile shows (Figure 40) clearly that the present model is not appropriate to show accurate
interactions between membrane and surface as no local minima are present contrary to what
happens in reality and that the membrane only encounters an energy barrier in the viscinity
of the substrate. One can still use this information to notice that 1. the van der Waals
interactions play some important role from a distance of 2 nm between the membrane and
the surface, 2. that the interactions compensating these repulsive interactions should be
strong enough to compensate that energy barrier. Since experiments show that the

membranes tend to equilibrate at distances in the range 0.6 — 2.5 nm, it is clear that the
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presence of charged silanols, absent from this model, play a fundamental role: the
electrostatic interactions due to the partial charges of the silanol groups, and to the net

charge of the deprotonated silanols, are the main contribution to the membrane

equilibration.
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Figure 40: Free energy profile of deposition of POPE membrane on the simple model of silica.

V. A refined model in coarse grained simulations

To add some more complexity to the CG model, we decided to use a second model, making
use of two beads to model the silica; one bead for the inner material and one bead modeling

the silanols. This model was chosen to answer the two following questions:

* Are the electrostatic interactions with silanols playing the most important role?
* Can heterogeneous CG model bring more realistic description of the deposition
process?
This model is taken from the work by David et al. [284]. They use this model to study

interactions between the silica and poly(cis-1,4-butadiene) polymer to simulate rubber-silica

nanocomposites.
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Figure 41: Snapshot from the simulation showing the SMD procedure. Beads are represented as spheres. Note that Q4 beads
from core silica are represented with a gradient of colors form green to red to help seeing the pore at the center. Q3 beads are
in mauve. The color code for the membrane is the same as before but the beads showing the double bonds in the lipid tails
which are set in green to avoid confusions with Q3. The arrows refer to the the time evolution of the trajectory from which
these snapshots were taken.

To answer the second question, the pristine model from that work was applied directly.
There, the electrostatic interactions are not assigned to silica as they are encoded in the van
der Waals term due to the way the Iterative Boltzmann inversion (IBI) procedure was
applied. That means that no partial charges are applied to the two bead types forming silica.
The second model which was used is a simple model where the silanols beads (called Q3)
are assigned a positive partial charge (0.8) and the silica beads (Q4) are assigned a very
weakly negative charge (-0.041) to keep the system neutral. As far as it was just an initial
test for proving the concept, charges were assigned indicatively and no charge-fitting

procedures were used.

Figure 41 shows a depiction of the SMD procedure that was used to prepare the windows
for the US procedure in the case of the pristine model of silica. Again, the same CV was
used for running the SMD procedure and the same windows were used for the US procedure
but simply changed the partial charges for the second model. The reaction of the system to
the applied moving restraint was plotted on Figure 42 to check that the system reacts

linearly to the motion of the biasing potential.
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Figure 42: Reaction of the system to the moving restraint applied during the SMD procedure.

Figure 43 shows the FE energy profiles for those two setups. One will notice that the general
trend is very similar to that of the rough silica model from the previous section, showing
only one huge potential barrier. There is also no big difference between the model with
partial charges and the other one — which does not allow us to conclude. Indeed, it seems
surprising that adding electrostatic interactions doesn’t change the shape of the FE profile.
Yet it can come out from the oversimplified description of silica and just leaves us out of the
full description of complexity of electrostatics between the membrane and charged

substrate.
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Figure 43: Free energy profile using a 2-beads model for silica. In blue the original model is used, in red, partial charges are
assigned to the two beads Q3 and Q4 representing resp. the silanol groups and the core silica.
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Conclusions

This development work which has yet to be further complemented (see section Conclusions
and Perspective), has shown that it is possible to design a collective variable which allows to
apply a steered MD procedure driving a lipid bilayer from bulk solvent to the immediate

vicinity of a solid substrate.

Many setups have been built to evaluate the best way to drive such simulations with both
AA and CG MD simulations. Even though it would be best to obtain a setup where at least
one of the axes along the membrane surface could be coupled in pressure, we showed that,
with the current abilities of MD packages such as Gromacs, this task might be hard to
accomplish due to the periodic surface-surface interactions of a non-periodic substrate, for

instance.

Moreover, as the systems involved in this free energy calculations are relaxing with long
characteristic times — we have shown that water, for instance would equilibrate in the range
of 100-300 ns, and we know that lipid membranes in all-atoms can reach an equilibrium in
the range of 200-500 ns — such enhanced sampling techniques as US procedure could be
applied only if the computational performance are high. As we mentioned, the use of the
periodic-molecule option in Gromacs, does not allow to make use of MPI parallelization,
driving to very poor performance. Hence, further simplification should be made to design a
system where the free energy computation can be made which such method. Alternatively,
some less costly method, such as the accelerated weight histogram could potentially be

applied for such system [285].
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Antimicrobial drugs facing the outer membrane of

Gram negative bacteria

The outer membrane of Gram negative bacteria is recognized for its impermeability to
hydrophilic drugs and its high rigidity comparably to that of the inner membrane [11]-[13].
The presence of divalent cations — magnesium and calcium — has been proven to be essential
to maintain the stability of the outer membrane of Gram negative bacteria [14], [15]. These
ions are mainly situated in the vicinity of the LPS phosphate groups and are known to cross-
link LPS molecules, which greatly participate to the membrane stability and low fluidity
along with the many hydrogen bonds between each LPS [16]-[19]. Hence, the OM is highly
sensitive to the concentration of divalent ions. A lower concentration can increase the
fluidity of the membrane, subsequently increasing its permeability to drugs, however, a
higher concentration is known to “freeze” the OM, which could locally disrupt the

membrane and allow the permeation of large proteins or DNA [11].

Different molecules, including ethylenediaminetetraacetic acid (EDTA), and cationic
antimicrobial peptides (AMPs) or peptide antibiotics, are believed to permeabilize the OM
by acting on these divalent ions [20]. Particularly, two polymyxins, polymyxin B and E
(colistin), which are lipopeptides are currently used as last resort antibiotics against Gram
negative bacteria. Their pathway is still subject to discussion [21], [22], however, it is
believed that their efficiency is linked to their interactions with the divalent ions present in
the core and lipid A regions of LPS. It was hypothesized that polymyxins can weaken the
LPS-LPS interactions by removing the bridge formed by the divalent cations leading either
to the OM (complete or partial) disruption or to its permeabilization [15]. The presence of
polymyxin B' (PMB1) was shown to increase the water content in the sugar region of the
OM, which could be a consequence to the lowered LPS-LPS interactions [15]. Jiang et al.
[23] have shown that the presence of PMB1 affects the density of ions in the LPS inner and

outer core.
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If the pathway of colistin has been studied extensively, and that extensive in silico studies
were led [24], there is, to our knowledge, no quantitative observation of its effects with
divalent ions at a molecular resolution. In this part, we first propose a new collective
variable which affects only the divalent ions in the vicinity of an adsorbed peptide, in order
to quantify the facilitation of their displacement caused by this peptide. For that purpose, we

compute the difference of the variation of the free energy of this displacement A G

between two systems: one containing colistin and one in the absence of colistin, using a
rough model of the LPS (RAMP) implemented in Martini force field [25] which shows a
mutated LPS presenting the entire core (i.e. inner and outer portions of the core) but no O-
antigens. This model gives much more realism than using a deep rough LPS (REMP model
for instance) or the only lipid A, as it is known that such mutations of LPS in vitro have
drastic consequences on the membrane permeability [11]. Moreover the model membrane
that we use is that of an asymmetric bilayer where the inner leaflet is composed of POPE,
and not a symmetric LPS membrane which would also not correspond to the reality. This
initial part allow us to quantify the content in divalent ions in the vicinity of colistin, which
would be difficult without enhanced sampling methods, due to the rigidity of the membrane
and the presence of many charged groups which ultimately lead to the presence of many
potential metastable states. We then used the knowledge of the preferred distribution of ions
around colistin to study the influence on the structure of the membrane in the presence of

colistin with an optimal divalent ion content in its surrounding.

It is known that polymyxin concentration has an important impact on its action, as it is the
case with most drugs [15]. We investigated the effect of the presence of a localized
increased amount of colistin, both on the free energy of ion displacement, and on the

consequence on the membrane structure.

In a second part, we built four model membranes in all-atoms, using CHARMM36 force
field recent implementations [286]. Since we are interested in electrostatic interactions with
divalent ions, it seemed necessary to make use of a more accurate description of these
interactions than with Martini force field. Since the current versions of CHARMMBS36 force
field embed the so-called non-bonded fix (NBFIX) modifications, which scales down the
non-bonded interactions to more realistic values, the choice of this force field seemed rather

justified. Although we know that electronic continuum corrections (ECC) could add even
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more realism to the depiction of electrostatic interactions between LPS and divalent ions, we
chose to start with a widely used model, to be able to compare directly our results with
previously published data. The ECC is basically proposing to scale charges of the atoms or
beads to be able to take into account the screening of the Coulomb interactions by electron
cloud and this approach would allow to obtain higher precision of the force field without
direct taking into account of polarizability effect [287]. The model membranes are
asymmetric LPS:POPE membranes, where the outer leaflet is composed exclusively of LPS.
We used four models which are attributed to Salmonella enterica strains. The first two
models, referred to as P1 and P2 use a native form of lipid A with two different protonation
states for the phosphate groups in the glucosamide dimer of lipid A, as this state is still a
matter of debate [286]. On top of these two initial LPS, two mutated versions, associated to
resistance mechanisms to colistin and polymyxin B were considered [288]. The mutations
are namely the attachment to the first phosphate group of an additional 4-amino-4-deoxy-L-
arabinose, L-Ara4N, from which a model membrane referred to as Ara4N was created, and
the replacement of a phosphate group by a phosphoethanolamine group, from which a

model membrane referred to as PEtn was created.

In this second part, we were interested in the structural modifications of the membrane upon
localized density changes in divalent ions. These changes were driven along the same CV as
described in the previous part. Here, all the simulations were led in the absence of peptide,

in order to focus on the only effect of ion displacements on the membrane structure.

Finally, we selected a set of peptides which were shown in the literature to affect OM
stability. We aim in this last section at understanding if such peptides can exhibit similar
effects on the membrane as colistin. This work aim at transposing effects of lipopeptides

such as colistin to alpha-helical AMPs which sequence is much easier to tune and optimize.

Does colistin enhance the displacement of calcium ions?
i A collective variable to describe local ion displacement in a membrane

The OM being extremely rigid, the use of MD simulations to follow any processes related to
this membrane are generally computationally costly, if ever accessible. Efforts were driven,
in the past years, to assess the free energy profile of (partial) translocation of potent drugs in

models of the OM [23], [24], [288], [289]. However, the use of enhanced-sampling methods
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such as umbrella sampling along with a simple CV (evolution of the position of the COG of
the ligand along the normal to the membrane), drives to question the effective quality of
these predictions. Even though, in the case of lipid extraction, the use of Martini force field
along with specific CVs has shown some relative success [290], one should note that the
simulation time for each windows was of 10 ps, which represents a consequent investment
in terms of computational resources. Even if the extraction of a LPS and the insertion of a
drug, such as a polymyxin, are different processes, it is expected that most the problem
comes from the same source, being the low fluidity of LPS molecules, which is at least one
order of magnitude lower than that of phospholipids. On the basis of these conclusions about
free energy convergence, we reported in Table 9 some representative values of the
parameters used for US procedure aiming at estimating the free energy profile of
translocation of diverse molecules of biological interest, including polymyxins. We can see
that the sampling time per window in the two systems we found that use CG MD
simulations is by far lower than the estimated times needed to obtain a poor convergence in
the aforementioned study. In the case of AA MD simulations, it is customary to use
sampling times in the order of 100 ns or more per window for following such kinds of
complex processes as translocation of peptides in simpler phospholipid model membranes,
for adjacent windows distant by 1 A from one another. It is noteworthy that, even with times
up to 500-600 ns per window, free energy calculations of processes such as lipid flip-
flopping show difficulties to be sampled.

Table 9: Representative parameters used for US procedure of the partial or total translocation process of a
molecule of biological interest through models of the OM.

Year; first author Force field Number of Distance between Force constant of Sampling time per
[reference] windows two adjacent the biasing window (ns)
windows (A) potential
(kJ/mol/nm)
2020; Sharma etal. CHARMMB36 140 1 1000 100
[291]
2021; Jiang et al. Martini 2 10 2 1000 300
[23]
2022; Jiang et al. CHARMM36 35 2 500 50
[288]
2022; Sharma et al. CHARMM36 35 2 1000 100
[289]

2022; Fu et al. [22] Martini 2 36 2 1000 300-1000"°
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It is clear that US procedure is, at the moment of that work, not the best choice to follow the
process of translocation of a given hydrophilic ligand through LPS-containing model
membranes, as it lays beyond the reasonable computational time. Hence, in order to quantify
the ability of colistin to interact with the calcium ions', we did not sample this reaction
coordinate. However, we propose an original CV, &y, that follows the displacement of
divalent ions in a local area of the membrane. This CV, that we implemented using Plumed
plug-in [10], defines a cylinder spanning across the membrane, in which the number of
calcium ions is computed. This last quantity is the collective variable that we follow to study
the displacement of the divalent ions in a local place of the membrane. When the ions are
removed from that cylinder, they could diffuse freely in the whole system, so we do not
apply any bias to drive the ions to go either to the rest of the lipid membrane or to the bulk

water.

Even though the divalent ions are strongly stabilized by the phosphates present in LPS, they
could diffuse much faster than bigger molecules such as AMPs or lipopeptides. Hence, the
characteristic time of relaxation of the system is considerably reduced, allowing to sample

efficiently the processes at stake within acceptable simulation time.

ii. Free energy profiles

To assess the propensity of ions to be displaced by colistin, we computed the free energy

profile of calcium ion displacement G}~(&,| in a cylinder of radius 1.2 nm centered in

the simulation box, for a number of peptides, N, of 0, 1, 3, or 5 colistins. The simulations
with one or many peptides were made by applying a soft restrains to the peptide(s) (k=100
kJ/mol/nm) so that colistins will stay inside the defined cylinder. The bias induced by such
restrain is expected to be small as colistin does not diffuses fast once adsorbed on the LPS
(see sections hereafter for comments on that matter). This restriction was made to ensure
that the displacement of ions is centered in the zone were colistin is present, to sample its

effect.

16 That range is provided in the article without further details mentioning which systems were simulated for which time.
The only analysis of the convergence shown in the supplementary information is that of the RMSD of the polymyxin
that is translocating the membrane, for the first 5 windows only (where the barrier is the smallest). This only
assessment of the convergence does not show the convergence of the free energy profile, and this only information
shows simulation times of 300 ns.

17 All the divalent ions in our systems are calcium ions.
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Figure 44 B. and C. show the free energy profiles for these 4 systems. The error bars were
reported only for the free energy profiles Figure 44 A. and were not reported for the
difference of free energy mentioned hereafter as they are small relatively to the values of
free energy. They were computed by means of 200 Bayesian bootstrapping runs by
assigning random weights. The profiles were computed from the last 500 ns of the

production runs using WHAM algorithm. The difference of free energy of calcium

displacement AGj(&,.), shown in Figure 44 D, reads

A Gi;? | Eais) = G::;;w (Eais)— Ggisl: Eais)-

It is noteworthy to mention that the free energy differences between each profile is
significant, with differences above 50 kJ/mol. Hence, even if the errors reported in Figure 44
A. would be drastically underestimated, it is clear that the observed trends in free energy are
markedly different. Surprisingly, the addition of colistin in the system appears to not lower
the free energy barrier to displace the ions farther away, but, on the contrary, seems to

generally steepen the free energy well around an equilibrium value.
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Figure 44: Results from the free energy calculations showing, in A. the error computed over 200
Bayesian bootstrapping runs, in B. the free energy profiles of calcium displacement from a local
cylinder centered in the membrane, in C, a subset of B. showing the energy variations in the range 0-
100 kJ/mol, and in D. the variation of free energy of calcium displacement for 1, 3, and 5 peptides in
the simulation box.

To check for convergence of the US procedure, the convergence plots are reported in Figure
45. For N,,=|0,3], the total time of the sampling was respectively of 2.8 or 3.0 ps per
window, while, for N pep=ll,5:, the total sampling time was of 2 ps per window. The
convergence plot consists in the computation of the free energy for portions of 200 ns for
the last microsecond of run. On can see that the variations of free energy over the last 3

portions do not exceed the fluctuations which is one clear sign of convergence.
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Figure 45: Convergence plots of the free energy of calcium displacement from a cylinder. The subplots A,

B,C, and D correspond respectively to systems with 0, 1, 3, and 5 colistins. Each plot is made for a portion

of 200 ns of the trajectory, during the last microsecond of sampling for each window. Dark blue correspond

to the first portion, cyan to the second, green to the third, orange to the fourth, and red to the fifth. Sampling

the system with 0 colistins is shown only until 2.8 ps as it is the maximum time for 5 windows out of 80.

The other windows of this system were sampled for 3 ps.
It is hence needed to understand the origin of this counter-intuitive behavior for which
several explanations could be attributed. The next section consists in deciphering whether
these observations are meaningful in the frame of the study of colistin and other polymyxins
pathways, or if it comes from a ill-defined setup, or reaches the limits of coarse-grained

definition.
iii.  Density profile of calcium ions

To better understand the reason why the presence of adsorbed colistin steepens the free
energy well around the equilibrium value of calcium ions, we first investigated the density
profile of these ions for the different systems, respectively inside and outside of the cylinder
(Figure 46). At first, it is clear that the general shape of the density in the part of the
membrane outside from the cylinder, that we will refer to as bulk membrane hereafter, is
generally conserved even for the extreme values of the CV which are far from the

equilibrium value. Indeed, one can see a first peak in the density profile (Figure 46, dashed
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lines), which exhibit a shoulder on its right (towards higher values along the Z axis). This

first peak is followed by a lower more convoluted second peak closer to the top of the core.

The profiles in continuous lines in Figure 46 represent the calcium density inside the
cylinder where the biasing potential is applied. For most of systems, we still can see that the
distribution of ions is generally comprised in two areas, which correspond roughly to the
two peaks mentioned above, at the exception of systems for £,=9; N,,=1 and §;,=1.

Hence, one can conclude that the general distribution of calcium ions along the Z axis is not
affected by the biasing potential or by the presence of adsorbed colistins and that the action

of the SMD procedure is most likely a stochastic process.
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Figure 46: Plots of the normalized number density, along the Z axis of the simulation box, of calcium ions for different
values of the CV ranging from 20 to 1 ion. Each line of the different subfigures correspond to a given number of colistin(s)
in the system, from top to bottom, respectively 0, 1, 3, and 5 colistins. The continuous lines correspond to the averaged
normalized number density of calcium ions in the cylinder, while the dashed lines correspond to that out of the cylinder.
Some of the selection are empty due to the fluctuations of the number of ions in the cylinder which can drive to empty
selections, which were not handled by the analysis script written for this analysis. Hence, we do not report the values for 0
and 5 colistins when the CV is centered around 1. These density profiles are computed over the last microsecond of the
umbrella sampling window for which the biasing potential is centered around the indicated value of the CV.

It is noteworthy that the exchange of ions through the cylinder is happening entirely with the
bulk membrane. Indeed, after following the calcium ions that leave or enter the cylinder, we
noticed that none of these ions come from or go to the bulk water during the set of

simulations ran using Martini force field.

154/189



COMPUTATIONAL STUDY OF SUPPORTED OR BACTERIAL LIPID MEMBRANES

iv. XY density map

Since the density profiles of calcium across the membrane do not explain why we observe
that free energy of calcium removal is steeper in the case of the presence of colistin than the
opposite, we decided to observe the density of different characteristic groups along the X
and Y axes, for different values of the CV.
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Figure 47: XY density profiles for the system with Ny, = 0. The first line is the density of water, the second line is the density
of LPS care, the third line of the calcium ions, and the fourth of LPS phosphates. The number densities are in nm™.
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Figure 48: XY density profiles for the system with N, = 1. The first line is the density of water, the second line is the
density of colistin, the third is the density of LPS core, the fourth line of the calcium ions, and the fifth of LPS phosphates.
The number densities are in nm™.

We report the XY density maps for the system with N,, = 0 (Figure 47) and Ny, = 1
(Figure 48) only as the general behaviors do not differ markedly with greater concentrations
in colistin. Around the equilibrium value of calcium ions in the cylinder (~14 ions, see
Figure 44), the average density shows that the system keeps some fluidity. The individual
positions of the water molecules present in the core, of the colistin, of the sugars from the
core, of the calcium ions, and of the phosphate groups is not well defined in the related
density maps. However, there is a clear tendency towards such reduction of the mobility of
the system both upon increase or decrease of the value of the CV from the expected value,

although this behavior is not consistent for some values of the CV. Indeed, for &§;,=1 we

observe a complete freezing of each of the groups in contact with the membrane. It appears
that this phenomenon is only visible for values far enough to the equilibrium value of ions in
the cylinder, i.e. for values under XX or above YY. It is of high importance to understand if

this effect is an artifact linked to the use of Martini force field, a consequence of the CV that
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we are using, or the observation of a phase change of the LPS as described in the literature
[11], [21].

V. Mobility of LPS

To characterize the mobility of LPS as a function of the CV, we computed the root mean
square fluctuation (RMSF) of the phosphate groups of LPS for different values of the CV,

either for molecules lying inside, or outside of the cylinder.
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Figure 49: Calculation of the RMSF of the phosphate groups of LPS respectively inside and outside the
cylinder defined for the CV. The plots on the right panels represent the standard deviation Oruse of the
RMSF.

Figure 49 shows the RMSF computed both inside and outside of the cylinder. It is first
interesting to note that the trends in the both regions are similar for all the concentrations in
colistin, although the fluctuations are much higher in the bulk membrane, which could be a
statistical effect. Accordingly, the standard deviation over the RMSF is also higher for the
calculations outside of the cylinder. The RMSF of the phosphate groups denotes the
“freezing” of the membrane observed while analyzing the XY density maps. Indeed, the
RMSF value reaches its highest value around the equilibrium value of the number of

calcium ions. It decreases rapidly in the range &;,=15 to &;=10, where it seemingly
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reaches a very low plateau. Interestingly, the increase of colistin concentration correlates

with an important decrease of the RMSF.

Cv=1

Mesh along Y axis

RMSF, Angstroms RMSF, Angstroms RMSF, Angstroms RMSF, Angstroms

Mesh along X axis

Figure 50: Map of the RMSF along the XY axes. The simulation box was meshed by six bins along each X and Y axis to
compute the average value on this map. First line is for the system with no colistin present, second line is for the system
with 1 colistin, third one — for 3 colistins and the fourth one is for the system with 5 colistins.

To check whether this freezing that affects the membrane under a given threshold value
along the CV is coming from the local defect created in the membrane by the removal of the
calcium ions, we computed the map of the RMSF for different values of the CV (Figure 50).
This figure shows that lowering of the RMSF values starts at the center of the simulation
box, around the position of the cylinder and gradually propagate to the whole surface of the
membrane. On top, this effect is visibly stronger for higher concentration in colistin which
supports the aforementioned idea that colistin promotes this effect in our systems. While
free energy profiles show that the local change in calcium concentration is generally
hindered, the potential phase change of the membrane could be enhanced by the presence of

colistin, driving to the increase in free energy profile in systems containing peptides.
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Manioglu et al. [21] recently commented on the necessity of divalent ions to form
crystalline structure around polymyxin and on the positive relation between this transition
and the concentration in divalent ions. Our present result could thus support the idea that
colistin favorizes the nucleation process of such change by affecting the local distribution of

calcium ions.

IL. Comparison of the coarse-grained models with of all-atom simulations

However, to further investigate whether the changes in membrane fluidity and potentially
local phase changes coming from perturbations of the density of divalent ions is not an
artifact due to the inherent limitations of coarse-grained force fields or due to the rough
parametrization of the divalent ions in Martini force field, it is important to address this

topic using all-atom force field.

Not only it is important to validate the previous systems by using an all-atom force field that
better describes the membrane dynamics and provides an optimized set of parameters for the
non-bonded parameters [292], especially with divalent ions, such as CHARMMS36, but it is
also necessary to explore variations on the LPS topology to ensure that the observations
made in the previous sections are not artifacts. Indeed, Rice and coworkers [292] have
shown recently that phosphate charge and calcium parametrization is critically important for
obtaining structural properties of LPS-containing membranes close to experimental ones.
One of the important conclusions of this study is that calcium parametrization with NBFIX
(correction of Lennard-Jones parameters which scale the non-bonded interactions) makes
better agreement with experimental values, which is why we used it too. Moreover NMR
protonation state prediction assigns -1 charge in physiological pH and using -2 net charge is

shown to overestimate affinity of calcium ions to phosphate groups [292].

We present in Figure 51 B. the free energy profiles for four all-atom asymmetric model
membranes of the OM containing LPS on the outer leaflet and POPE in the inner leaflet. At
the exception of model P2, the free energy is computed only from the equilibrium value to
lower values of the CV. We studied the effect of the protonation state of the LPS phosphates
by using two models, which attribute respectively a net charge of -1 or -2 to the LPS
phosphate groups, for P1 and P2 models. The decrease of the net charge obviously decreases
drastically the density of calcium ions in the membranes — however, the general trend is

similar to that of P2 model leading to an analogous steepness of the free energy well.
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We also computed the free energy profiles for the so-called Ara4N and PEtn mutations of
LPS attributed to resistance mechanisms to polymyxins. The resistance mechanisms add
some functional group on one of the phosphate, reducing the number of calcium ions in the
membrane. Hence, the free energy shows a minimum which is also shifted towards lower

values of the CV, comparably with P2 model.
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Figure 51: Results from the free energy calculations showing, in A. the error
computed over 200 Bayesian bootstrapping runs, in B. the free energy profiles of
calcium displacement from a local cylinder centered in the membrane, in C, a
subset of B. showing the energy variations in the range 0-100 kJ/mol, and only
up to values of the CV up to 10 calcium in the cylinder.

To understand whether the OM in all-atom models is also subject to changes in mobility
while creating a local change in the calcium ion density, we first computed the 2D density
maps for water, calcium ions, and LPS phosphates (Figure 52, Figure 53, Figure 54, Figure
55). From these maps, it is not as clear as it is for CG simulations whether the change in
calcium density modifies the fluidity of the membrane. However, we notice at first that the
maps are rather similar for the different LPS models, and that no visible water molecules are

trapped in the LPS core in such a way that it alters their diffusion.
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Figure 52: XY density profiles for P1. The first line is the density of water, the second line is the density of calcium
ions, and the third is the density of LPS phosphates. The number densities are in nm™, The first heatmap scale, on the
left, corresponds to water densities, the second, on the right, to ions and phosphates.
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Figure 53: XY density profiles for P2. The first line is the density of water, the second line is the density of calcium ions,
and the third is the density of LPS phosphates. The number densities are in nm™. The first heatmap scale, on the left,
correspond to water densities, the second, on the right, to ions and phosphates.
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Figure 54: XY density profiles for Ara-4N. The first line is the density of water, the second line is the density of calcium ions, and
the third is the density of LPS phosphates. The number densities are in nm™. The first heatmap scale, on the left, correspond to
water densities, the second, on the right, to ions and phosphates.
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Figure 55: XY density profiles for PEtn. The first line is the density of water, the second line is the density of calcium ions, and
the third is the density of LPS phosphates. The number densities are in nm™, The first heatmap scale, on the left, correspond to
water densities, the second, on the right, to ions and phosphates.
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We thus computed the average value of the RMSF of phosphates inside and outside the
cylinder to have a better understanding of the dynamics of the constituents of the membrane.
It appears that both average values are comparable to the smallest values observed in CG
MD, here ranging from 1.1 to 1.4 + 0.2 A. Hence, the fluctuations over these values are also
considerably lower. We notice a slight tendency of increase of the RMSF in the cylinder
while removing the ions, but further analyses show a poor correlation with a R? of ~0.5-0.6.
The variations in RMSF between the smallest and highest values of the regression along the
CV do not exceed 0.5 A. Hence, all the all-atom systems based on CHARMMS36 force field
appears to be much more stable to local disturbance of the divalent ion density in the

membrane, which is surprising.

II1. Conclusions

We have introduced a new collective variable which aim at sampling the effect of the
creation of a local inhomogeneity in the distribution of ions in a lipid membrane. We
applied this CV to compute the free energy associated to the variation of the number of
calcium ions in a local cylinder situated in the middle of a simulation box. We observe,
using Martini force field, that the addition of colistin steepens the energy well around the
equilibrium value of calcium ions. Interestingly, we noticed that varying the value of this
CV induces the system to rapidly gain order and lose fluidity. This effect is even
emphasized by the presence of colistin. It is possible that we observe a similar transition to
the phase transition observed experimentally for bacterial OM while modifying the

concentration of divalent ions.

Further calculations using CHARMM36 force field show a qualitative agreement with the
free energy calculated using Martini force field. Especially, it is worth mentioning that the
free energy profile for the system P2 is the closest to the equivalent simulations ran with
Martini force field. However, in the absence of colistin or other peptide, we do not observe
such drastic changes in the fluidity of the LPS-containing membrane. Further calculations

using AA force field in the presence of peptides should be led to address this observation.
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Conclusions and Perspective

In the frame of this work, we first draw a better picture of the interactions between lipid
membranes and substrates. The first study of the present work showed that hydrophilicity of
a substrate is one of the principal parameters which defines the structure of a deposited lipid
structure. We observed that deposited lipid structures continuously reorganize between two
extremes —a SAM and a floating SLB — depending on the hydrophilicity of the surface. We
have shown as well that SLBs can be stable in such a close-contact state which was
observed in many experiments. In the case of close-contact state on a hydrophilic substrate,
the lower and upper leaflets can show drastically different conformations, with the upper
monolayer showing density profiles extremely close to free-floating bilayer. In the case of a
DOPC membrane on silica — the most hydrophilic substrate that we modeled — the density
profile of the lower monolayer is very close to that of an unperturbed membrane, even if we
can note that few phosphate groups appear in the close vicinity of the substrate, at the same
level than the choline. If we make a choice towards less hydrophilic substrate, the effect will
be more pronounced. This is further followed by tails having enough affinity with the
substrate to flip and lay horizontally close to the surface. These effects are correlated with a
decrease of the membrane thickness and of the order parameter of the lower leaflet. All in
all, for a pure DOPC membrane, silica seems to stabilize efficiently the lipid bilayer while

driving to rather small structural modification.

However, in order to assess the effect on realistic model of the outer membrane (OM) of
Gram negative bacteria, further simulations should be led. At first, it would be important to
investigate the effect of the substrate on a pure POPE membrane, as PE represents most of
the lipid content of the lower leaflet of OM. Nonetheless, to obtain a full picture of the
interactions between substrates and model membranes, it is ultimately necessary to simulate
an asymmetric LPS:POPE membrane to better understand if the structure of LPS are
affected by the substrate. Since we have shown that electrostatic interactions play a non-
negligeable role on the deposited system, such refined model makes even more sense as LPS

are known to keep their structure partly due to the presence of calcium ions.
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Following these conclusions, we further designed systems to quantify the interactions
membrane-substrate. We aimed at designing a setup and a collective variable which will
allow us to compute the free energy of membrane deposition. We explored a wide set of
designs with the aim to allow the interfacial water to redistribute freely while the membrane
gets closer to the substrate. We also tested different designs aiming at allowing the
membrane to adapt its area per lipid. We wanted to avoid using a bicelle as it was made
during the previous study, as the computational time required is rather high and that such
design implies extra complexities during the analyses. We concluded that this latter task was
hardly possible with the techniques at the time of that work. However, we proposed a design
allowing water to redistribute by creating and maintaining a pore in the bilayer. We showed
that water can redistribute in the range of 100-150 ns while applying some stress to the
system by means of an SMD procedure. We further proposed two collective variables that
could effectively follow the deposition process. The first one, which follows the number of
water molecules per lipid at the interface between substrate and membrane is complicated to
implement. However, we believe that such task could be achieved by hardcoding it directly
in Gromacs. On the other hand, we implemented a CV which follows a measure of the
distance between membrane phosphates and substrate surface groups. However, the SMD
procedure was driving the system far from equilibrium, due to a too low flux of water
through the pore and limits linked to both the available computational resources which did
not allow us to simulate bigger systems where we could work with a larger pore, and to
technical limitations linked to the periodicity of the substrate, which was driving to poor

performance on our simulations, did not allow us to obtain a converged free energy profile.

Finally, studying free energy of calcium ions displacement with Martini force field with and
without presence of colistin demonstrates that colistin presence strongly helps transition to
crystalline or analogous structure of the OM, characterized by its low mobility, thus making
calcium displacement being more energy consuming in its presence. Such “freezing” around
colistins is very similar to structural changes observed experimentally. At the same time, all-
atom simulations for different types of LPS do not show any phase transition in the absence

of colistin.

If our results show some structural differences between model membranes based on Martini

force field and those based on CHARMM36 force field, it is important to underline that the
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free energy profiles follow the same shape. Particularly, our results underline the proximity
between Martini model of the OM and all-atom models LPS with deprotonated phosphates.
Although this is still a matter of discussion, it seems that deprotonated phosphates are not
typical for typical values of the pH in the environment of many bacteria — especially when
hosted in human body. Our study does not show clear tendencies of the influence of colistin
aggregation on ions mobility. However, one should note that the simulations that we
designed were not aiming at describing the complete pathway of colistin. Indeed, to gain
more realism, one should follow colistin insertion / translocation through the LPS core at the
same as sampling extra degrees of freedom, such as ion mobility. However, at the time of
that work, the calculation of translocation profiles in normal fluid membrane using AA force
fields is still a very complicated task, due to sampling issues alongside to difficulties to

define accurate CV.

This work sets directions for further studies in two complementary topics. First, the tests of
different designs and CVs to compute the free energy of membrane deposition on a substrate
drove us to a more pragmatic approach which we describe in section I. Finally, after the
work by Lundbord et al. [293], it is clear that our study of the interaction between colistin
and outer membrane can be extended. Section II gives elements on that topic, along with
other perspective on the development of new AMPs dedicated to permeabilize the outer

membrane of Gram negative bacteria.

L A rough model of graphene oxide with a pore in all-atoms simulations

The attempts with coarse-grained models had the advantage to validate the general
methodology as the CV is shown to be able to drive the unperturbed membrane toward the
surface without inducing any visible bias. However, to have an insight on the interactions
between membrane and substrate and on the presence of a and [ states — it seems that a
complete modeling of a new silica topology has to be considered. This work itself is an
entire project and would greatly exceed the scope of this work, but it would clearly serve the
community and be used in many fields, especially in the modeling of silicon-based
nanoparticles. However, until such major advances would be performed, we noticed a more
pragmatical approach consisting in using GO surface to address the topic of membrane-

substrate interactions.
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In order to obtain a simpler setup, we started to drastically simplify the GO by removing any
bonded interactions and keeping the surface restrained by freezing all its atoms. The non-
bonded interactions between each and every atom from the GO surface also were set to zero
using the energygrp-excl mdp option. The aforementioned steps were made to alleviate the
computational time required to run the simulations. This also allows the system to be
computed without the option periodic-molecules from Gromacs and thus to use MPI
parallelization. However, these choices bind to use only MPI parallelization: the use of
OpenMP and GPU architectures are not possible with frozen atoms. They also require the
neighbor searching algorithm to be an explicit pair list without buffering (no Verlet
algorithm) which was removed in Gromacs version 2020. Consequently, we started to run
those simulations with Gromacs 2019. Finally, the system are computed with semi-isotropic
pressure coupling where the pressure coupling is acting only along the z axis. That is

necessary since we do not set GO as a periodic molecule.

To allow water to flow through the surface a pore is made in the GO surface in such a way
that the surface remains globally neutral. Before removing the bonded interactions, an
energy minimization of the solvated structure was ran so that the surface groups (hydroxyl

an epoxyl) will be close to some natural conformation.

This system seems to a good balance between computational resources and system realism,
and the calculations of free energy should be performed to finally obtain some quantitative

insights in the presence of close-contact and far-contact states of deposited membranes.

IL. Free energy of translocation of colistin in the outer membrane of Gram

negative bacteria

At the present time, there is a high demand for the development of innovative therapeutics
that could permeate the OM of Gram negative bacteria, particularly antimicrobial peptides.
In the meantime, it is still very complicated to predict the quality of de novo designed or
optimized AMPs. In silico computations very often rely on the calculation of the free energy
of translocation which bring important insight into peptide-membrane interactions. At the
same time, such studies require a correct parametrization, appropriate collective variable,

and most often, extensive computational resources.
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We are at the moment using the results from the present work and extending it to access free
energy profiles of translocations of antimicrobial peptides through the OM. For that work,
we first selected peptides from the literature which were able to demonstrate ability to pass
through, or disrupt partially or totally the LPS-containing membrane. Among such peptides
we could cite I1W and I4W [294], Caerin [295], MreB. 296, NK-2 [297], and P1 [298].
These alpha-helical peptides were showing not only general antimicrobial activity against
Gram negative bacteria, but also leakage essays and other more specific experiments were
able to show that they can permeate OM membranes without help of porins and potentially
disrupt them partially creating, in some cases, transient structures analogical to the pores

observed on phospholipid membranes targeted by AMPs.

As a primary step to understand the behavior of these AMPs, we studied their adsorption
(for all the aforementioned peptides except I4W and P1) using Martini 2 force field. All
those peptides were equilibrated on the surface of OM model for 10 to 12 ps. This first
study aimed at discriminating potential candidates for further investigations. Indeed,
unbiased simulations can give an initial guess on the potential a peptide had to later on

permeate the membrane and on the general structural properties of the peptide.

While simulated time was not enough to observe partial translocation we still were able to
see some interesting properties. During these 10-12 ps, MreB..o and NK-2 reached rapidly a
plateau value, with the same Kinetics and depth of insertion as colistin. On the other hand,
Caerin floating on the very top of the sugars for almost 7 ps before reaching a plateau until

the end of the simulation ~4 A lower.

Another difference in between the AMPs is their mobility on the LPS surface. Colistin, NK-
2, and MreB,.9 were sufficiently immobilized on the surface with MSD values plateauing
not higher than 0.3 nm™. On the contrary, I1W and Caerin did not reach any constant value

of the MSD plateau during those 12 microseconds.

Caerin, which did not insert well, had an orientation constantly parallel to the membrane all
along the simulation. MreBi. was exposing its N-terminus toward the surface with angles in
the range 90-120° at the beginning of the adsorption process. I1W, which fluctuated the
most along the Z-axis was sampling larger spectrum of orientation, but facing consistently

N-terminus again, with angles ranging from 90° to almost 140°. On the other hand, NK-2
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was exposing more its C-terminus while adsorbing on the LPS leaflet with orientations in
the range 50° to 110°. Colistin behavior is not directly comparable as its structure differs to
the one of a peptide. Its orientation distribution was clearly convoluted between two
behavior. Colistin was alternating phases during which it was lying parallel to the membrane
surface, and some when its orientation was widely fluctuating, but with its tail facing

consistently downwards, and an average angle of 55°.

This preliminary study could help to understand what are the key parameters for peptides to
disrupt the OM. However, the adsorption process alone does not allow to have a clear
understanding of these AMPs behavior. Hence, we plan to perform a translocation free
energy calculation optimized for the presence of LPS. Indeed, not only the LPS-containing
membrane is extremely rigid, making it slow to sample a wide part of the configurational
space, but alpha-helical peptides are sensitive to the SMD procedure. Indeed, the “pulling”
of the peptide through the membrane along the chosen CV (which is generally
oversimplified), could drive the peptide far from equilibrium, potentially stuck in the LPS
lipid A which drive a very stiff energetic barrier. Following the article by Lundbord et al.
[293] we started to implement a similar approach which makes use of a 2D accelerated
weight histogram (AWH) method. The advantage of the AWH method in that case is not
even the main one, though we know that the method is converging fastly with regard to US
procedure. The main interest is that, if the first coordinate used is describing only the
translocation process, the second is an alchemical coordinate which was proven to assist a
better and more efficient sampling of the configurational space in a very stiff medium. This
approach could help to get a better picture of the conformations of the peptides of interest in
the vicinity of the lipid A, and hence to run further computations dedicated to understand the

effects of those peptides on divalent ions at different depth of insertion in the OM.
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Titre : Etudes numériques de membranes lipidiques supportées ou bactériennes
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Résumeé :

L'utilisation de molécules ciblant la matrice lipidique des
membranes bactériennes est 'une des pistes actuellement
explorées pour faire face a la résistance croissante aux
antibiotiques. Les bactéries & Gram négatif sont une cible
importante, car la présence d'une membrane externe (OM)
réduit les classes d'antibiotiques efficaces et confére des
mécanismes de résistance spécifiques directement liés a la
présence de lipopolysaccharides. Dans le cadre de ce
travail, nous avons modélisé I’'OM et diverses membranes
phospholipidiques pour aborder  deux sujets
complémentaires.

D'une part, un large éventail d'expériences destinées a
étudier l'action des médicaments sur les membranes
nécessitent de les immobiliser, ce qui se fait souvent par
dép6t sur des substrats hydrophiles. Cependant, les
interactions substrat-membrane peuvent modifier les
fonctions biologiques et les propriétés structurelles des
membranes. Ainsi, nous avons appliqué des simulations de
dynamique moléculaire pour prédire les modifications de
structure des membranes lipidiques en fonction des
propriétés du substrat. En particulier, nous avons montré
que la structure des systémes lipidiques déposés varie
graduellement entre celle d’une monocouche

auto-assemblée (SAM) et celle d’une bicouche lipidique
supportée (SLB), en fonction de I'hydrophilicité du
substrat. Par la suite, nous avons congu une variable
collective qui décrit le processus dadsorption, afin
d'estimer le profil d'énergie libre. Cette méthode peut étre
utilisée pour prédire les états énergétiquement favorables
des bicouches lipidiques supportées pour une surface
donnée.

D'autre part, nous nous sommes concentrés sur le mode
d'action de la colistine, un lipopeptide de la famille des
polymyxines actuellement utilisé en dernier recours, en
partie a cause de sa forte toxicité, mais aussi pour endiguer
l'apparition de souches résistantes. Les polymyxines sont
connues pour cibler I'OM, potentiellement en déplacant les
ions divalents qui contribuent & sa stabilité. Nous avons
congu une nouvelle variable collective pour comprendre
comment les inhomogénéités locales dans la densité des
ions divalents affectent 'OM. Nous avons modélisé 'OM
en utilisant a la fois des champs de force a gros grains et
tout atome. Nous avons observé, a l'aide de simulations a
gros grains, que la fluidité membranaire est fortement
affectée par la création de cette inhomogénéité, et que la
colistine favorise davantage ces modifications de la
mobilité des LPS.

Title : Computational study of supported or bacterial lipid membranes.

Keywords : simulation, molecular dynamics, biophysics, lipid membrane, bacteria

Abstract :

The use of molecules targeting the lipid matrix of
bacterial membranes is one of the avenues currently being
explored to deal with growing antibiotic resistance. Gram
negative bacteria are an important target, as the presence
of an outer membrane (OM) reduces classes of effective
antibiotics and confers specific resistance mechanisms
directly linked to the presence of lipopolysaccharides. In
the frame of this work, we model the OM and
phospholipid membranes to address two complementary
topics.

On the first hand, a wide range of experiments designed to
study the action of drugs on membranes require to
immobilize them, which is often done by deposition on
hydrophilic substrates. However, substrate-membrane
interactions can hamper the biological functions and
structural properties of the membranes. Hence, we applied
molecular dynamics simulations to predict the structure
modifications of lipid membranes depending on the
substrate properties. Particularly, we showed that
deposited lipid structure can form self-assembled
monolayers (SAM) or supported lipid bilayers (SLB),
according to the hydrophilicity of the substrate.

Subsequently, we designed a collective variable that
describes the adsorption process, in order to estimate the
free energy profile. This method can be used to predict
energetically favorable states of supported lipid bilayers
for a given surface.
On the second hand, we focused on the mode of action of
colistin, a lipopeptide from the polymyxin family that is
currently used as a last resort, partly because of its high
toxicity, but also to stem the appearance of resistant
strains. Polymyxins are known to target the OM,
potentially by displacing the divalent ions which
contribute to its stability. We designed a new collective
variable to understand how local inhomogeneities in the
density of divalent ions affect the OM. We modeled the
OM using both coarse-grained and all-atom force fields to
give a complementary insight in that topic. We observed,
using coarse-grained simulations, that the membrane
fluidity is strongly affected by the creation of this
inhomogeneity, and that colistin further promotes these
changes in LPS mobility.
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