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Introduction générale 

En 1870, Victor Hugo écrivait « c’est une triste chose de songer que la nature parle et 

que le genre humain n’écoute pas » (Carnets, albums, journaux). Environ un siècle plus tard, 

en 1960, naissait la bionique marquant officiellement l’intérêt des scientifiques pour la 

découverte de mécanismes inspirés du vivant. En effet, la plupart des inventions humaines 

sont grandement inspirées par l’observation de la nature. L’avant du TGV japonais 

(Shinkansen) a un nez qui mime le bec du martin pêcheur, ce qui lui a permis de gagner 10 % 

de vitesse en économisant 15 % d’énergie. En natation, les combinaisons calquées sur la peau 

de requin augmentent l’hydrodynamisme et actuellement, des tests de vernis recouvert sur les 

avions imitant cette peau de requin sont réalisés pour augmenter l’aérodynamisme des avions. 

Cette liste d’exemples non exhaustive s’enrichie d’année en année et l’application de ces 

connaissances devient bénéfique dans divers domaines. 

 Les exemples d’organisme vivant cités ci-dessus sont « facilement » remarquables à 

l’œil nu, mais il existe aussi d’autres organismes vivants de tailles microscopiques qui ont 

réussi à s’adapter et à perdurer au cours de l’évolution avec des mécanismes fascinants. 

Certains de ces microorganismes sont capables de faire la photosynthèse pour vivre dans des 

fonds marins, comme par exemple les bactéries pourpres. Ce processus bioénergétique vital 

pour ces organismes utilise l’énergie lumineuse pour synthétiser de la matière organique 

essentielle à leur survie. Pour ce faire, ces bactéries pourpres possèdent un photosystème 

composé de deux antennes collectrices de lumière (LH1 et LH2) et d’un centre réactionnel 

(CR), le tout ancré dans leur membrane plasmique. La lumière est principalement absorbée 

par des pigments photosynthétiques liés au complexe LH2 et l'énergie d'excitation résultante 

est ensuite transférée au complexe LH1 et, de là, au centre réactionnel où elle est transformée 

en énergie chimique. Depuis plusieurs décennies, les premières étapes de l’évolution de 

l’excitation pendant le processus photosynthétique ont suscitées un vif intérêt. De plus, nous 

savons que l’énergie fossile représente la grande majorité de l’énergie dans le monde, 

cependant elle s’épuise d’année en année et une solution pour continuer à avoir de l’énergie 

serait l’énergie renouvelable comme par exemple l’énergie solaire. 

 De ce fait, le photosystème des bactéries pourpres étant plus simple à étudier que celui 

des plantes, le complexe LH2 est vite devenu un système modèle. Chez Rhodopseudomonas 

acidophila, par exemple, l’étude clef en cristallographie de McDermott et al. (McDermott et 

al. 1995) ont mis en avant une symétrie parfaite en C9 du complexe LH2 (pour light 
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harvesting) constitué d’une sous-unité protéique associée à des pigments photosynthétiques. 

Des études de spectroscopie de fluorescence en molécule unique de LH2 en fonction du temps 

ont montré que l'intensité et la position de transition électronique du complexe pouvaient 

fortement fluctuer avec le temps, décrivant ainsi un « désordre dynamique ». 

Cette symétrie parfaite a un lien étroit avec la fonction du complexe LH2. Une étude récente a 

analysé, in silico, différentes tailles du complexe LH2 allant d’une symétrie en 5 à 12 

protomères (Jang et al. 2015). Les auteurs ont montré que la formation du complexe LH2 

non-naturel était énergétiquement possible, mais ces complexes présentaient des liaisons 

hydrogènes instables entraînant un plus grand désordre dynamique de l’énergie d’excitation 

des bactériochlorophylles-a et donc, une incapacité à relayer correctement l’exciton. Dans la 

même année, une autre étude a réussi à assembler des complexes LH2 en introduisant des 

pigments artificiels conjugués à ces complexes (Yoneda et al. 2015). Les résultats ont montré 

que ces nouveaux pigments révélaient un transfert d’énergie efficace aux chromophores 

intrinsèques, sans altérer la fonction du complexe LH2. Cela montre que la construction de 

systèmes photosynthétiques artificiels est capable de transférer l’énergie efficacement et en 

augmentant la gamme des longueurs d’onde (650 nm) comparé au complexe naturel. Ces 

complexes sont donc d’une grande importance pour la mise en place des systèmes de 

production d’énergie renouvelable. 

Le désordre dynamique au sein des complexes LH2 a été largement observé en spectroscopie 

de fluorescence en molécule unique (LH2-détergents), cependant, du fait des limitations des 

méthodes, aucune étude n’a pu examiner au niveau moléculaire ces fluctuations au cours du 

temps. L’objectif de ce projet de thèse est de mieux comprendre l’origine de ce « désordre » à 

l’échelle atomique en employant des approches de dynamiques moléculaires classiques. Pour 

ce faire, nous avons modélisé le complexe LH2 dans différents environnements 

biomimétiques constitués de détergents (diméthyldodecylamine-N-oxide (LDAO) et β octyle 

glucoside (bOG)) et d’une membrane de POPC. Pour valider nos modèles, des expériences de 

diffraction des rayons X aux petits angles (SAXS) ont été réalisées avec les complexes LH2-

LDAO et LH2-bOG. Dans un second temps, nous avons plus spécifiquement étudié les 

interactions peptide-pigment et pigment-pigment en fonction de l’environnement. Enfin, afin 

de relier les variations des interactions entre les différents composants du complexe décrits 

dans nos simulations, aux variations d’absorption du complexe LH2 et au désordre 

dynamique, des calculs quantiques de l’absorbance des pigments ont été réalisés à partir de 

structures atomiques représentatives de la simulation du complexe LH2-LDAO. 
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Le manuscrit est organisé de la manière suivante : 

- Dans le premier chapitre, nous introduirons le contexte biologique de ce travail de 

thèse avec des rappels sur la photosynthèse chez les bactéries pourpres et une 

description structurale et fonctionnelle du complexe LH2 chez Rhodopseudomonas 

acidophila strain 10050. Nous détaillerons l’importance des expériences de 

spectroscopie de fluorescence en molécule unique de LH2 entouré de détergents qui 

ont permis de mettre en évidence le désordre dynamique au sein des complexes LH2.   

- Dans le deuxième chapitre, nous ferons une introduction générale sur la dynamique 

moléculaire et les techniques que nous avons utilisées durant cette thèse pour 

modéliser le complexe dans les différents environnements biomimétiques de façon 

réaliste. Puis, nous terminerons par une description des charges partielles atomiques 

RESP et l’approche des blocs modulaires que nous avons utilisée pour calculer les 

charges des détergents et des différents composants du complexe LH2 compatibles 

avec les champs de force dérivés d’AMBER. 

- Dans le troisième chapitre, nous présenterons les simulations des environnements 

hydrophobes micellaires constitués de détergents (LDAO et bOG) et d’une membrane 

de POPC. Ce chapitre reprendra essentiellement les résultats des simulations de 

micelles pures de LDAO et celles avec un fragment de lipide kinase de l’article publié 

dans Journal of Biomolecular Structure and Dynamics (Karakas et al. 2016) qui nous 

ont permis de valider nos paramètres pour le LDAO.  

- Dans le quatrième chapitre, nous décrirons les simulations et les résultats des 

complexes LH2 entourés de LDAO, bOG et de POPC. Nous analyserons l’effet de 

l’environnement sur la structure globale et interne du complexe LH2. 

- Dans le cinquième chapitre, nous présenterons quelques résultats préliminaires sur 

l’absorbance réalisés à partir des configurations de notre simulation du complexe 

LH2-LDAO.  

Ce manuscrit contient aussi différentes annexes où sont détaillées les paramètres de 

simulations, les modèles utilisés pour les valider et les autres travaux effectués au cours de 

mes 3 ans et demi de thèse.  

Enfin, nous terminerons le manuscrit avec nos conclusions et perspectives de ce travail.  
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Chapitre 1 : Le complexe collecteur de lumière de type 
2  des bactéries pourpres 

I. Introduction 

La photosynthèse est le processus bioénergétique qui permet à certains organismes 

vivants, appelés organismes photosynthétiques ou phototrophes, de synthétiser de la matière 

organique essentielle à leur survie en utilisant l’énergie lumineuse du soleil. Tous ces 

organismes possèdent un appareil photosynthétique membranaire mais ne réalisent pas le 

même type de photosynthèse. Cependant, le processus commence toujours par l’absorption 

de photons par les pigments assimilateurs des antennes collectrices de lumière (light 

harvesting ou LH) qui vont transférer ces particules au centre réactionnel (CR). Cela va 

entraîner une séparation des charges transmembranaires. À partir de là, les premières 

réactions d’oxydoréduction photochimique ont lieu décrivant ainsi le centre réactionnel 

comme le lieu de conversion de l’énergie des photons en énergie chimique.   

Les organismes photosynthétiques se divisent en deux grands groupes, ceux qui 

pratiquent la photosynthèse oxygénique et anoxygénique, c’est-à-dire qu’ils produisent ou 

non du dioxygène, respectivement. Parmi les organismes photosynthétiques anoxygéniques 

se trouvent les bactéries pourpres. Ces dernières possèdent un système antennaire qui a la 

particularité d’être riche en pigment caroténoïde (jaune-rouge) masquant la couleur bleu-vert 

des pigments bactériochlorophylles. La niche écologique de certaines de ces bactéries les 

place dans les milieux aquatiques anaérobiques (Figure 1). À ce niveau, le spectre de 

l’énergie solaire qui atteint ces bactéries pourpres a été filtré par les pigments contenus dans 

les phototrophes oxygéniques qui sont situés juste au-dessus, plus proche du soleil. Ce 

filtrage élimine la lumière bleue et rouge (jusqu’à 750 nm). Cependant, les bactéries 

pourpres peuvent assurer leur balance énergétique en capturant les photons de la lumière du 

proche infrarouge, au-delà de 750 nm, grâce à ses pigments photosynthétiques spécifiques 

(les bactériochlorophylles). Le mode de croissance privilégié est phototrophique en 

anaérobiose, cependant les bactéries pourpres sont capables de développer une activité 

respiratoire en fonction des conditions de cultures et des changements environnementaux 

imposés.  
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 En 1996, une étude a montré que le procaryote qui est devenu un endosymbionte des 

eucaryotes, et a évolué en mitochondrie, est un proche parent des bactéries pourpres non-

sulfureuses. Cette conclusion repose sur les ressemblances métaboliques entre les 

mitochondries et ces bactéries, ainsi que sur les comparaisons de séquences de bases dans 

leurs petites sous-unités d’ARN ribosomique (Bui et al. 1996).   

II. Le photosystème chez les bactéries pourpres 

 Chez les bactéries photosynthétiques, l’appareil photosynthétique est localisé dans 

les invaginations de la membrane cytoplasmique. Il est constitué de complexes protéiques 

membranaires avec des pigments spécialisés. Cet appareil photosynthétique comprend deux 

types de complexe antennaire collecteur de lumière appelés LH1 et LH2, et d’un centre 

réactionnel (RC). Le complexe LH1 est l’antenne interne étroitement associée au centre 

réactionnel et l’ensemble est entouré de complexes LH2 périphériques (Figure 3).  

 

Figure 3 : Photosystème membranaire des bactéries pourpres. Le RC excité réduit les 
molécules d’ubiquinone (Q). Ces dernières quittent le complexe LH1-RC et passent dans la 
membrane, transférant ainsi les électrons au cytochrome bc1. Le transfert cyclique des 
électrons est complété par une protéine soluble (cytochrome c2). Tirée de (Cogdell et al. 2014). 

 

La lumière est  principalement absorbée par les pigments photosynthétiques liés au 

complexe LH2 et l'énergie d'excitation résultante est ensuite transférée au complexe LH1 et, 

de là, au centre réactionnel où elle est transformée en énergie chimique.  

 



1. Les phospholipides membranaires 



2. Le complexe LH2 





3. Le complexe CR-LH1 
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complexe LH2, le complexe CR-LH1 peut adopter différentes conformations comme par 

exemple circulaire, sous forme de S, elliptique ou bien en arc (Gerken et al. 

2003)(Scheuring et al. 2005)(Fotiadis et al. 2004)(Bahatyrova et al. 2004)(Figure 8). Selon 

l’espèce, le complexe CR-LH1 peut être sous forme monomérique (Rps. rubrum) ou 

dimérique (Rps. spheroides). Du fait de son instabilité en présence de détergent, il existe peu 

de structures cristallographiques à haute résolution du complexe CR-LH1. De ce fait, ces 

structures ne permettent pas de distinguer les détails moléculaires et notamment les 

interactions pigments-protéines essentielles pour la compréhension de la fonction de ce 

complexe. 

 Les différentes structures du complexe CR-LH1 présentées dans la Figure 8 montrent 

que les deux premiers LH1 (Figure 8a et 8b) ne sont pas complètement refermés. En effet, 

dans ces deux représentations, une hélice transmembranaire PufX ou W interrompt l’anneau 

formé par les polypeptides α au niveau du site de fixation de la quinone QB du centre 

réactionnel. Cela laisse supposer que cette protéine pourrait être impliquée dans le passage 

de QB à travers le LH1 et faciliter ainsi sa diffusion dans la membrane. La protéine PufX que 

l’on trouve chez Rhodobacter (Rb.) sphaeroides est un analogue du polypeptide PufX. 

 

Figure 8 : Différentes structures du complexe CR-LH1, avec les hélices représentées par des 
cylindres pour les polypeptides αβ du LH1 (en jaune et vert) et les hélices du RC (en bleu), et 
les bactériochlorophylles du LH1 en rouge. Les caroténoïdes du LH1 et les cofacteurs du RC 
n’ont pas été représentés par soucis de clarté. (a) un modèle dimérique chez Rb. sphaeroides (8 
Å de résolution) avec la protéine PufX qui crée des gaps dans l’anneau du LH1, (b) un modèle 
monomérique chez Rps. palustris (4,8 Å) avec la protéine W qui crée un gap et enfin un modèle 
monomérique chez Thermochromatium tepidum (3 Å). Tirée de (Cogdell et al. 2014). 

Le centre réactionnel est composé de trois sous-unités polypeptidiques L, M et H structurés 

en hélices α. La sous-unité H est constituée d’une seule hélice transmembranaire et d’un 

domaine globulaire cytoplasmique, tandis que les deux autres sous-unités contiennent cinq 

hélices chacune. Ces dernières lient de façon non covalente des cofacteurs qui assurent sa 



III. Les variants naturels des complexes antennaires périphériques 



IV. Les interactions bactériochlorophylles-a/peptides et entre 

bactériochlorophylles-a 
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V. L’absorption des pigments 

L’observation du spectre d’absorption des antennes LH permet d’obtenir des 

informations sur leur structure et leur fonction. En effet, le spectre d’absorption de ces 

molécules peut en effet être décomposé en régions distinctes, correspondant aux transitions 

électroniques. Les rhodopines glucosides et les bactériochlorophylles-a sont connues pour 

avoir deux pics d’absorption caractéristiques S1 et S2 et, Qx et Qy respectivement (Figure 

11.2)(Cogdell et al. 2006). En présence de la membrane photosynthétique, l’interaction des 

pigments avec la partie protéique induit un décalage vers le rouge ou red shift des bandes 

majeures d’absorption (Figure 11.2c). Cela est d’autant plus remarquable pour la transition 

Qy qui se décale de 772 nm à 800-900 nm. Pour tenter d’expliquer le déplacement et 

l’élargissement de la bande d’absorption de la transition Qy, il est important de prendre en 

compte la force d’interactions des bactériochlorophylles-a. Ces dernières interagissent 

fortement et la transition Qy pourrait être représentée par une unique transition électronique 

provenant de l’ensemble des bactériochlorophylles-a, comme un multimère figé et ordonné. 

Cependant, les propriétés électroniques de la transition Qy dépendent également des 

variations des propriétés individuelles de chaque bactériochlorophylle-a de l’anneau, 

induites par le désordre. Cette notion de désordre considère qu’à un instant donné, toutes les 

bactériochlorophylles-a n’ont pas les mêmes propriétés optiques. Cela pourrait expliquer 

l’élargissement inhomogène de la bande d’absorption. En effet, dans l’assemblage de 

molécules identiques tels que les bactériochlorophylles-a, les différences physico-chimiques 

peuvent provenir de différences de conformations des molécules et de différences 

structurales dans leur environnement proche. Ces différences peuvent être liées au désordre 

intrinsèque de la structure (désordre statique) et à ses fluctuations dynamiques (désordre 

dynamique).        



VI. Transfert d’énergie dans les complexes LH 



Chapitre 1 : Le complexe collecteur de lumière de type 2 des bactéries pourpres 

18 
 

Le transfert d’énergie entre les complexes antennaires et le centre réactionnel est 

décrit par le mécanisme de Förster (Förster 1948). En d’autres termes, ce mécanisme décrit 

le transfert d’énergie entre molécules fluorescentes appelé aussi le transfert d’énergie par 

résonance de Förster (FRET, Förster resonance energy transfer) (Figure 12). Le FRET est 

défini comme un transfert d’énergie non radiatif (sans émission de lumière) résultant d’une 

interaction dipôle-dipôle entre deux molécules (donneur et accepteur d’énergie).  

 

Figure 12 : Condition du FRET (Förster Resonance Energy Transfer). Le couple de particule 
interagit via l’interaction de Coulomb. Tirée de wikipedia.org.    

Dans la description la plus simple du mécanisme de Förster, le taux de transfert 

d’énergie est déterminé par le chevauchement du spectre de fluorescence du donneur et le 

spectre d’absorption de l’accepteur (Figure 12). La durée de vie de l’état excité est très 

courte, de l’ordre de la nanoseconde. C’est pourquoi, dans le cadre de la photosynthèse, le 

transfert d’énergie jusqu’au centre réactionnel doit avoir lieu dans ce laps de temps (Figure 

14).  

Le transfert d’énergie est orienté vers le centre réactionnel par un gradient d’énergie 

crée par la position de transition électronique Qy. Cette unique direction confère au 

photosystème son efficacité avec un rendement supérieur à 95 % (Fleming et al. 

2008)(Pullerits et al.1996). Les caroténoïdes, qui sont en interaction de van der Waals avec 
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Figure 14 : Modèle de photosystème chez Rps. acidophila avec les différents temps de transfert 
d'énergie (Smyth et al. 2012). 

VII. Expériences de spectroscopie à molécule unique (Single-

molecule) 

Généralement, la spectroscopie optique permet d’avoir une information sur les 

paramètres qui déterminent les structures électroniques des complexes collecteurs de 

lumière. Cependant, il est difficile d’étudier le processus de transfert d’énergie du fait de 

l’élargissement inhomogène des lignes d’absorption optique en raison de l’hétérogénéité de 

l’ensemble des pigments. En effet, dans un grand nombre de molécule hétérogène, chaque 

molécule présente un site d’absorption qui va contribuer à l’élargissement de la ligne 

d’absorption moyenne. De ce fait, les détails spectroscopiques seront cachés dans cet 

élargissement inhomogène des lignes d’absorption. Pour contourner ces difficultés, des 

techniques de spectroscopie de fluorescence en molécule unique ont été appliquées pour 

étudier le complexe LH2. Cette technique analyse une à une des molécules fluorescentes et 

permet l’observation de processus dynamique (Figure 15).  
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Figure 15 : Spectres d'excitation-fluorescence Rps. acidophila pour un ensemble de complexes 
LH2 (en haut) et plusieurs LH2 individuels à 1,2 K (Cogdell et al. 2006).  

Dans la Figure 15, l’observation des différents spectres d’excitation-fluorescence 

pour chaque complexe LH2 montre deux bandes différentes pour les B800 et les B850. En 

effet, les bandes des B800 consistent en plusieurs raies spectrales relativement étroites alors 

que celles des B850 sont constituées de 2-3 bandes spectrales plus larges. Afin de 

comprendre ces différences, il est utile de considérer les forces d’interaction 

intermoléculaire entre bactériochlorophylles voisines dans un anneau. Des expériences ont 

montrés que le couplage parmi les B800 était beaucoup plus petit que celui des B850 (van 

Oijen et al. 1998)(van Oijen et al. 2000). À partir de ces informations spectrales, Sauer et 

ses collaborateurs ont pu approximer la force de couplage des B800 à 30 cm-1 et celle des 

B850 à environ 300 cm-1 (Sauer et al. 1996). 

Les expériences de spectroscopie décrites ci-dessus ont été réalisées à très basse 

température. On pourrait se poser la question de savoir si ces résultats sont valables dans des 

conditions physiologiques. Des expériences de spectrométrie de fluorescence ont également 

été réalisées à température ambiante mais avec des temps d’exposition plus courts, comparé 

aux températures cryogéniques (Jimenez et al. 1996)(Gall et al. 2015). Dans toutes ces 

expériences de spectroscopie en molécule unique, le même phénomène de désordre 

dynamique a été observé dans les spectres de fluorescence. 
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Dans notre laboratoire, des expériences de spectroscopie de fluorescence en molécule 

unique de LH2 chez Rps. acidophila strain 10050 ont été réalisées dans des conditions 

ambiantes et en fonction du temps d’exposition (Figure 16). Les spectres obtenus pour deux 

LH2 différents entourés de molécule de détergents (N,N-dimethyl-dodecylamine oxide ou 

LDAO) ont aussi montré un désordre dynamique au sein de ces complexes. En effet, comme 

nous pouvons le voir sur la Figure 16, le spectre d’émission peut visiter un large éventail 

d’états d’émission parfois rapidement et basculer dans d’autres états d’émission durant 

parfois quelques millisecondes (les spectres étant collectés durant quelques millisecondes). 

 

Figure 16 : Deux spectres de fluorescence en molécule unique obtenus pour deux complexe 
LH2 en fonction du temps d’exposition chez Rps. acidophila strain 10050 et réalisés au 
laboratoire, dans des conditions ambiantes (Rutkauskas et al. 2006). 

VIII. Conclusion du chapitre 

Dans ce premier chapitre, nous avons vu que certaines bactéries étaient capable de 

faire la photosynthèse pour vivre dans leur niche écologique. Ce processus bioénergétique 

vital pour ces organismes se fait grâce à un photosystème composé de deux antennes 

collectrices de lumière (LH1 et LH2) et d’un centre réactionnel (CR), le tout ancré dans leur 

membrane plasmique. Chez Rps. acidophila, les études cristallographiques et 

microscopiques ont mis en avant une symétrie parfaite en C9 constitué d’une sous-unité 

protéique et de pigments photosynthétiques (B800, B850 et RG1). Des études de 

spectroscopie de fluorescence en molécule unique de LH2 en fonction du temps ont montré 

que l'intensité et la position de transition électronique du complexe pouvaient fortement 

fluctuer avec le temps. Ces observations décrivent un « désordre dynamique » en lien avec 

la fonction biologique du complexe LH2, qui est caractérisée par une remarquable efficacité 

d’utilisation de l’énergie lumineuse. À ce jour, beaucoup d’études mettent en avant 

l’existence de ce désordre mais aucune n’a pu examiner au niveau moléculaire, les 

fluctuations locales ou globales au sein du complexe LH2 qui gouvernent ce désordre. 
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Chapitre 2 : La Dynamique Moléculaire 

I. Introduction 

 La compréhension du fonctionnement des systèmes biologiques passe par l’étude de 

différents phénomènes biologique, physique ou chimique avec des échelles de temps et de 

résolutions spatiales très variables qui ne peuvent être accessibles qu’en utilisant des 

approches expérimentales spécifiques (Figure 1). En ce qui concerne les approches de 

modélisation et de simulation moléculaires, celles-ci permettent de caractériser des 

phénomènes avec des résolutions spatiales de l’ordre de l’Angström – 100 nanomètres et 

avec des échelles de temps de l’ordre de la femto (10-15) à la milliseconde (10-3 s), ce qui 

rend ces techniques complémentaires aux approches expérimentales.    

 

Figure 1 : Résolution temporelle dans différentes techniques biophysiques. Tirée de (Ode et al. 
2012). 

1. Bref historique 

 Les premiers travaux de simulations moléculaires remontent aux années 1950 par 

Metropolis et ses collaborateurs pour étudier les propriétés d’un liquide simple représenté 

par un modèle de disques durs en deux dimensions (Metropolis et al. 1953). Cette méthode a 

donné le nom de Monte-Carlo (MC) Metropolis et est devenue la base des simulations MC 

reposant sur des techniques probabilistes. Plus tard, en 1956, Alder et Wainwright, ont posé 

les bases de la Dynamique Moléculaire (DM) actuelle, dite « déterministe », en réalisant une 

simulation de sphères dures avec une résolution des équations du mouvement (Alder et al. 

1957). En ce qui nous concerne, les premières simulations moléculaires de systèmes 
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biologiques datent de la fin des années 70 avec les travaux pionniers de Martin Karplus avec 

l’étude d’une petite protéine, la BPTI (McCammon et al. 1977) avec 885 atomes, simulée 

pendant 2 ps. Au même moment, Michael Levitt et Arieh Warshel posent les bases des 

approches des simulations de mécaniques moléculaires et quantiques (MM/QM)  pour 

étudier l’hydrolyse d’un modèle de liaison peptidique par la lysozyme (Warshel et al. 1976). 

Ces travaux fondateurs ont servis de base pour les simulations que nous connaissons et pour 

cela Karplus, Levitt et  Warshel ont reçu en 2013 le prix Nobel de Chimie. D’année en 

année, avec l’augmentation des moyens informatiques et le développement d’algorithmiques 

de plus en plus efficace, la complexité et la taille des systèmes étudiés par simulation 

moléculaire ont accrues (Figure  2). Ainsi, il est possible de simuler actuellement de très 

gros systèmes comme le chromatophore de la bactérie pourpre Rhodospirillum 

photometricum (~23 millions d’atomes) (Chandler et al. 2014) ou un modèle de membrane 

photosynthétique chez Rhodobacter sphaeroides (~100 millions d’atomes) (Cartron et al. 

2014). Enfin, tout récemment en 2015, des simulations gros grain (~31 millions particules) 

de ~5 μs d’une particule de virus grippal sur une membrane de mammifère ont été réalisées 

(Reddy et al. 2015). 



2. Les simulations moléculaires  
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quantique et classique, peuvent être aussi utilisées pour combiner la « qualité » de la QM 

(meilleure description des interactions entre particules) et la « rapidité » des simulations de 

dynamiques moléculaires. Elles sont utilisées pour décrire par exemple les réactions 

enzymatiques ou les évènements liés au transfert d’électrons dans le cas des réactions liées à 

la photosynthèse. Dans ce cas, les atomes appartenant au site catalytique, le ligand, le 

chromophore, etc. et son proche environnement situé à une distance de quelques Å sont 

décrits complètement (i.e. en tenant compte de l’ensemble des particules, incluant les 

électrons) à l’aide d’une approche quantique, et le reste du système (par exemple protéine et 

solvant) par une approche classique de mécanique moléculaire.  

Dans ce qui suit, nous décrierons les principes et méthodes utilisés pour réaliser des 

simulations de dynamiques moléculaires classiques. 

II. Représentations des interactions entre atomes 

1. La fonction d’énergie potentielle ou champ de force  

 Contrairement à la mécanique quantique, la mécanique moléculaire ne tient pas 

compte explicitement de l’environnement électronique et les atomes sont représentés par des 

masses ponctuelles chargées. Les interactions interatomiques sont décrites en fonction du 

temps en résolvant l’équation du mouvement (seconde loi de Newton) : 

                                                                                              (II.1)  

où Fi sont les forces exercées sur l’atome i de masse mi et ai son accélération.   

 

À chaque pas de temps, les nouvelles positions et vitesses de chaque particule sont calculées 

en fonction des interactions auxquelles elles sont soumises. Ces interactions sont modélisées 

de manière empirique (issus des expériences) grâce à une fonction d’énergie potentielle (ou 

champ de force). Un exemple de fonction d’énergie est donné dans la Figure 3 où l’énergie 

potentielle du système Etotal est égale la somme des interactions intramoléculaires dites 

liantes (Eliantes), et intermoléculaires ou non liantes (Enon-liantes) : 



2. Les interactions intramoléculaires ou interactions liantes 
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3. Les interactions intermoléculaires ou interactions non liantes 

 La deuxième partie de la fonction de l’énergie potentielle concerne les interactions 

intermoléculaires, ou non liantes, appartenant aux atomes de molécules éloignées ou aux 

atomes d’une même molécule mais séparés entre eux par 3 liaisons covalentes consécutives 

(on parle couramment d’interaction « 1-4 »). Dans la plupart des champs de force, ces 

interactions sont représentées par une somme de deux termes de tous les couples d’atomes i 

et j. Ces termes comprennent les interactions de courte portée, dites de van-der-Waals 

(EvdW), qui sont généralement modélisées sous la forme d’un potentiel de Lennard-Jones 

(ELJ), et les interactions de longue portée représentées par un potentiel électrostatique 

coulombien (Eélec) : 

                                                                      (II.5) 

               
   

   
    

   

   
      

    

    
                          (II.6) 

où Aij et Bij sont les paramètres du potentiel de Lennard-Jones (Allen and Tildesley 1989), 

Rij est la distance entre les atomes i et j, qi et qj sont les charges partielles des atomes i et j 

obtenues par calcul quantique ab initio ou semi-empirique, et   est la permittivité relative ou 

constante diélectrique.  

 Le potentiel de Lennard-Jones  

Les interactions de courte portée pour des atomes séparés par plus de deux liaisons 

covalentes sont modélisées avec le potentiel de Lennard-Jones dit en « 6-12 » qui est la 

résultante des forces répulsives dues à l’exclusion de Pauli (Pauli 1925) et des forces 

attractives dites de London (London 1930) : 

       
   

   
    

   

   
       

         
  

   
     

         
 

   
                          (II.7) 

             
   

   
 

  

  
   

   
 

 

                                                           (II.8) 

où Rij est la distance entre les atomes i et j, σij est la distance entre les atomes i et j où ELJ = 

0, et εij est le puits d’énergie qui est égale à 21/6σij (ou largeur d’interaction dipolaire).  
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GROMOS (GROningen Molecular Simulation) (Schmid et al. 2011), reproduisent 

efficacement les propriétés structurales et thermodynamiques d’un système dans la plage des 

valeurs de température et de pression où elles ont été paramétrées. Ces champs de force 

diffèrent par leurs paramètres « liants » et « non-liants » qui interviennent dans l’expression 

de l’énergie potentielle. Les champs de force se divisent en trois grands groupes selon le 

niveau de détail moléculaire : tout-atome qui traite tous les atomes explicitement (AMBER, 

CHARMM, OPLS-AA (Jorgensen et al. 1996), etc.), atome-unifié qui regroupe les atomes 

liés aux atomes d’hydrogène apolaire dans une particule (GROMOS, etc.) et enfin gros-

grain qui regroupe plusieurs atomes (généralement 4) dans une unique particule (MARTINI 

(Marrink et al. 2007) etc.). 

4. Le code de simulation moléculaire GROMACS  

 Pour ce travail de thèse, nous avons essentiellement utilisé le code GROMACS 

(GROningen Machine for Chemical Simulations, http://www.gromacs.org/) (Abraham et al. 

2015), pour nos simulations et analyses. GROMACS est une suite de programme de 

simulation et d’analyse sous licence libre et hautement parallélisé, développé initialement au 

début des années 90 par le groupe d’Herman Berendsen à l’université de Gröningen (Pays-

Bas). GROMACS utilise des algorithmes très efficaces permettant la simulation de larges 

systèmes (bio)moléculaires (plusieurs centaines de millions d’atomes) sur des calculateurs 

hautement parallèles. GROMACS permet aussi l’utilisation des GPU boostant 

significativement les performances du code.  

III. Les techniques de simulation en dynamique moléculaire 

 Pour simuler un système moléculaire dans les conditions les plus réalistes possibles, 

on emploie différentes approches que nous décrierons brièvement dans les sections 

suivantes. 

1. Les conditions périodiques aux bords 

 Les systèmes étudiés en DM sont de taille finie alors que dans l’expérience, ils sont 

intégrés au sein de systèmes beaucoup plus vastes, dont la simulation totale par les méthodes 

numériques est complètement impossible. Cependant, les propriétés du système 

microscopique peuvent être corrélées avec celles de la phase macroscopique en 

s’affranchissant des effets de bords. En conséquence, de manière à pouvoir simuler des 
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initialement par Verlet en 1967 (Verlet 1967). Cette méthode consiste à stocker, dans un 

tableau indicé appelé aussi liste de voisin de Verlet, la position des atomes voisins j d’un 

atome i qui sont à l’intérieur de la troncature. Cette liste est remise périodiquement à jour en 

fonction de la distance que parcourt un atome dans le système périodique. 

Notons que bien que la boîte cubique est fréquemment utilisée dans les simulations, d’autres 

formes géométriques sont également possibles pour répliquer de façon infinie un système 

périodique (par exemple hexagonal, octaèdre tronquée, etc.). Le choix du type de boîte 

dépend du système à simuler pour réduire le nombre d’atome dans la boîte de simulation.  

2. Calculs des interactions électrostatiques 

 L’introduction d’un rayon de troncature permet de réduire considérablement le temps 

de calcul mais il faut tout de même estimer les énergies d’interactions entre les paires 

d’atomes i et j. Ces interactions seront d’autant plus valables que la portée des interactions 

sera réduite. À l’inverse, dans le cas des interactions de longues distances, le système de 

sphère de troncature sera vraisemblablement erroné car il peut entraîner une discontinuité de 

l’énergie au voisinage de Rc. Pour contourner ce problème, différentes approches ont été 

développées. La plus utilisée pour les systèmes périodiques que nous simulons couramment 

est l’approche basée sur les travaux de Paul Peter Ewald (Ewald 1921), qui consiste à 

évaluer les interactions d’une molécule avec toutes les autres situées dans la boîte centrale, 

ainsi que dans toutes les boîtes images. Ewald a introduit une approche que l’on nomme la 

somme d’Ewald qui consiste à séparer le potentiel d’interactions en deux termes U0 à courte 

portée et U1 à longue portée qui convergent rapidement : 

                                                                     (III.1) 

La distribution de charge auxiliaire est choisie de manière à rendre les termes U0 à courte 

portée dans l’espace direct, et le terme U1 périodique dans l’espace réciproque. Ces espaces 

peuvent être définis avec l’identité suivante : 

 

 
 

    

 
 

      

 
                                                          (III.2) 

Dans la sommation d’Ewald, chaque particule chargée i est entourée par une distribution de 

charge auxiliaire       afin d’en rendre la charge nulle. Cette distribution est généralement 

représentée par une distribution gaussienne centrée sur chaque site d’interaction (Figure 8). 





Chapitre 2 : La Dynamique Moléculaire 

37 
 

3. Les ensembles thermodynamiques et moyennes statistiques 

 La notion d’ensemble 

 La physique statistique (ou mécanique statistique) et les simulations numériques 

permettent de définir des grandeurs thermodynamiques macroscopiques (comme la pression, 

l’énergie libre, l’enthalpie, etc.) à partir de la modélisation de systèmes à l’échelle 

microscopique. En physique statistique, c’est la connaissance de la fonction de partition Q 

d’un système qui permet d’accéder à l’ensemble des grandeurs thermodynamiques. L’apport 

des simulations numériques est de permettre le calcul des moyennes d’ensemble sans avoir à 

calculer la fonction de partition explicitement. En mécanique statistique, il existe plusieurs 

ensembles thermodynamiques accessibles via les simulations numériques :  

- ensemble NVE ou microcanonique : le nombre de particules, le volume et l’énergie 

restent constants  

- ensemble NVT ou canonique : le nombre de particules, le volume et la température 

restent constants  

- ensemble NPT ou isobare-isotherme : à nombre de particules, pression et 

température constants 

- ensemble μVT ou grand-canonique : à potentiel chimique (μ), volume et 

température constants. 

Par exemple, si l’on définit l’Hamiltonien du système où H = Ecin + U est la somme de 

l’énergie cinétique et de l’énergie potentielle du système, la fonction de partition dans 

l’ensemble microcanonique est :  

                                                       (III.3) 

où la somme est écrite sur tous les états α possibles du système. On écrit ainsi que seuls les 

états α qui ont un Hamiltonien    égale à l’énergie E sont des états permis du système. La 

grandeur thermodynamique naturelle de l’ensemble microcanonique est l’entropie S qui est 

définie comme :  

                                                       (III.4) 

où   est la constante de Boltzmann.   
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Les équations de Newton de la mécanique classique conservent l’énergie totale : la 

mécanique Newtonienne est donc la méthode naturelle pour générer les états α de 

l’ensemble microcanonique. Nous verrons plus loin quelles méthodes peuvent être 

employées pour simuler dans les ensembles canoniques et isobare-isotherme. 

 Les moyennes statistiques  

 Par définition de la mécanique statistique, les variables conjuguées aux grandeurs 

constantes de l’ensemble fluctuent. Pour l’ensemble microcanonique, il s’agit de la pression 

(variable conjuguée de V), de la température (variable conjuguée de E) et du potentiel 

chimique (variable conjuguée de N). Soit A un observable d’un système constitué de N 

particules dépendantes de leurs vecteurs position, rN et impulsion pN. L’ensemble des 

variables {rN, pN} représente un point dans l’espace des phases. Cet espace des phases est un 

espace multidimensionnel de 6N dimensions (3N cordonnées et 3N vitesses) qui décrit 

l’ensemble des états microscopiques possibles d’un système. L’ensemble des points dans 

l’espace des phases satisfait un certain état thermodynamique.  

D’après le principe d’ergodicité, la valeur d’une grandeur moyennée au cours du temps At, 

coïncide avec la moyenne effectuée dans un ensemble statistique <A> : 

         
                                                         (III.5) 

où          est la densité de probabilité sur l’ensemble des états. De ce fait, l’ensemble 

dont l’espace des phases est parcouru par la DM est a priori l’ensemble microcanonique (ou 

NVE) car les valeurs de N et du volume V ne changent pas lors de l’intégration de 

l’équation du mouvement, et que celles-ci conservent également l’énergie E. Dans ce 

système, la température et la pression ne sont pas fixées mais elles peuvent être estimées 

comme moyenne sur le temps des observables microscopiques (température ou pression) : 

       
 

    
  

  
 

   

 
                                                    (III.6) 

        
 

  
   

  
 

  
       

 
                                        (III.7) 

Il est donc souvent plus intéressant de simuler dans des conditions où la température et/ou la 

pression sont fixées. 
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4. Simulation à pression et température constantes 

 Pour simuler d’autres ensembles que l’ensemble NVE, il faut donc coupler le 

système considéré à un autre système (appelé « réservoir » ou « bain ») virtuellement infini. 

Il est possible de faire cela en utilisant la méthode du système étendu introduite par 

Andersen en 1980 (Andersen 1980). Elle consiste à écrire de nouvelles équations du 

mouvement avec un degré de liberté additionnel (réservoir) couplé uniformément aux degrés 

de liberté originaux. 

 Le thermostat pour simuler à température constante 

La température T du système est reliée à l’énergie cinétique et donc aux vitesses par la 

formule : 

            
 

 
    

  
 

 
      

       
                            (III.8) 

où mi est la masse de l’atome i, vi est la vitesse de l’atome i, Nddl est le nombre de degré de 

liberté, k la constante de Boltzmann et T la température. Ainsi, pour maintenir la 

température du système autour de la température désirée, les algorithmes vont se baser sur 

l’ajustement des vitesses des particules. Dans GROMACS, trois thermostats sont 

couramment utilisés pour simuler à température constante. La méthode basée sur le couplage 

à un bain thermique « weak coupling bath » de Berendsen (Berendsen et al. 1984) qui est la 

plus simple et est très efficace pour atteindre très rapidement la température voulue et utile 

pour équilibrer un système. Cependant, ce thermostat supprime les fluctuations de l’énergie 

cinétique ce qui signifie que l’on ne génère pas l’ensemble strictement canonique. Ce 

problème peut être résolu en multipliant toutes les vitesses par un terme stochastique 

(Evoulue/Esystème)1/2 qui assure une distribution correct de l’énergie cinétique, appelé le 

thermostat de l’ajustement des vitesses « velocity-rescaling » (Bussi et al. 2007). Le 

troisième thermostat est l’approche de Nosé-Hoover ( Nosé 1984)(Hoover 1985) qui se base 

sur l’approche du système étendu. L’Hamiltonien H décrivant le système est alors « étendu » 

en  introduisant un terme de frottement ζ dans l’équation du mouvement :  

ζ = (Esystème-Evoulue)/QT où Q est la masse du réservoir. 

Pratiquement, au début de chaque simulation, pour que la température du système soit fixée 

à la température désirée, des vitesses initiales sont assignées sur chaque atome du système 

selon une distribution de Maxwell-Boltzmann. Et au cours de la simulation, les fluctuations 





5. L’intégration des équations du mouvement 



6. Le volume de Voronoï 



IV. Le calcul des charges partielles atomiques 



https://fr.wikipedia.org/wiki/M%C3%A9thode_de_Hartree-Fock
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charges compatibles avec les simulations en phase condensée (Bayly et al. 1993). 

L’ajustement des charges est réalisé avec le programme RESP (Bayly et al. 1993) (version 

2.2 disponible sur R.E.D.S) en deux étapes avec des valeurs de contraintes hyperboliques de 

0,0005 et 0,001 pour AMBER, et en une étape avec une valeur de contrainte hyperbolique 

de 0,01 pour GLYCAM. Ces contraintes hyperboliques permettent un meilleur ajustement 

des charges au MEP. 

Dans le cas de la dérivation des charges pour le potentielle GLYCAM, on considère que les 

hydrogènes aliphatiques liés aux carbones sp3 ne participent pas aux liaisons hydrogènes et 

en général ont des charges partielles quasi-nulles (Kirschner et al. 2008). On applique des 

contraintes internes consistant à donner au groupement CH, une charge unique.  

Enfin, l’orientation moléculaire de chaque conformation optimisée est contrôlée par un 

algorithme de réorientation de corps rigide (RBRA) pour avoir des charges reproductibles  

indépendamment du programme quantique utilisé. Toute cette procédure de dérivation de 

charges partielles est automatisée dans le serveur Web R.E.D (http://upjv.q4md-

forcefieldtools.org/REDS/)(Vanquelef et al. 2011).  

Cette approche en « building block » à plusieurs avantages :  

- de réduire significativement les calculs quantiques d’optimisation (facteur 2, voire 

plus) par rapport à la molécule entière 

- de contrôler, en utilisant un protocole standardisé, la conformation de départ et par 

conséquent d’obtenir des charges RESP reproductibles.  

- de créer une bibliothèque homogène de charges pour des molécules avec des 

structures similaires. 

La Figure 17 montre les étapes importantes que nous avons réalisées pour dériver les 

charges partielles manquantes dans nos systèmes (i.e détergents, rhodopine glucoside et de 

la méthionine modifiée (N-carboxy-L-méthionine)). 

V. Mise au point de nos simulations en dynamique moléculaire 

Dans cette dernière section de ce chapitre, nous décrierons les différentes étapes utilisées 

pour construire et simuler nos systèmes moléculaires (Figure 18).  

http://upjv.q4md-forcefieldtools.org/REDS/
http://upjv.q4md-forcefieldtools.org/REDS/
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Chapitre 3 : Simulations des environnements 
hydrophobes biomimétiques 

 Dans ce chapitre, nous allons décrire les simulations qui nous ont permis de valider 

nos paramètres pour le LDAO, qui seront utilisés par la suite dans les simulations avec le 

complexe LH2. Les simulations avec le bOG et la membrane de POPC (1-palmitoyl-2-

oléoylphosphatidylcholine (POPC) sont présentés dans les annexes 1 et 2, respectivement. 

Le LDAO est un détergent zwitteronique utilisé notamment dans les expériences de 

spectroscopie de fluorescence en molécule unique du complexe LH2. Il présente un 

avantage car il est chimiquement homogène et a montré une utilité dans l’étude des 

protéines membranaires (Sardet et al. 1976)(Seddon et al. 2004), et enfin il est peu onéreux 

comparé au bOG. Ce dernier est aussi utilisé dans l’étude des protéines membranaires car il 

peut être facilement séparé par dialyse. 

I. Les micelles de LDAO 

1. Introduction à l’article  

 Les micelles de détergents ont un rôle très important dans l’étude des protéines 

membranaires, elles miment l’environnement membranaire, indispensable pour éviter que 

les protéines membranaires qui ont de larges régions hydrophobes se déstructurent ou 

s’agrègent dans l’eau. Dans cet article, publié dans « Journal of Biomolecular Structure and 

Dynamics », nous décrivons la dérivation des charges partielles atomiques RESP en utilisant 

l’approche des « buildings blocks » (voir chapitre 2). Ce protocole a été utilisé pour obtenir 

des charges compatibles avec les champs de force AMBER pour les protéines. Elles ont été 

validées en effectuant des simulations de micelles de LDAO dans de l’eau pure et en 

présence d’un fragment de lipide kinase humaine PI4KA appelé DI (Taveneau et al. 2015). 

Différents protocoles de simulations (pré-assemblées et auto-assemblées), champs de force 

(Amber99sb (Hornak et al. 2006) et Lipid14 (Dickson et al. 2014)), et différentes 

concentrations ioniques (0 et 300 mM de NaCl) ont été utilisés. Le modèle tridimensionnel 

de la protéine DI a été construit par modélisation ab initio avec le serveur web QUARK (Xu 

et al. 2012). 

2. Article 
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In this paper, we describe the derivation and the validation of original RESP atomic partial charges for the N, N-dimethyl-
dodecylamine oxide (LDAO) surfactant. These charges, designed to be fully compatible with all the AMBER force fields,
are at first tested against molecular dynamics simulations of pure LDAO micelles and with a fragment of the lipid kinase
PIK4A (DI) modeled with the QUARK molecular modeling server. To model the micelle, we used two distinct AMBER
force fields (i.e. Amber99SB and Lipid14) and a variety of starting conditions. We find that the micelle structural proper-
ties (such as the shape, size, the LDAO headgroup hydration, and alkyl chain conformation) slightly depend on the force
field but not on the starting conditions and more importantly are in good agreement with experiments and previous simu-
lations. We also show that the Lipid14 force field should be used instead of the Amber99SB one to better reproduce the C
(sp3)C(sp3)C(sp3)C(sp3) conformation in the surfactant alkyl chain. Concerning the simulations with LDAO-DI protein,
we carried out different runs at two NaCl concentrations (i.e. 0 and 300 mM) to mimic, in the latter case, the experimental
conditions. We notice a small dependence of the simulation results with the LDAO parameters and the salt concentration.
However, we find that in the simulations, three out of four tryptophans of the DI protein are not accessible to water in
agreement with our fluorescence spectroscopy experiments reported in the paper.

Keywords: micelle; MD simulation; molecular modeling; fluorescence spectroscopy; LDAO surfactant; lipid kinase
PI4KA

1. Introduction

In addition to being routinely used by pharmaceutical
industry and cosmetics, surfactant molecules are also
important in the investigation of membrane proteins.
Indeed, since surfactants mimic a membrane environ-
ment, they are used to solubilize and to keep membrane
proteins biologically active (Privé, 2007). Among these
surfactants, N,N-dimethyl-dodecylamine oxide (LDAO,
Figure 1) is an amphiphilic surfactant with a high
hydrophilicity character (Kocherbitov, Veryazov, &
Söderman, 2007). In an aqueous environment, depending
on the experimental conditions and concentrations,
LDAO can form different mesostructures such as
micelles or lamellar phases (Lutton, 1966). To the best
of our knowledge, the first work that examined the struc-
tural properties of LDAO micelles was done by Her-
rmann et al. in the early 80s (Herrmann, 1962) with
static light scattering experiments. In this work, the

authors showed that 76 LDAO monomers are needed to
form a stable micelle. More recently, other groups
reported aggregation numbers in the range of 67–110
molecules (Kakitani, Imae, & Furusaka, 1995; Thiya-
garajan & Tiede, 1994; Timmins, Leonhard, Weltzien,
Wacker, & Welte, 1988; Timmins, Hauk, Wacker, &
Welte, 1991). In more recent small-angle neutron scatter-
ing (SANS) experiments, Barlow, Lawrence, Zuberi,
Zuberi, and Heenan (2000) found an aggregation number
around 104. The large variations of the aggregation num-
bers estimated in experiments can be explained by the
fact that interparticle interactions were not taken into
account or the presence of ions that lead to a partial ion-
ization of the LDAO headgroup (Kakitani et al., 1995).

Molecular dynamics (MD) simulations have been
used in the past to gain insights in the structures of sur-
factant assemblies (Bongiorno, Ceraulo, Indelicato,
Liveri, & Indelicato, 2015). In particular, Marchetti,
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Marchi, and Le Maire (2006) and Sterpone, Marchetti,
Pierleoni, and Marchi (2006) examined the structure and
dynamics of water in the solvation shell of a model of
LDAO micelles. LDAO was modeled with the
CHARMM22 (Kamath, Guvench, & MacKerell, 2008)
force field and its charges were computed from density
functional theory calculations. More recently, (Lorenz,
Hsieh, Dreiss, & Lawrence, 2011) used the OPLS-AA
force field (Jorgensen, Maxwell, & Tirado-Rives, 1996)
to examine the structural properties of micelles contain-
ing LDAO alone and LDAO in association with a mix-
ture of C4/C8 ethyl ester oils. All these authors, using an
aggregation number of 104 (Barlow et al., 2000), found
that the LDAO micelles had an ellipsoidal shape with a
size of around 19 Å and average hydration number per
LDAO around 8, in good agreement with experiments
(Barlow et al., 2000; Thiyagarajan & Tiede, 1994).
Although the different AMBER force fields are widely
used to simulate membrane proteins (see for instance
Cordomí, Caltabiano, & Pardo, 2012; Kumar, Hajjar,
Ruggerone, & Ceccarelli, 2010), to the best of our
knowledge, no AMBER parameter (Restrained Elec-
troStatic Potential, RESP charges) is available for the
LDAO. To fill the gap, in this paper we have derived
original RESP atomic partial charges for this surfactant
with a theory level compatibles with the AMBER force
field for proteins and its successive adaptations (Cieplak,
Cornell, Bayly, & Kollman, 1995; Dickson et al., 2014;
Hornak et al., 2006; Wang, Wolf, Caldwell, Kollman, &
Case, 2004). To test the transferability of these charges
and validate our approach, we used two test cases.

In the first test case, we simulated a model of pure
LDAO micelle, where the LDAO RESP charges were
combined with Amber99SB (Hornak et al., 2006) and
Lipid14 (Dickson et al., 2014) force fields. We chose the
former parameter, since we have shown previously that
it can be used to model reasonably well a model of
dodecyl phosphocholine (DPC) surfactant in pure micelle
(Abel, Dupradeau, & Marchi, 2012) or with membrane
peptides (Abel, Lorieau, de Foresta, Dupradeau, &
Marchi, 2014). We also found in the former study that
the Amber99SB parameters tend to overestimate the
trans conformation of the C(sp3)C(sp3)C(sp3)C(sp3) tor-
sion in the alkyl chain, in contrast to other force fields
such as CHARMM36 (Klauda et al., 2010),

GROMOS53A6 (Oostenbrink, Soares, van der Vegt, &
van Gunsteren, 2005) or GROMOS54A7 (Poger, Van
Gunsteren, & Mark, 2010). To solve this problem, Dick-
son et al. (2014) developed new parameters for simula-
tions of long alkyl chain lipids (called hereafter Lipid14)
where the C(sp3)C(sp3)C(sp3)C(sp3) torsion parameters
and the CH2 proton Lennard-Jones values were recom-
puted to better match experiments.

In the second test case, we simulated a model of pro-
tein–LDAO complex containing a fragment of the human
lipid kinase PI4KA called through the paper “DI” and
studied in our recent paper (Taveneau, Blondeau, &
Bressanelli, 2015). PI4KA is a 2102-residue protein that
transiently associates with the cytosolic leaflet of mem-
branes to perform its phosphoryl transfer activity to the
headgroup of phosphatidyl-inositol (PI) (Balla, 2013).
We previously reported that the first 1100 N-terminal
residues of PI4KA are dispensable for this function and
particularly for the support of hepatitis C virus (HCV)
replication (Harak et al., 2014). By sequence analysis,
we also defined a likely pivotal domain of some 131
residues, which we term PI4KA “DI”, located right after
the 1100 N-terminal residues. We further verified that DI
is part of the functional C-terminus of PI4KA and thus
potentially involved in membrane recruitment (Taveneau
et al., 2015). In this work, we also show that the use of
LDAO is essential to solubilize and characterize the DI
protein structure. As the DI protein three-dimensional
structure is not known, we construct the first model of
DI with the QUARK protocol (Xu & Zhang, 2012) and
use it in MD simulations with LDAO to examine the
biophysical properties of the protein–surfactant complex.

The paper is organized as follows: In Section 2, we
describe the derivation of the RESP charges for the
LDAO, the construction of our micellar systems with
two approaches called “pre-assembled” (PA) and “self-
assembled” (SA) and the gathering of the LDAO models
with QUARK. Furthermore, we discuss the experimental
details for the LDAO-solubilized DI purification and
characterization by tryptophan fluorescence and size
exclusion chromatography-multi-angle laser light scatter-
ing (SEC-MALLS). In Section 3, we present our results
on micellar characteristic properties, such as size, shape,
surfactant conformation, and hydration, and on the char-
acteristics of the interactions between our PI4KA DI
model and the LDAO surfactants.

2. Material and methods

2.1. RESP charges derivation

The RESP charges derivation for the LDAO was carried
out using the “building blocks” approach. In this
approach, a complex molecule (i.e. with different chemi-
cal groups) is split into different elementary chemical

Figure 1. N, N-dimethyldodecylamine-N-oxide (LDAO)
molecule with the carbon numeration used for our analysis.
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fragments with well-defined and controlled conforma-
tions (Dupradeau et al., 2010; Gouin et al., 2007). The
“building blocks” approach has many advantages over
the whole molecule approach to derive RESP charges:
(i) the computational time required for geometry opti-
mization and molecular electrostatic potential (MEP)
computation is drastically reduced, (ii) the optimized
geometry of the conformation(s) of each molecular frag-
ment is fully defined and controlled, (iii) optimized con-
formations presenting intramolecular hydrogen bonds are
discarded from charge derivation to avoid over-polariza-
tion effects, and finally (iv) a large set of analog mole-
cules can be simultaneously involved in charge
derivation leading to a homogeneous Force Field Topol-
ogy DataBase (FFTopDB). This approach was success-
fully used in the past to obtain RESP charges compatible
with the Amber force fields for various type of mole-
cules (e.g. glucose polymers (Gouin et al., 2007),
cyclodextrines (Cézard, Trivelli, Aubry, Djedaïni-Pilard,
& Dupradeau, 2011), calixarenes (Vanquelef et al.,
2011), peptide nucleic acid (Sanders et al., 2013), or
phosphocholine and glycolipid surfactants (Abel, Dupra-
deau, Raman, MacKerell, & Marchi, 2011; Abel et al.,
2012). Here, we chose to split the LDAO molecule into
two molecular fragments between the C3 and C4 bond
(see Figure 2) and add a methyl cap to these fragments
to obtain the ethyl-N,N-dimethyl amine oxide (Et-DAO)
and n-dodecane (DOD). These two fragments with an
all-trans conformation were involved in charge deriva-
tion procedure. The charge constraint for each cap was
set to 0 since total charge of the adjacent methyl is close
to 0e (see Supplementary Tables S1–11) allowing the

definition of the molecular fragments and force field
libraries required to build the LDAO and analogs.

Two molecular orientations based on the C1, N, and
C2, and C3, C4, and C5 sets of atom names for N,
N-dimethylamine-N-oxide and the n-dodecane, respec-
tively, were involved in charge derivation. The geometry
optimization, frequency calculations, and MEP computa-
tions of each block were carried out in the gas phase
with the Gaussian 2009 program (Frisch et al., 2009)
using the HF/6-31G* level of theory (Hehre, 1976). This
level of theory in the MEP computation leads to an
implicit polarization required for condensed phase simu-
lations with the AMBER force fields (Bayly, Cieplak,
Cornell, & Kollman, 1993). Only the building block con-
formations with the lowest minima were involved in the
charge derivation procedure. The charge fitting was per-
formed in two steps with hyperbolic constraint values of
.0005 and .001 with the RESP program (Bayly et al.,
1993) (version 2.2). The Connolly algorithm was used to
compute the grid point involved in the MEP calculation
(Connolly, 1983). The molecular orientation of each opti-
mized geometry was controlled using the rigid-body
reorientation algorithm implemented in the RED IV pro-
gram leading to a RESP charges derivation procedure
fully controlled (i.e. independent of the QM program and
the choice of the initial structure, see discussion in
Dupradeau et al. (2010). To automatize the RESP charge
derivation procedure, we used the RED server
(Vanquelef et al., 2011). Note that the RESP charges of
the alkyl chain are found in same range that we obtained
previously for the alkyl chain of the DPC and its analog
(see Abel et al., 2012). The computed RESP charges for
the each fragment used to construct the LDAO and its
analog are reported in Supplementary Tables S1–S11 and
the corresponding mol2 files (with the molecule topolo-
gies and the atomic partial charges) will be freely avail-
able in R.E.DD.B (Dupradeau et al., 2008). The RESP
atomic charges obtained in this work differ from ones
available in literature (for instance Neale et al. (2013) or
Sterpone, Marchetti, Pierleoni, and Marchi (2006)) prob-
ably because these authors used different charge deriva-
tion methodology as ours. In addition, to verify that NO
group of our model is enough hydrophilic to ensure an
amphiphilic character of our LDAO model, we carried
out >120 ns long simulations with different LDAO con-
centrations and we found that in all the case, LDAO sur-
factants form quickly stable aggregates.

As we mentioned in the introduction to evaluate the
transferability of our RESP charges to different AMBER
force fields, we combined them with the Amber99SB
(Hornak et al., 2006) and the Lipid14 (Dickson et al.,
2014) parameters. We point out that for modeling the
N–O atoms in the LDAO headgroup, we chose by anal-
ogy the N4 (nA) and O (Oc) atom types for the four
substituted nitrogen and carbonyl oxygen available in

Figure 2. Building block scheme used to derive the RESP
charges for LDAO molecule and its derivative. Et-DAO and
DOD stand for the ethyl-N,N-dimethyl amine-oxyde and n-do-
decane, respectively, involved in the intermolecular charge con-
straints. The methyl caps are show with dashed boxes. Note
that carbon atoms were numbered according to the RESP
charge derivation procedure described in the main text. Inter-
molecular charge constraints set to 0 for CH3 used during the
fitting step are represented using dashed boxes (see the main
text for details). This procedure allows defining the molecular
fragments required for construction of the N,N-dimethyl amine
oxide-based surfactants with different alkyl chain lengths (here,
with m = 2–12).
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GAFF (Wang et al., 2004) and Lipid14, respectively. A
similar choice was done for the N and O atom types by
Neale et al. (2013) for modeling the LDAO headgroup
with the Berger, Edholm, and Jähnig (1997) united-atom
force field.

2.2. Simulation setup

2.2.1. Test case 1: simulation of a pure LDAO micelle

To compare our simulation results with previous ones,
we chose to construct a micelle of 104 LDAO mono-
mers. The surfactants were solvated in a cubic box of
100 Å of side containing 32,000 TIP3P (Jorgensen,
Chandrasekhar, Madura, Impey, & Klein, 1983) water
molecules (96,000 atoms in total) given a system with
concentration of ~.18 M. This is ~180 times the LDAO
experimental critic micellar concentration of 1 mM (Her-
rmann, 1962) and similar to the concentration simulated
by Lorenz et al. (2011).

In this work, we examine the influence of the simula-
tion initial conditions using “pre-assembled” (PA) and
“self-assembled” (SA) protocols to generate the initial
system coordinates. In the PA approach, a spherical
micelle is constructed with the Packmol program (Martí-
nez, Andrade, Birgin, & Martínez, 2009). This program
builds an initial MD starting point by packing the surfac-
tant molecules in defined regions of space, thus forming
a spherical micelle. We used two spheres in this con-
struction: Initially, the hydrophobic end of LDAO was
oriented inside a first sphere with the C1 carbon of the
alkyl chain (see Supplementary Figure S1) placed on the
outer sphere of 17 Å, whereas C12 was placed inside an
inner sphere of radius of 4.0 Å. The SA simulations,
instead, were constructed by randomly placing the 104
LDAO monomers within the simulation box. These sim-
ulations were done twice (called hereafter SA1 and SA2
in Tables and Figures) with different random seeds to
examine the influences of the simulation starting
conditions.

The simulations presented in this paper were carried
out with GROMACS (v4.5.5 and 4.6.6) MD package
(Pronk et al., 2013). To prepare the system prior to the
simulation production runs, each micellar system was
minimized with the steepest descent algorithm and an
energy tolerance (energy difference between two consec-
utive steps) lower than 1000 kJ.mol−1 nm−1. In the sec-
ond stage, the minimized systems were equilibrated in
the NVT ensemble at 298 K for 400 ps using the
Berendsen thermostat (Berendsen, Postma, van Gun-
steren, & Hermans, 1981) with a coupling constant
τT = .1 ps. The resulting molecular systems were then
equilibrated in the NPT ensemble at ambient conditions
(T = 298 K and p = 1.015 bar) for 500 ps using the Bussi
et al. thermostat (Bussi, Donadio, & Parrinello, 2007)

(τT= .1 ps) and the Parrinello–Rahman barostat
(Parrinello & Rahman, 1981; Rahman & Stillinger,
1971) (τp = 3.0 ps),with a compressibility value of
4.5.10−5 bar−1. The LDAO and the water were separated
in two thermostatic baths. During the NVT and
NPT equilibration steps, the LDAO molecules were
harmonically restrained with a force constant of
1000 kJ.mol−1 nm−2 to equilibrate the solvent. The
equilibrated systems were then simulated for production
in the NPT ensemble (T = 298 K and p = 1.015 bar)
using the Nosé–Hoover thermostat (Hoover, 1985; Nosé,
1984) (τT = .4 ps) and the Parrinello–Rahman barostat
(τp = 3.0 ps). Periodic boundary conditions were used
and the time step for integration was fixed at 2 fs with
the neighbor list updated every 10 fs. The particle-mesh
Ewald method (Essmann et al., 1995) was used to evalu-
ate the electrostatic interactions and the P-LINCS algo-
rithm (Hess, 2007) was applied to restrain bond lengths
to their equilibration values. We carried out production
runs of ~100–150 ns for the PA and the SA simulations,
respectively, with the atomic configurations collected
every 2 ps for subsequent analysis (Table 1).

2.3. Test case 2: simulation of the DI protein with
and without LDAO

2.3.1. PI4KA DI ab initio modeling

In the absence of the three-dimensional (3D) structure of
PI4KA DI and available homologs, we used the QUARK
(Xu & Zhang, 2012) webserver with the PI4KA DI
amino acid sequence as an input to create a molecular
model of the protein (see Section 2.4). We used the
default parameters without specifying additional
restraints, secondary structure or excluding some tem-
plates to guide the modeling. We chose this modeling
server, since it was shown previously (Tai, Bai, Taylor,
& Lee, 2014) that it provides excellent results for obtain-
ing 3D models and performing atomic-level structure
refinements of proteins with unknown 3D structure.
QUARK uses a semi-reduced model to represent protein
residues by considering in the computation only the full
backbone atoms and the sidechains centers of mass. A
neuronal network is used to predict the additional struc-
tural features. The global fold is then generated by
assembling the small fragments and additionally perform-
ing replica-exchange Monte Carlo simulations with a
composite knowledge-based force field. In this last step,
QUARK uses small fragments of 1 to 20 residues. We
finally compared the quality of the DI model obtained
with the secondary structure computed from other predic-
tor webservers (such as Robetta (Kim, Chivian, & Baker,
2004), GenThreader (Jones, 1999) and PredictProtein
(Rost, Yachdav, & Liu, 2004)) and found that in agree-
ment with them, QUARK predicts a compact protein an
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high-α-helix content (see Supplementary Figure S2 and
Section 3.2.1).

2.3.2. Simulation of the DI protein with and without
LDAO

We simulated the DI protein model with the
Amber99SB-ILDN parameters (Lindorff-Larsen et al.,
2010), an improvement of the Amber99SB force field
for proteins, in presence and in absence of the LDAO
surfactants modeled with the same force fields used in
the pure micelle simulations. The initial conformations
of these simulations were obtained by placing the DI
protein in the center of a cubic box (81 Å of side) with
41 randomly placed LDAO (see Section 3.2.1 for the
choice of this number) and ~20 000 TIP3P waters (Jor-
gensen et al., 1983). With this system, we carried out
two sets of simulation with 0 mM and 300 mM of NaCl
to examine the effect of the salt concentration on the
simulation results and also mimic in the latter case the
experimental conditions. For this, we added in the for-
mer system only 3 Na+ (Joung & Cheatham, 2008) to
neutralize the system whereas in the latter one, 120 Na+

and 117 Cl− ions were added instead. The LDAO con-
centration of these systems is 114 mM, ~57 times larger
than in our experiments (2 mM, see Section 2.4.3).

The simulations of the DI with and without surfac-
tant were carried out during 185–215 ns (Table 1),
excluding the equilibration periods (~900 ps) carried out
in the NVT and NPT ensembles with the same tempera-
ture and pressure conditions as in the pure micelle simu-
lations. During the equilibration periods, the protein and
the LDAO were kept fixed to randomize water and ions.
As for the pure micelle simulations, the LDAO-DI simu-
lations were done twice to examine the reproducibility of
the simulation results.

2.4. Expression and purification of DI constructs

2.4.1. Cloning of DI into pGEX-6P-1 and pET28(a+)
expression vectors

We used the same procedures as detailed in our previous
work (Taveneau et al., 2015). Briefly, we amplified by
PCR DNA sequences corresponding to DI from the full-
length PI4KA gene sequence (Gene Bank accession no:
AB384703). We then introduced the DI DNA coding for
residues 1135-1265 of PI4KA in two different bacterial
expression plasmids: pGEX-6P-1, containing an N-
terminal Glutathione S-transferase (GST)-tag sequence;
and a customized pET28(a+) vector containing an N-ter-
minal 6-histidine tag with a TEV protease cleavage site.
As a result, the expressed proteins comprise 230 and 21
extra residues upstream the 131 DI residues for GST-DI
and his6-DI, respectively. The DI inserts were sequenced
prior to expression tests (GATC biotech, Germany).

2.4.2. Expression of GST-DI and his6-DI

The bacterium strains used for protein expression were
E. coli BL21(DE3) Rosetta for his6-DI and E. coli
BL21(DE3)C41 for GST-DI. After transformation with
the recombinant pGEX-6P-1 or pET28(a+), a single
colony was subcultured first into 5 mL and then into
500 mL of fresh LB medium supplemented with
100 μg/mL ampicillin for PGEX-6P-1 construction,
50 μg/mL kanamycin for pET28(a+) construction, and
34 μg/mL chloramphenicol for both subcultures at 37°C
under agitation. On the third day, this subculture was
diluted in 5 L of fresh medium with appropriate antibi-
otics to a final optical density about .1 at a wavelength
of 600nM (OD600). Cells were cultivated at 37°C with
shaking until they reached an OD600 about .8. Protein
expression was then induced at 12°C with .3 mM

Table 1. Simulation parameters: NLDAO, NH2O, nNa
+/nCl

−, and Nprot are the numbers of LDAO, water, sodium, chloride ions, and
protein in each simulation box, respectively. tsim is the productive simulation time in ns. Note that the protein was, in all the case,
modeled with Amber99SB-ILDN force field and that the self-assembly (SA) Protein–LDAO simulations were carried out twice as
mentioned in the main text.

Force Field MD Pure LDAO micelle

Amber99SB NLDAO NH2O nNa+/nCl NProtein tsim
PA 104 31,989 – – 95
SA1 130
SA2 150

Lipid14 PA 100
SA1 140
SA2 145

LDAO micelle + DI Protein
Protein alone** 0 mM 0 9997 3/0 1 185

300 mM 9879 120/117 215
Amber99SB SA1 41 20,000 3/0 1 180

SA2 19,763 120/117 1
Lipid14 SA1 20,000 3/0 1 180

SA2 19,763 120/117 1
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Isopropyl-β-D-thiogalactopyranoside (IPTG). Cells were
then incubated overnight and finally harvested by
centrifugation of 20 min at 3500×g. Pellets were stored
at −20°C.

2.4.3. Purification of GST-DI and his6-DI

Purification protocols were substantially the same for
the two constructs. The entire process was realized at
4°C and all buffers were supplemented with LDAO.
Pellets from a 4-L culture were suspended in 40 mL of
lysis buffer implemented with 1 tablet of protease inhi-
bitor cocktail (ref 11836170001, Roche) and about 250
U of benzonase (ref 70746-3, Merck-Millipore). Lysis
was performed using sonication 3 × 22 min with pulses
of 3 s at 30% amplitude. The lysate was clarified by
two successive centrifugations: the first one for 12 min
at 8.000 g, and the second one for 30 min at 40.000 g.
The supernatant was then filtered with a .45 μm PES
membrane filter. The lysate was charged at .5 mL/min
in a GSTrap FF or Histrap HP column of 1 mL,
depending on the fusion tag, connected to an AKTApu-
rifier 10 liquid chromatography system. The column
was washed at 1 ml/min until OD280 nm baseline was
reached. Proteins were eluted with elution buffer at a
flow rate of .5 ml/min and collected in fractions of
1 mL. Buffer compositions are described in Supplemen-
tary Table S12. The sample was concentrated in 500 μl
and loaded on a Superdex 200 10/300 GL column (GE
Heathcare), pre-equilibrated in 30 mM Tris-HCl pH 7.4,
300 mM NaCl, 10% glycerol, 2 mM LDAO. The puri-
fied protein in the flow through was concentrated by
ultrafiltration (with a cut off of 50 kDa to alleviate
LDAO micelle concentration) to a final protein concen-
tration of .53 mg/mL for GST-DI and with a cut-off of
10 kDa to a final concentration of .1 mg/mL for his6-
DI. Each purification step was analyzed by 14% tris tri-
cine SDS-PAGE. The samples were then flash frozen
and stored at −80°C.

2.4.4. Biochemical and biophysical analyses

2.4.4.1. Gel filtration analysis. In order to check the
importance of detergent in GST-DI solubility, three
purifications were carried out following the purification
protocol above. Only the amount of LDAO was changed
from the wash step of the affinity column to the end of
the purification. Three conditions were tested: without
LDAO, 1 mM LDAO (i.e. below the CMC) and 2 mM
LDAO (i.e. slightly above the CMC). 500 μL of the
more concentrated fraction of the affinity column were
injected on Superdex 10/300 GL in order to avoid the
intermediate concentration step. Gel filtration chro-
matograms were superimposed to evaluate the solubility
of DI under these conditions.

2.4.4.2. SEC-MALLS analysis of GST-DI. For DI-
LDAO stoichiometry determination, SEC-MALLS-RI
(refractive index) analysis of GST-DI was carried out
using Superdex 200 10/300 GL Increase column (GE
Healthcare) connected to Shimadzu HPLC system. In
addition to absorbance at 280 nm (UV detection), light
scattering was detected with a mini DAWN TREOS sys-
tem (Wyatt Technology) and refractive index measured
with an Optilab T-rEX differential refractometer (Wyatt
Technology). A total of 30 μg of protein were injected at
a flow rate of .5 ml/min on the column equilibrated in
30 mM Tris-HCl pH 7.4, 300 mM NaCl, 10% glycerol,
2 mM LDAO. Protein was collected in 500 μL fractions,
precipitated with TCA, and analyzed by 14% tris-tricine
SDS-PAGE. Molar mass of proteins, micelles, and pro-
tein–detergent complexes were determined from the tri-
ple detection data (MALLS, UV, and refractive index)
with ASTRA 6.1 software (Wyatt Technology) using
protein conjugate analysis with a refractive index incre-
ment (dn/dc) .1804 ml g−1 predicted thanks to SEDFIT
software calculation module (Schuck, 2000). A control
experiment was performed by injecting 48 μg of GST
alone in the same buffer as GST-DI. A total of 200 μg
of Bovine Serum Albumin was used to calibrate the
detector constant.

2.4.4.3. Tryptophan fluorescence analysis. Degree of
tryptophan burial was evaluated for his6-DI by measur-
ing tryptophan fluorescence on a PerkinElmer LS50B
fluorimeter at 18°C. Excitation was performed at 295 nm
and emission was measured between 305 and 400 nm
(both with slit width 2.5 nm) at a speed of 120 nm/min.

3. Results and discussions

3.1. Simulation of pure LDAO micelle

In the next six subsections, we will focus on the valida-
tion of our LDAO RESP charges by comparing the sim-
ulations results with available simulation and
experimental data.

3.1.1. Aggregation process of the LDAO monomers
into a single micelle

In Figure 3, we present representative snapshots of the
aggregation process of the 104 LDAO monomers into a
single micelle as a function of the simulation time for
the first Lipid14 SA simulation (Figure 3). As shown in
this figure, it takes ~5 ns for all of the LDAO monomers
to form small clusters and an additional ~30 ns for these
small clusters to aggregate into a single micelle. To com-
pare the LDAO aggregation process in the Amber99SB
and Lipid14 simulations, we report in Figure 4 the
number of LDAO clusters, N(t), as a function of time

6 E. Karakas et al.
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for each simulation (Figure 4). As previously done for
micelles with DPC (Abel et al., 2012) and β-dodecyl
maltoside (DDM) surfactants (Abel et al., 2014), we con-
sider that two LDAO molecules belong to the same clus-
ter if any of their alkyl chain carbon atoms are within
4.1 Å of each other. As shown in Figure 4, the LDAO
aggregation kinetics differs among the two force fields
and the simulation replica. Indeed, it took approxima-
tively 50 ns for the LDAO form a stable micelle with all
the surfactant monomers. The aggregation kinetics
obtained in this work is similar to the results obtained by
Lorenz et al. (2011) for the same system modeled with
the OPLS-AA force field. As previously observed for
other micellar systems (see for instance (Abel et al.,
2012) and reference cited therein), in our simulations the
micelle aggregation process occurs with two different
time scales. To characterize these time scales (Abel
et al., 2012), we fit the Ncluster(t) − cluster(t∞) with a dou-
ble exponential function: c1e�t=s1 þ c2e�t=s2 , where Nclus-

ter(t∞) = 1. In this equation, τ1 and τ2 correspond to the
relaxation times for a faster and for a slower aggregation
process, respectively (Nyrkova & Semenov, 2005) (Fig-
ure 4). As for the exponential parameters, if one hand
the sum of c1 and c2 corresponds approximately to the
initial number of monomers, given the separation of time

scales between τ1 and τ2, c2 can be identified as the ini-
tial number of clusters for the slower self-aggregation
kinetics. The τ1, τ2, c1, and c2 values computed from the
four self-assembled simulations are reported in the inset
in Figure 4. We first notice that the faster kinetics has a
timescale s1 � 1ns for all the simulations done with the
two force fields. This faster aggregation process is fol-
lowed by a relaxation time of τ2 = 5–18.6 ns. It worth to
mention that except one Lipid14 simulations where we
observed a short escape (~5 ns) of one LDAO in the
aqueous phase (see blue and cyan curves in Figure 5), in
all the simulations, the 104 LDAO monomers form a
stable micelle. For sake of comparison, the τ1and τ2 val-
ues are found slightly larger than the values previously
obtained by us (Abel et al., 2014) for pure DDM micelle
with 132 monomers (τ1 = .6 and τ2 = 3.5 ns) modeled
with the GLYCAM force field (Kirschner et al., 2008).

3.1.2. Size and shape of the micelle

The sizes of the micelles in the SA and PA simulations
were compared by computing their radii of gyration, Rg,
and their effective radius, RM. Figure 5 depicts the time
evolution of the six micelles Rg obtained from the PA/
SA simulations (Figure 5). By opposition to the number

Figure 3. Representative snapshots of the LDAO self-aggregation into a single micelle obtained with the Lipid14 SA1 simulation.
Figure was drawn with Pymol (Schrodinger, 2010).
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Figure 4. The LDAO self-assembly (SA) as a function of time for the Amber99SB (black and brown colors) and the Lipid14 simu-
lations (blue and cyan colors). The double-exponential fitting values for each SA simulations are reported in the inset and drawn with
gray, brown, cyan, and blue for the Amber99SB and Lipid14 first and second replica, respectively (see main text for details).

Figure 5. Time evolution of the micelle radius of gyration in the PA and SA simulations. The Amber99SB and Lipid14 PA runs are
shown with black and blue squares, respectively, whereas the Amber99SB and (Lipid14) SA are shown in black and brown and (blue
and cyan) continue lines, respectively.
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of clusters Ncluster, the LDAO micelle Rg values display
large oscillations just before settling to the stable value
around 18.7 Å, close the micelle Rg obtained in the PA
Amber99SB and Lipid14 simulations (Figure 5, black
and blue squares, respectively), after 30–70 ns depending
on the force field and simulation runs, demonstrating that
formation of the final cluster occurs rather abruptly
within 2−3 ns. The average Rg values computed from
the last 50 ns of each Amber99SB and Lipid14 simula-
tions are reported in the 3rd column of Table 2. The val-
ues show that the Amber99SB LDAO micelles are
slightly smaller than the Lipid14 ones (18.5 ± .2 Å and
19.2 ± .3 Å, respectively) and these results do not
depend on the simulation starting conditions. The aver-
age micelle Rg values obtained in our simulations are in
good agreement with previous simulations of LDAO
micelle modeled with the CHARMM22 (18.7 ± .1 Å)
(Marchetti et al., 2006) and OPLS-AA (17.6 Å) (Lorenz
et al., 2011) force fields.

To compare the micelle sizes obtained in our simula-
tions with those obtained from the SANS experiments
(see by Barlow et al. (2000) and Sardet, Tardieu, and
Luzzati (1976)) and from previous simulations (Lorenz
et al., 2011), we also computed the micelle mean effec-
tive radius, RM (4th column Table 2), for a solid sphere
of uniform density (Karjiban, Basri, Rahman, & Salleh,
2012) using the following expression:

RM ¼
ffiffiffi
5

3

r
\Rg [ (1)

The Amber99SB and Lipid14 micelle mean RM values
are in range of 23.9–24.7 ± .2 Å and agree well with
SANS experiments (22–24.4 Å) (Barlow et al., 2000;
Sardet et al., 1976) and the simulation of Lorenz et al.
(2011) with the OPLS-AA force field (22.7 Å).

In Figure 6, we present a pictorial view of the
micelle at the end of one of the Lipid14 SA simulation
(Figure 6). As shown in this figure, the micelle presents

pronounced ellipsoidal shape. In order to obtain the
micelle shape parameters, we compute the three ellipsoid
semi-axis average values, a, b, and c (Supplementary
Table S13) of the equivalent ellipsoid from the principal
moment of inertia (MOI) (Abel, Sterpone, Bandyopad-
hyay, & Marchi, 2004):

I1 ¼ M
5 b2 þ c2ð Þ

I2 ¼ M
5 ða2 þ c2Þ

I3 ¼ M
5 ða2 þ b2Þ

e (2)

where M is the total mass of the micelle and I1, I2, and
I3 (with I3 > I2 > I1) are the micelle MOI. In addition to
the I1/I3 ratio, we have also computed the asymmetry
parameter, α, (Tieleman, van der Spoel, & Berendsen,
2000) a SAXS/SANS metric used to evaluate the devia-
tion of the shape of an aggregate from the sphericity,
defined as:

a ¼ 2I1 � I2 � I3ð Þ
ðI1 þ I2 þ I3Þ (3)

An elliptical micellar shape corresponds to an α larger
than 0 (Huang & Somasundaran, 1997; Tieleman et al.,
2000). The I1/I3 and α values are reported in 8th and 9th
columns of Table 2. They show that the micelles simu-
lated with the Lipid14 parameters are found slightly more
ellipsoidal that those obtained from the Amber99SB sim-
ulations and this result depends slightly on the simulation
starting conditions. Indeed, for the Amber99SB and
(Lipid14) simulations, we obtained mean I1/I3 and α val-
ues of 1.44 ± .16 and .16 ± .03 and (1.55 ± .18 and .19
± .04). The mean ratios I1/I3 are close to the experimental
estimate (1.45) (Kakitani et al., 1995; Thiyagarajan &
Tiede, 1994). Remarkably, the computed α’s are very

Table 2. Average dimensions and shape parameters of the
micelles obtained from the pre-assembled (PA) and the two
self-assembled (SA) simulations (see main text). Rg and RM

stand to the micelle gyration and effective radii, respectively.
The RM values were computed according to the expression (1)
given in the main text. The maximum errors for the radii of
gyration (in Å), the MOI I1, I2, and I3 (in a.m.u.nm2), the axial
ration I1/I3 and the asymmetry parameter α are .3 Å, .4.104

a.m.u.nm2, .10 and .07, respectively.

Force Field MD Rg RM I1 I2 I3 I1/I3 α

Amber99SB PA 18.5 23.9 6.9 5.9 4.8 1.43 .16
SA1 18.4 23.8 6.0 5.2 4.0 1.50 .17
SA2 18.5 23.9 6.5 5.7 4.7 1.38 .15

Lipid14 PA 19.1 24.6 6.9 6.1 4.5 1.53 .19
SA1 19.1 24.6 7.0 6.1 4.4 1.59 .19
SA2 19.2 24.7 6.9 5.9 4.6 1.50 .17

Figure 6. Final snapshot of the Lipid14 SA1 simulation repre-
sented as van-der-Waals spheres. The carbon, oxygen, and the
hydrogen atoms are in green, red, and white colors, respec-
tively. The nitrogen atoms are hidden by two methyl groups of
the headgroup and thus not shown in the Figure. This figure
was produced with PyMOL (Schrodinger, 2010).
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similar to the experimental values (~.20) obtained from
SANS experiments (Barlow et al., 2000; Lorenz et al.,
2011; Sterpone et al., 2006). Finally, we notice that the
average computed semi-axis of the Amber99SB and the
(Lipid14) micelles (a = 28.6 ± .8 Å, b = 24.5 ± .8 Å and
c = 20.1 ± .3 Å and (a = 29.8 ± 1.0 Å, b = 23.8 ± .8 Å
and c = 19.3 ± .3 Å) (see also Supplementary Table S13)
are consistent with the values obtained by Marchetti et al.
(2006) from simulations with the CHARMM22 potential
(a = 26.6 ± .6 Å b = 20.4 ± .3 and c = 23.9 ± .2) and by
SANS experiments (a = 30.5 ± .5 Å and b = c 19.4 ± .2)
(Thiyagarajan & Tiede, 1994).

3.1.3. Micelle microstructure

To investigate the spatial distribution of the components
of the micelle system, we computed their mean radial
mass density profile, or ρ(r), as function of the distance r
from the micelle center of mass (COM, r = 0 Å, Figure 7).
Here, the ρ(r) functions for the solvation water, the
LDAO molecules, their heads and tails were computed
every 2 ps over the final 50 ns of each simulation. As
depicted in Figure 7, the ρ(r)’s of these species are found
similar independently of the simulation starting condi-
tions but slightly differ with the force field in case of
their positions and amplitudes. These differences are
caused by the different micelle sizes, shapes and the sur-
factant alkyl chain conformations (see our discussion in
the Section 3.1.6) between the Amber99SB and Lipid14
simulations. More specifically, the computed alkyl chain
ρ(r)’s extend from 0 to ~20 Å and reach a maximum den-
sity of .78 g cm−3 near the center of the micelle, which is
close to the n-dodecane bulk density at room temperature
(.74–.79 g cm−3) (Aicart, Tardajos, & Diaz Pena, 1980;
Barlow et al., 2000). We also find that the LDAO head-
group region extends from 16 to ~26 Å in all simulations
and its corresponding ρ(r) has a strong peak near ~24 Å,
which agrees well with the RM average value (23.9–
24.7 Å) obtained in the previous section. We also remark
that a similar result (21.5 Å) was obtained by Lorenz
et al. (2011). As far as water is concerned, its correspond-
ing ρ(r)’s in Figure 7 shows that the solvent penetrates
deeply into the micelle headgroup and shares some con-
tacts with the micelle hydrophobic surface (see the dis-
cussion in Section 3.1.5). Finally, differences in the ρ(r)
amplitudes between the two force fields is probably
caused by the different micelle sizes, shapes, and the sur-
factant alkyl chain conformations (see Section 3.1.6).

3.1.4. Volume and Interfacial properties of the micelle

By neutron reflectometry and SANS experiments,
Barlow et al. (2000) and Kakitani et al. (1995) estimated
the molecular volume of a LDAO monomer inside the
micelle, or VV

LDAO, within 410.2–432.9 Å3. In order to

compare these values with those obtained from our six
simulations, we used the trjVoronoi program (Abel et al.,
2012) that uses some of the voro++ classes and libraries
(Rycroft, 2009) to compute, at each simulation time
frame, the Voronoi volume of each atom of the system
using the Voronoi–Delauney tessellation (Voronoi, 1908).
As previously (Abel et al., 2012), explicit hydrogen
atoms were excluded in this calculation. Thus, we
obtained similar VV

LDAO values for the micelles simulated
with the same force field. The average Amber99SB
VV

LDAO value (434.2 ± 3.3 Å3) agrees well with experi-
ment, whereas the VV

LDAO values in the Lipid14 are
found, on average, 5.6% larger (451.5 ± 3.9 Å3). This
difference may be related to the readjustment of the
methylene proton Lennard-Jones parameters in Lipi-
d14.Using the trjVoronoi program, we also compute the
solvent accessible surface area (SASA) of the whole
LDAO molecule (SASALDAO) and the headgroup
(SASAHead) (Table 3). The SASA was calculated by
summing up the surfaces of the Voronoi polyhedral
facets shared between the LDAO atoms and water. As
suggested by the Figure 6 and the corresponding SASA
values reported in the 4th and 5th columns in Table 3,
the six micelles have a large part of their surface in con-
tact with water. The computed SASALDAO is found
around 131.3 Å² for all the six micelles. The average
surface per surfactant headgroup (SASAHead) is between
75.9 – 78.2 ± 1.0 Å² and is in agreement with experi-
mental data (70 ± 10 Å²) (Barlow et al., 2000). In the
last column of Table 3, we also reported the average
fraction of surface, ƒtail, shared between the LDAO alkyl
chains and the solvent (where ftail ¼ 1� ð SASAHead

SASALDAO
Þ). The

ƒtail values (~41%) are found similar between the six
micelles and thus confirm that the LDAO headgroup are
largely solvated by water. For sake of comparison, the
SASAHead value found here is ~20% lower than in Ster-
pone et al. (2006) for the same micelle size simulated
with the CHARMM22 force field (Mackerell, Feig, &
Brooks, 2004).

3.1.5. Micelle hydration properties

The micelle and the LDAO headgroup hydration was
characterized by computing the number of hydration
waters per LDAO molecule, nwLDAO, as a function of the
force field and the simulation protocol. To do this, simi-
larly to Lorenz et al. (2011), we counted the number of
oxygen water within a distance of 3.5 Å of any LDAO
atom. While doing so, we took care to not double count
same water atom hydrating two LDAO atoms. The aver-
age nwLDAO value does not depend significantly on the
force field and the simulation protocol and is equal to
8.9 ± .2 for all the six simulations. This value is in
agreement with SANS experiment (8–12) (Barlow et al.,
2000; Kakitani et al., 1995) and previous simulation
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(~8–10) (Lorenz et al., 2011). To investigate further the
hydration of the LDAO headgroup, we have also
computed the mean pair radial density function between
the oxygen atom of N-oxide group, ON and the water
oxygen atom, Ow, or gðON�OWÞ(Supplementary Figure S3).
Since we used different LJ parameters for the LDAO N
and O atoms in the Amber99SB and Lipid14 simula-
tions, it is expected that the gðON�OWÞcurves slightly dif-
fer with the force filed. Indeed, we found a strong peak
at ~2.5 and 2.7 Å for Amber99SB and Lipid14 simula-
tions, respectively. Moreover, the first peak width, which
is related to hydration of the N–O group, is also found
slightly higher in the Lipid14 simulations than in the
Amber99SB ones. The number of waters in the first shell
of the N–O group in the Amber99SB and lipid14 micelle
were found near 2.5 and 2.7, respectively, estimated by
integrating gðON�OWÞto its first minimum at ~3.4 Å and

do not depend on the simulation starting conditions.
These values are found slightly lower than the hydration
value computed for trimethylamine N-oxide from ab ini-
tio MD (~2.9) (Palazzesi, Calvaresi, & Zerbetto, 2011).

Finally, we have also investigated the hydrogen
bonds formed between the oxygen of the LDAO N–O
group and water. We counted a hydrogen bonds (HB)
only if the distance Ow–ON is within a 3.5 Å cut-off and
the Ow–Hw – ON angle is greater than 150° (Lorenz
et al., 2011). We find similar mean HB values of 2.6 ± .2
for all the simulations, slightly higher than Lorenz et al.
(2.1) obtained in their simulations with the OPLS-AA
force field (Lorenz et al., 2011).

3.1.6. Conformational properties of the LDAO
molecules

Differences in the micelle size and alkyl chain ρ(r) func-
tions between the Amber99SB and Lipid14 force fields
may suggest distinct conformations for surfactant alkyl
tail inside the micelle core. To examine this aspect in
more detail, we have first computed the LDAO alkyl
chain end-to-end distance, dendToEnd, between the first
(C3) and the last carbon (C14). We find that dendToEnd for
the LDAO alkyl chain modeled with the Amber99SB
force field is significantly higher than the n-dodecane in
the Lipid14 micelle (mean values of 12.0 ± .1 and 11.2
± .1 Å, respectively) which is smaller than the length of
an extended n-dodecane alkyl chain (13.8 Å) (Sterpone,
Briganti, & Pierleoni, 2009), but close to the values

Figure 7. Radial density profiles for the Amber99SB (•) and Lipid14 (♦) micelles. Note that the values for the PA and SA simula-
tions are superposed. Water, LDAO headgroup, and alkyl tail are in blue, red, and black colors, respectively.

Table 3. Average of LDAO volume (in Å3) and water surface
area per LDAO and headgroup (in Å2) obtained for the PA and
the SA simulations ftail is the LDAO fraction (in %) in contact
with water (see main text for details). The maximum errors of
VV
LDAO, SASA and ftail are 4.0 Å3, 1.0 Å2 and .3, respectively.

Force Field MD VV
LDAO SASALDAO SASAHead ftail

Amber99SB PA 429.1 131.5 77.0 41.5
SA1 439.2
SA2 434.2 131.3 76.9

Lipid14 PA 451.5 130.1 75.9 41.6
SA1 451.6
SA2 451.6 133.3 78.2 41.3
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obtained in previous MD simulations (~13 Å) for differ-
ent surfactants with the same alkyl chain (Abel et al.,
2011, 2012; Holler & Callis, 1989; Palazzesi et al.,
2011). A higher value for dendToEnd in the Amber99SB
micelles indicates that the LDAO alkyl chains are less
folded (i.e. more extended) that in the Lipid14 ones (see
a representative example in Supplementary Figure S4).
To verify this, we examined the conformations of the
alkyl chain for each PA/SA simulation by computing the
mean normalized dihedral angle distribution of CCCC
dihedral, P(Φ). From these functions, we computed the
percentage of trans conformation, %t for which the angle
Φ is in an interval of 120 and 240° (Figure 8).

The 9 CCCC dihedrals named with a number between
1 and 9 correspond to the sequence of all the dihedrals
between dihedral C3C4C5C6 and C11C12C13C14 (see Fig-
ure 1). As shown in Figure 8, the percentage of trans
conformation for each CCCC dihedrals are very similar
between the SA/PA simulations but vary significantly
with the two force fields. Indeed, the %t and the trans/-
gauche ratio (t/g) values are found significantly higher in
case of the Amber99SB simulations ~75.0% (3.0), com-
pared to in the Lipid14 ones 63.0% (1.7) confirming that
in the former micelle the LDAO alkyl chain is less folded
(or more ordered) that in the latter ones. The %t and the
t/g values can be compared to the experimental value
obtained for the dodecane alkyl chain of SDS (65% and
1.85) obtained by Holler and Callis (1989) from Fourier
transform infrared spectroscopy experiment and by Dick-
son et al. (2014) from MD simulations for the n-tridecane
in MD simulations modeled with Lipid14 parameters.
Marchetti et al. (2006) found that the LDAO alkyl chain

in micelle modeled with the CHARMM force field %t
and the t/g values of ~70% and 2.33, respectively. The
higher %t and t/g values obtained in the overall
Amber99SB simulation are slightly lower than the values
we obtained for DPC micelle in our previous report (Abel
et al., 2012) (85.4% and t/g ratio ≈ 5.84). Nevertheless,
this study confirms that the Amber99SB tends to overesti-
mate the CH2–CH2–CH2–CH2 trans conformation and
therefore suggests that the Lipid14 force field should be
used for modeling surfactant alkyl chain.

Following Palazzesi et al. (2011), we have also
examined the orientation of the LDAO molecule inside
the micelle core by computing the angle (θ) formed by
the vector that joins C3 to C14 carbon atoms and the C3
atom with the micelle center of mass (Figure 9(A)). The
average distribution profiles of the θ angle, P(θ) for the
PA/SA Amber99SB and Lipid14 simulations are depicted
in Figure 9(B).

As we can see, the LDAO alkyl chain in the Lipid14
and Amber99SB micelles has nearly the same orientation
with a θ angle of 20–30° indicating that the LDAO chain
are not perfectly aligned to the micelle radial ax. This
result does not depend on the force field and the simula-
tion starting conditions. The maximum θ angle distribu-
tions found in our simulations are comparable to the
value obtained for SDS (~30°) (Palazzesi et al., 2011).

Finally, we have also investigated the mobility of each
carbon atom in the LDAO alkyl chain of each micelle as a
function of the carbon position, by computing their average
translational diffusion coefficients (Dc) from different parts
of each trajectory (Figure 10). The diffusion coefficients
were obtained from the slope of the mean-square displace-
ment vs. time for each carbon atoms via the Einstein’s rela-
tion (Dc ¼ r tð Þ � r 0ð Þj j2=6t). The curves obtained from the
simulations have a similar asymmetric “U” shape where the
higher Dc values are obtained for the first (C3) and the last
(C14) of the alkyl chain carbons indicating that these car-
bons are the most mobile of the micelle core. A similar
trend was also obtained by Palazzesi et al. (2011) and
Marchetti et al. (2006) from previous SDS and LDAO
micelle simulations, respectively. The Figure 10 also shows
that the Dc values do not change significantly (within the
statistical error of ±.15 cm² s−1) with the simulation starting
conditions or the force field and are in range .4–.9 ×
10−5 ± .2.10−5 cm² s−1. The Dc values are also consistent
with those obtained by Sharma et al. from Quasi Elastic
Neutron Scattering experiments (.1–1.5 × 10−5 cm² s−1) for
SDS in micelle (Sharma et al., 2010).

3.2. Simulations of the DI-LDAO complex

After the validation of our LDAO RESP charges against
experiments and simulations, we have used them to
simulate the DI-LDAO complex with different NaCl
concentration.

Figure 8. The average percentage of trans conformation, for
each CCCC dihedral of the LDAO alkyl chain obtained from
the Amber99SB SA and PA (in brown and black colors,
respectively) and Lipid14 SA and PA (in blue and cyan colors,
respectively) simulations. Note that the values of the PA and
SA Lipid14 simulations are superposed. Each point was
obtained from the last 50 ns of each run.
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3.2.1. Construction and simulations of the DI protein–
LDAO complex

Since the atomic structure of DI is not available, we
turned to the protein modeling for generating atomic
models for our simulations. Fortunately, secondary

structure prediction algorithms reliably catalog DI as
all-helical protein (Harak et al., 2014), well in agreement
with UV circular dichroism measurements (data not
shown). For a 130-residue all-helical protein, ab initio
modeling generates a limited range of possible structures

Figure 9. (A and B) Probability distribution P(θ) of the LDAO alkyl chain angle θ inside the micelle core (see main text for
details).

Figure 10. Average diffusion coefficients of the LDAO alkyl carbon atoms in the PA (continue line) and SA (dashed line)
Amber99SB (black) and Lipid14 simulations (blue). The 1st and 12th carbons are near the LDAO headgroup and at end of tail,
respectively. We compared our results with the MD study of a SDS micelle (Palazzesi et al., 2011) (in the red color).
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(Supplementary Figure S5) that usually includes the cor-
rect fold. We describe below simulations on the QUARK
model (last model of Supplementary Figure S5), that was
validated post hoc by our experimental results. The
QUARK protein model contains six α-helices, five inter-
nal coils and has a helix content of 83% (computed with
the DSSP program (Kabsch & Sander, 1983; Joosten
et al., 2011)) (Figure 11). The position and the lengths of
six α-helices are consistent with those obtained from
other modeling webservers such as Robetta (Kim et al.,
2004), GenThreader (Jones, 1999) or PredictProtein (Rost
et al., 2004) (Supplementary Figure S2). Also, to scruti-
nize the dependency of our simulations on the protein
model, we carried out different runs with different start-
ing and simulation conditions (see Table 1) with a num-
ber of LDAO molecules determined by experimental
means. Indeed, the DI protein can be purified in a non-
aggregated form only in the presence of LDAO detergent
above its CMC (Figure 12(A)). We used a combination
of multi-angle light scattering, refractive index detection,
and UV detection coupled to size exclusion chromatogra-
phy (Figure 12(B)) to determine the mass of LDAO actu-
ally associated to DI (Figure 12). The size exclusion
peaks of excess LDAO micelles and LDAO-associated
his6-DI proved to be too poorly separated to do this (data
not shown). We therefore used GST-DI and obtained a
protein molecular mass of 90.0 and 18.9 kDa of associ-
ated detergent for the main peak (Figure 12(C)). A con-

trol with GST only yields a protein molecular mass of
51.1 kDa with no associated detergent. GST is known to
form dimers and these values are in good agreement with
the molecular masses computed from the protein
sequences of dimeric GST-DI (83.7 kDa) and dimeric
GST (53.2 kDa). Thus 18.9 kDa of LDAO are associated
with 2 DI molecules, or 41 LDAO molecules per DI
molecule that justify the use of 41 LDAO in the simula-
tions of the LDAO-protein complex. Based on these find-
ings, we report here of simulations on the DI-LDAO
complex where the protein is modeled with the
Amber99SB-ILDN parameters (Lindorff-Larsen et al.,
2010) and the surfactant with Amber99SB and Lipid14.
Figures 13 and S6 depict final snapshots of the LDAO-DI
complex with the protein modeled by QUARK in pres-
ence of the 41 LDAO molecules and at different NaCl
concentrations (Figure 13). As we will see below, con-
cerning the conformation of the protein and its LDAO
binding sites, the simulations produce slight different
results depending on the simulations starting conditions,
the force fields and NaCl concentration. To examine this
aspect in details, we firstly analyzed the stability of the
DI-LDAO complex and compare with the DI protein in
pure water by computing the time evolution of their gyra-
tion radii (Figure 14 and S7, respectively).

We first notice that the aggregation of the LDAO
around the DI protein depends slightly on the force field
and the salt concentration and it took approximatively

Figure 11. 3D representations of the DI protein model obtained with the QUARK web server. In the upper panel, the six α-helices
and five coils are shown in red rectangles and black lines, respectively. The relative positions of the four tryptophans (i.e. Trp82,
Trp100, Trp102, and Trp122 in the DI sequence are highlighted with black asterisk and shown in yellow, orange, red sticks in the
lower panel. Note that Trp102 is hidden in the DI representation. The lower Figure was produced with PyMOL (Schrodinger, 2010).
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30–45 ns for that the DI and 41 LDAO form a stable
complex with constant Rg values around 19 Å. An exam-
ination of the snapshots at simulation times (not shown)
show that in all the simulations the LDAO forms stable
aggregates around the protein and LDAO binding sites
do not change significantly during the course of the runs.
The sizes of the protein alone (i.e. no LDAO included in
the Rg calculations) are found similar to that of the pro-
tein Rg (15 Å) in pure water in the two NaCl concentra-
tions (Supplementary Figure S7). We also notice that in
one Lipid14 simulation carried out at 0 mM (see Fig-
ure 14(B)), the DI-LDAO Rg slightly increases indicating
significant changes of the protein initial structure in this
system. These results indicate that, here, Rg is not suffi-
cient to discriminate the structural differences between
the simulations. Thus, we have turned to examining
other structural properties of the DI model such as the

stability of the protein initial conformations; the sec-
ondary structure changes and the accessibility of water
of specific protein residues (see next sections).

3.2.2. Stability of the model initial structures

The stability of the protein initial conformation was
examined by computing the time evolution of the pro-
teins Cα root mean square deviations (RMSD) in pure
water and with LDAO at different NaCl concentration.
The minimized DI protein structure was used as a refer-
ence in the RMSD calculations (Figure 15).

In pure water (Figure 15A), the protein initial confor-
mation at 0 mM is less conserved than at 300 mM of
NaCl with a RMSD values around 4 and 5 Å, respec-
tively. In presence of LDAO in the medium, except two
simulations (black and red curves in Figure 15(C) and

Figure 12. Experimental characterization of LDAO-DI interaction. In Panel A, the size-exclusion chromatography experiments of
GST-DI with different amounts of LDAO. The protein was eluted under three conditions: no detergent (pink), detergent under the
CMC (1 mM, red) and at the CMC (2 mM, blue). The experiments were carried out on Superdex 200 10/300 GL column during the
purification of DI. In Panel C, determination of the aggregation number of the detergent molecules in the complex GST-DI with
LDAO using SEC-MALLS experiment. GST-DI alone was first eluted following by a heterogeneous mix of GST-DI plus DI compos-
ing the second picture of the chromatogram. The corresponding polyacrylamide SDS-Page is displayed on the left.
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Figure 13. Final snapshots of the first Amber99SB(A,C) and Lipid14(B,D) simulations at different NaCl concentration. The four
tryptophans are showed in sticks. In gray, the LDAO molecules and the DI protein is colored blue to red from N- to C-terminus.
These figures were produced with PyMOL (Schrodinger, 2010).

Figure 14. Time evolution of radius of gyration of the protein alone and the protein–LDAO complex with Amber99SB (A and C)
and Lipid14 force fields (B and D). The Rg, the first and second replica of SA Amber99SB and the Lipid14 simulations are shown in
green (dark green), red (orange), dark cyan (cyan), and violet (pink), respectively.
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(D)), the protein initial conformation is stabilized during
all the course of the simulation time with a RMSD
around 4.0 Å. The high change in the protein RMSD dur-
ing the last 40 ns of the Lipid14 SA2 simulation (black
curve in Figure 15(C)) is consistent with the increase in
the Rg of the protein depicted in Figure 14(B).

3.2.3. Time evolution of the DI secondary structure

To link the protein initial conformation changes with the
protein secondary structure (SS) change during the simu-
lations, we computed the time evolution of the protein
SS in pure water and with LDAO at different NaCl

Figure 15. Time evolution of the RMSD of the α-carbons of the protein alone (A) and in the LDAO complex simulated with
Amber99SB (B and D) and Lipid14 force fields (C and E). In the panel A, the RMSD of the protein simulated at 0 mM and 300 mM
are shown in blue and cyan colors, respectively. In the panels B-E, the first and second SA simulations are shown in red and black
colors, respectively.
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concentration (Supplementary Figures S8–11). The fig-
ures show that the protein SS in pure water is signifi-
cantly changed at 300 mM of salt with a decrease in the
helix content of 67 to 57% (computed from the last
40 ns of each run), respectively. Specifically, the denatu-
ration of the protein SS occurs mainly at the beginning
of the 1st and in the 2nd α-helix (see Figure 13 and Sup-
plementary Figure S6). In presence of surfactant, and at
the two salt concentrations, the protein SS is stabilized
with a helix contents around 68%. This value does not
change; the LDAO force field or the simulation starting
conditions (see Supplementary Figures S10 and S11).

3.2.4. Interfacial properties of the Protein–LDAO
micelle complex

According to Figure 13 and Supplementary Figure S6,
the LDAO molecules do not bind exactly to the same

protein region depending on the force field and the salt
concentration. In order to examine this, we analyzed the
number of unique contacts (NLDAO) between the LDAO
and the protein. To obtain these numbers, we counted a
unique contact between a protein residue and LDAO if
the distance, d, between the LDAO heavy alkyl chain
atoms and a protein residue is smaller than 4.0 Å (Böck-
mann & Caflisch, 2005). The total NLDAO values com-
puted from the last 30 ns do not change significantly
with force field and the starting conditions but slightly
increase with the salt concentration. Indeed, we found
that in the simulation with 0 mM of NaCl, the protein in
the Amber99SB and Lipid14 simulations has, on aver-
age, 26.5 and 27.5 ± 1.0 LDAO in direct contact, respec-
tively. With the increase in the salt concentration, the
number of contacts increases slightly up to 30.5 and
29.0 ± 1.0, respectively. Comparison of the local cover-
age of the protein at 0 and 300 mM and between the dif-
ferent Amber99SB and the Lipid14 replicas is shown in
Supplementary Figures S12–13. The figures show that
the LDAO molecules bind mainly the 1st, 3rd, 5th, and
6th helix.

Figure 13 also shows that the four DI tryptophans
(Trp 82, Trp100, Trp102, and Trp122) are also covered
by the surfactant. In Supplementary Figure S14, we pre-
sent the hydropathicity plot of the DI protein computed
with the Kyte–Doolittle approach and with a default win-
dow size of 9 residues (Kyte & Doolittle, 1982), as
obtained from the ExPASy server (Wilkins et al., 1999)
with the positions of the four tryptophan residues (i.e.
Trp82 Trp100, Trp102, and Trp122) highlighted with red
triangles. A positive hydropathicity score signals
hydrophobicity; conversely, negative values are found
for hydrophilic residues. By examining the hydropathic-
ity plot, we predict a higher hydrophobic character for
Trp100, Trp102, Trp122, whereas for Trp82 the hydro-
pathicity score is close to 0. We then expect that these
three latter tryptophans will be in an apolar environment
in contrast to the former one. Experimentally, the

Figure 16. Intrinsic fluorescence emission spectra of his6-DI
in LDAO buffer upon excitation at 295 nm. The emission
wavelength seems to be independent from the protein concen-
tration with a maximum consistently found at 331 nm. Concen-
trations are 2.7, 1.8, and .45 μg/ml for the curves in orange,
maroon and blue, respectively.

Table 4. Accessibility of the four protein tryptophans computed from the last 30 ns of each run. +, ±, and − mean that the corre-
sponding tryptophan is buried, partially buried or not buried, respectively, during the last 30 ns of each run (see main text).

Trp 82 Trp 100 Trp 102 Trp 122

Amber99SB 0 mM NaCl
SA1 − + + +
SA2 − + + +
Amber99SB 300 mM NaCl
SA1 + + + +
SA2 + + + −
Lipid14 0 mM NaCl
SA1 ± + + +
SA2 ± + + +
Lipid14 300 mM NaCl
SA1 ± + + +
SA2 ± + + +
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hydrophobic/hydrophilic character (i.e. buried/covered by
LDAO or not) of these tryptophans was investigated by
fluorescence spectroscopy with a his6-DI in LDAO
buffer.

The emission spectrum upon excitation at 295 nm
displays a clear maximum at 331 nm (Figure 16). To
relate these results with our simulations, we computed
the time evolution of the surface area in contact with
water of the four tryptophans, SASAx (where x stands
for the tryptophan in the DI sequence) during the last
30 ns of each run with the trjVoronoi program (Supple-
mentary Figures S15 and S16). We consider that a given
tryptophan is buried if it is covered by more than one
LDAO and its SASA in the complex is smaller than its
SASA value in pure water during the last 30 ns of each
run. By comparing the protein–LDAO binding sites in
Supplementary Figures S12–S13 and the SASA in
Supplementary Figures S15–S16 for each Trp, we con-
structed the Table 4 that summarizes the results regard-
ing the Trp accessibility to water (Table 4). Table 4
indicates that the three tryptophans located in 5th and
6th helix (i.e. Trp100, Trp102, and Trp122) are mainly
buried and not exposed to water. That three out of four
Trp are not accessible to water is consistent with the flu-
orescence experiments described above. Indeed, an emis-
sion maximum at 331 nm rules out more than one
exposed tryptophan (the maximum would be above
340 nm, and above 346 nm for four fully exposed trypto-
phans) but also indicates that not all tryptophans are in
completely apolar environments (the maximum would be
below 325 nm) (Shen et al., 2008). Finally, we point out
that the tryptophan accessibility to water can sporadically
change during the simulation time (see for instance
Trp102 see Supplementary Figures S15 and S16 (G)).

4. Conclusion

This paper has been devoted to the development and
testing of original RESP atomic charges for the LDAO
surfactant and its analog compatible with the AMBER
force fields for proteins. We tested and validated these
charges with MD simulations of two systems. In the first
system, we simulated a pure micelle in water composed
of 104 LDAO molecules modeled with the Amber99SB
and Lipid14 force fields. We performed simulations with
different initial conditions using pre-assembled micelles
and self-assembling random distributions of LDAO
molecules. We show that micelle characteristics agree
well with previous experimental and simulation results.
In particular, we find that the simulated micelles have an
ellipsoidal shape with a major over minor axis ratio
around 1.4 and an effective size around 22 Å. On aver-
age, the number of water molecules bound to a single
LDAO molecule is ~9 and each LDAO headgroup has
~2.6 waters in their hydration shell, thus forming ~2.5

hydrogen bonds. In case of the alkyl chain conformation,
simulations show significant differences between the two
force fields. Moreover, in agreement with a previous
report, we show that the Amber99SB force field tends to
overestimate the trans population of the alkyl chain
CH2–CH2–CH2–CH2 torsion compared to experiments
(~75.0% vs. 65%) and this problem is resolved using the
Lipid14 parameters.

Furthermore, we have examined the structural proper-
ties of a complex formed by LDAO and the DI protein,
a segment of PI4KA in contact with the cellular mem-
brane. In absence of an experimental 3D structure of the
DI protein, a model (the last on Supplementary Fig-
ure S5) was constructed with the QUARK protein mod-
eling protocol. This webserver predicts a protein with six
helices and five coils, in agreement, with results obtained
with other modeling server such as Robetta, GenThrea-
der, and PredictProtein. Thus, we carried out two sets of
MD simulations of >180 ns each with 41 LDAO mole-
cules and one protein. The protein was modeled with the
Amber99SB-ILDN force field and LDAO with the same
force field used in the pure micelle simulations. We car-
ried out different runs with different starting conditions
at two NaCl concentrations of 0 and 300 mM to examine
the effect of excess of salt on the simulation results and
mimic the experimental conditions. The simulations
show a small dependence of the simulation results with
the starting conditions and the NaCl concentration.
Finally, we find that three out of four tryptophans (i.e.
Trp100, Trp102, and Trp122) located in the 5th and 6th
helix of the protein, are not accessible to water and are
considered as buried, in agreement with our fluorescence
spectroscopy experiments. We actually performed simu-
lations with another possible model of DI with a differ-
ent fold (the first on Supplementary Figure S5) generated
from the I-TASSER server. Unlike the results with the
QUARK model, the results with the I-TASSER model
(not shown) were not consistent with our SEC-MALLS
and fluorescence measurements, allowing this alternate
model to be discarded.

To conclude, the usefulness of the present derivation
is attested both by its ability to recapitulate published
measurements of pure LDAO micelle parameters and by
its use in the simulations of DI-LDAO models. In the
latter case, simulations allow discrimination between
alternate models with little experimental data in a case
with some ambiguity on the protein’s fold. The charges
here derived are now available for the simulation of fur-
ther LDAO-containing systems.

Supplementary material

The supplementary material for this paper is available
online at http://dx.doi.org/10.1080/07391102.2015.
1135822.
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Additional Tables and Figures  

 

 

 

 

 

 

 

 

Table S1: Computed RESP atomic partial charges and atom types used in the Amber99sb and 

Lipid14 simulations for the LDAO headgroup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2: Computed RESP atomic partial charges and atom types used in the Amber99sb and 

Lipid14 simulations for the n-pentane alkyl chain. Note that the 1
st
 CH2 is connected to nitrogen 

atom of the LDAO headgroup are the same in each fragment. 

 

 

 

 

 

Group 
Atom type 

Charges 
Amber99sb Lipid14 

CH3 Head Group CT cD -0.0961 

CH3 Head Group HP hE 0.0790 

N-Oxide Head Group N4 nA 0.1569 

N-Oxide Head Group O oC -0.6041 

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0586 

2th CH2 Hydrophobic Tail HC hL -0.0075 

3th CH2 Hydrophobic Tail CT cD -0.0002 

3th CH2 Hydrophobic Tail HC hL 0.0074 

4th CH2 Hydrophobic Tail CT cD 0.0220 

4th CH2 Hydrophobic Tail HC hL -0.0011 

5th CH3 Hydrophobic Tail CT cD -0.0764 

5th CH3 Hydrophobic Tail HC hL 0.0157 
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Table S3: Same legend as Table S2 for the n-hexane alkyl chain. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S4: Same legend as Table S2 for the n-heptane.  

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0762 

2th CH2 Hydrophobic Tail HC hL -0.0119 

3th CH2 Hydrophobic Tail CT cD -0.0000 

3th CH2 Hydrophobic Tail HC hL 0.0004 

4th CH2 Hydrophobic Tail CT cD -0.0093 

4th CH2 Hydrophobic Tail HC hL 0.0008 

5th CH2 Hydrophobic Tail CT cD 0.0482 

5th CH2 Hydrophobic Tail HC hL -0.0073 

6th CH2 Hydrophobic Tail CT cD -0.0742 

6th CH2 Hydrophobic Tail HC hL 0.0145 

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0692 

2th CH2 Hydrophobic Tail HC hL -0.0081 

3th CH2 Hydrophobic Tail CT cD 0.0116 

3th CH2 Hydrophobic Tail HC hL -0.0025 

4th CH2 Hydrophobic Tail CT cD -0.0081 

4th CH2 Hydrophobic Tail HC hL -0.0063 

5th CH2 Hydrophobic Tail CT cD 0.0118 

5th CH2 Hydrophobic Tail HC hL -0.0019 

6th CH2 Hydrophobic Tail CT cD 0.0458 

6th CH2 Hydrophobic Tail HC hL -0.0044 

7th CH2 Hydrophobic Tail CT cD -0.0856 

7th CH2 Hydrophobic Tail HC hL 0.0168 
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Table S4: Same legend as Table S2 for the n-octane alkyl chain. 

 

  

 

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0579 

2th CH2 Hydrophobic Tail HC hL -0.0064 

3th CH2 Hydrophobic Tail CT cD 0.0209 

3th CH2 Hydrophobic Tail HC hL -0.0010 

4th CH2 Hydrophobic Tail CT cD -0.0002 

4th CH2 Hydrophobic Tail HC hL -0.0086 

5th CH2 Hydrophobic Tail CT cD 0.0114 

5th CH2 Hydrophobic Tail HC hL -0.0097 

6th CH2 Hydrophobic Tail CT cD 0.0122 

6th CH2 Hydrophobic Tail HC hL 0.0004 

7th CH2 Hydrophobic Tail CT cD 0.0367 

7th CH2 Hydrophobic Tail HC hL -0.0026 

8th CH2 Hydrophobic Tail CT cD -0.0857 

8th CH2 Hydrophobic Tail HC hL 0.0171 
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Table S5: Same legend as Table S2 for the n-nonane alkyl chain. 

 

  

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0641 

2th CH2 Hydrophobic Tail HC hL -0.0083 

3th CH2 Hydrophobic Tail CT cD 0.0108 

3th CH2 Hydrophobic Tail HC hL -0.0003 

4th CH2 Hydrophobic Tail CT cD 0.0080 

4th CH2 Hydrophobic Tail HC hL -0.0079 

5th CH2 Hydrophobic Tail CT cD 0.0180 

5th CH2 Hydrophobic Tail HC hL -0.0113 

6th CH2 Hydrophobic Tail CT cD 0.0133 

6th CH2 Hydrophobic Tail HC hL -0.0071 

7th CH2 Hydrophobic Tail CT cD 0.0050 

7th CH2 Hydrophobic Tail HC hL 0.0007 

8th CH2 Hydrophobic Tail CT cD 0.0389 

8th CH2 Hydrophobic Tail HC hL -0.0042 

9th CH2 Hydrophobic Tail CT cD -0.0806 

9th CH2 Hydrophobic Tail HC hL 0.0160 
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Table S6: Same legend as Table S2 for the n-decane alkyl chain. 

 

 

 

 
 
  

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0645 

2th CH2 Hydrophobic Tail HC hL -0.0081 

3th CH2 Hydrophobic Tail CT cD 0.0144 

3th CH2 Hydrophobic Tail HC hL -0.0015 

4th CH2 Hydrophobic Tail CT cD -0.0031 

4th CH2 Hydrophobic Tail HC hL -0.0068 

5th CH2 Hydrophobic Tail CT cD 0.0283 

5th CH2 Hydrophobic Tail HC hL -0.0111 

6th CH2 Hydrophobic Tail CT cD 0.0204 

6th CH2 Hydrophobic Tail HC hL -0.0088 

7th CH2 Hydrophobic Tail CT cD 0.0049 

7th CH2 Hydrophobic Tail HC hL -0.0065 

8th CH2 Hydrophobic Tail CT cD 0.0064 

8th CH2 Hydrophobic Tail HC hL -0.0005 

9th CH2 Hydrophobic Tail CT cD 0.0423 

9th CH2 Hydrophobic Tail HC hL -0.0047 

10th CH2 Hydrophobic Tail CT cD -0.0822 

10th CH2 Hydrophobic Tail HC hL 0.0163 
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Table S7: Same legend as Table S2 for the n-undecane alkyl chain. 

  

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0612 

2th CH2 Hydrophobic Tail HC hL -0.0073 

3th CH2 Hydrophobic Tail CT cD 0.0167 

3th CH2 Hydrophobic Tail HC hL -0.0011 

4th CH2 Hydrophobic Tail CT cD 0.0026 

4th CH2 Hydrophobic Tail HC hL -0.0083 

5th CH2 Hydrophobic Tail CT cD 0.0152 

5th CH2 Hydrophobic Tail HC hL -0.0094 

6th CH2 Hydrophobic Tail CT cD 0.0185 

6th CH2 Hydrophobic Tail HC hL -0.0069 

7th CH2 Hydrophobic Tail CT cD 0.0138 

7th CH2 Hydrophobic Tail HC hL -0.0099 

8th CH2 Hydrophobic Tail CT cD 0.0095 

8th CH2 Hydrophobic Tail HC hL -0.0079 

9th CH2 Hydrophobic Tail CT cD 0.0079 

9th CH2 Hydrophobic Tail HC hL -0.0001 

10th CH2 Hydrophobic Tail CT cD 0.0393 

10th CH2 Hydrophobic Tail HC hL -0.0038 

11th CH2 Hydrophobic Tail CT cD -0.0833 

11th CH2 Hydrophobic Tail HC hL 0.0166 
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Table S8: Same legend as Table S2 for the n-dodecane alkyl chain. 

 

  

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0612 

2th CH2 Hydrophobic Tail HC hL -0.0073 

3th CH2 Hydrophobic Tail CT cD 0.0167 

3th CH2 Hydrophobic Tail HC hL -0.0011 

4th CH2 Hydrophobic Tail CT cD -0.0011 

4th CH2 Hydrophobic Tail HC hL -0.0077 

5th CH2 Hydrophobic Tail CT cD 0.0220 

5th CH2 Hydrophobic Tail HC hL -0.0114 

6th CH2 Hydrophobic Tail CT cD 0.0185 

6th CH2 Hydrophobic Tail HC hL -0.0069 

7th CH2 Hydrophobic Tail CT cD 0.0222 

7th CH2 Hydrophobic Tail HC hL -0.0081 

8th CH2 Hydrophobic Tail CT cD 0.0138 

8th CH2 Hydrophobic Tail HC hL -0.0099 

9th CH2 Hydrophobic Tail CT cD 0.0095 

9th CH2 Hydrophobic Tail HC hL -0.0079 

10th CH2 Hydrophobic Tail CT cD 0.0079 

10th CH2 Hydrophobic Tail HC hL 0.0001 

11th CH2 Hydrophobic Tail CT cD 0.0393 

11th CH2 Hydrophobic Tail HC hL -0.0037 

12th CH3 Hydrophobic Tail CT cD -0.0834 

12th CH3 Hydrophobic Tail HC hL  0.0166 
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Table S9: Same legend as Table S2 for the n-tridecane alkyl chain. 

 

  

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0639 

2th CH2 Hydrophobic Tail HC hL -0.0078 

3th CH2 Hydrophobic Tail CT cD 0.0118 

3th CH2 Hydrophobic Tail HC hL -0.0008 

4th CH2 Hydrophobic Tail CT cD 0.0044 

4th CH2 Hydrophobic Tail HC hL -0.0080 

5th CH2 Hydrophobic Tail CT cD 0.0172 

5th CH2 Hydrophobic Tail HC hL -0.0102 

6th CH2 Hydrophobic Tail CT cD 0.0244 

6th CH2 Hydrophobic Tail HC hL -0.0090 

7th CH2 Hydrophobic Tail CT cD 0.0116 

7th CH2 Hydrophobic Tail HC hL -0.0068 

8th CH2 Hydrophobic Tail CT cD 0.0230 

8th CH2 Hydrophobic Tail HC hL -0.0094 

9th CH2 Hydrophobic Tail CT cD 0.0167 

9th CH2 Hydrophobic Tail HC hL -0.0098 

10th CH2 Hydrophobic Tail CT cD 0.0084 

10th CH2 Hydrophobic Tail HC hL -0.0074 

11th CH2 Hydrophobic Tail CT cD 0.0070 

11th CH2 Hydrophobic Tail HC hL -0.0000 

12th CH2 Hydrophobic Tail CT cD 0.0402 

12th CH2 Hydrophobic Tail HC hL -0.0041 

13th CH3 Hydrophobic Tail CT cD -0.0827 

13th CH3 Hydrophobic Tail HC hL 0.0164 
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Table S10: Same legend as Table S2 for the n-tetradecane alkyl chain. 

 

 

Group 
Atom type 

Charges 
Amber99sb Lipid14 

1st CH2 Hydrophobic Tail CT cD 0.0269 

1nd CH2 Hydrophobic Tail HC hL 0.0449 

2rd CH2 Hydrophobic Tail CT cD 0.0619 

2th CH2 Hydrophobic Tail HC hL -0.0074 

3th CH2 Hydrophobic Tail CT cD 0.0160 

3th CH2 Hydrophobic Tail HC hL -0.0012 

4th CH2 Hydrophobic Tail CT cD -0.0023 

4th CH2 Hydrophobic Tail HC hL -0.0074 

5th CH2 Hydrophobic Tail CT cD 0.0240 

5th CH2 Hydrophobic Tail HC hL -0.0111 

6th CH2 Hydrophobic Tail CT cD 0.0204 

6th CH2 Hydrophobic Tail HC hL -0.0077 

7th CH2 Hydrophobic Tail CT cD 0.0162 

7th CH2 Hydrophobic Tail HC hL -0.0085 

8th CH2 Hydrophobic Tail CT cD 0.0116 

8th CH2 Hydrophobic Tail HC hL -0.0080 

9th CH2 Hydrophobic Tail CT cD 0.0265 

9th CH2 Hydrophobic Tail HC hL -0.0094 

10th CH2 Hydrophobic Tail CT cD 0.0160 

10th CH2 Hydrophobic Tail HC hL -0.0093 

11th CH2 Hydrophobic Tail CT cD 0.0071 

11th CH2 Hydrophobic Tail HC hL -0.0074 

12th CH2 Hydrophobic Tail CT cD 0.0076 

12th CH2 Hydrophobic Tail HC hL -0.0002 

13th CH2 Hydrophobic Tail CT cD 0.0404 

13th CH2 Hydrophobic Tail CT hL -0.0040 

14th CH3 Hydrophobic Tail CT cD -0.0836 

14th CH3 Hydrophobic Tail HC hL 0.0166 
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Table S11: List of the biochemical used in experiment  

 

 

 

 

 

 

Table S12: Average semi-axis obtained from last 50 ns of the pre-assembled (PA) and self-

assembled (SA) simulations (see main text). The maximum error is never greater than 1.7 Å. 

 

  

I.  GST-DI his6-DI 

Lysis 

buffer 

30mM Tris pH7.4, 500mM NaCl, 20% 

glycerol, 43mM LDAO, 1mM DTT 

30mM Tris pH7.4, 500mM NaCl, 20% 

glycerol, 43mM LDAO, 20mM 

imidazole, 1mM DTT 

Wash 

buffer 

30mM Tris pH7.4, 300mM NaCl, 10% 

glycerol, 2mM LDAO, 1mM DTT 

30mM Tris pH7.4, 1M NaCl, 10% 

glycerol, 2mM LDAO, 1mM DTT and 

50mM imidazole 

Elution 

buffer 

30mM Tris pH7.4, 300mM NaCl, 10% 

glycerol, 2mM LDAO, 25 mM 

gluthation, 1mM DTT 

30mM Tris pH7.4, 300mM NaCl, 10% 

glycerol, 2mM LDAO, 500mM 

imidazole, 1mM DTT 

Force Field MD a b c 

 

Amber99sb 

PA 29.0 19.9  24.9 

SA1 29.1 19.9  24.7 

SA2 28.0 20.2 24.2 

 

Lipid14 

PA 29.9 19.3 23.6 

SA1 30.1 19.3 23.6 

SA2 29.5 19.3 24.1 
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List of Figures  

 

Figure S1: Geometric model used to construct the preformed LDAO with Packmol [38] see main 

text for details. 

 

Figure S2: Sequence alignment of DI protein with the secondary structure prediction of different 
methods (see main text). In red and green the helix and random coil predictions.  
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Figure S3: Average radial density function between the LDAO and water oxygen atoms. Results 
obtain for PA and SA Amber99sb and lipid14 are in black and blue colors.PA and SA 
simulations are highlighted with continue line, sphere and square, respectively. 

 

Figure S4: Representative LDAO conformations in the Amber99sb (A) and Lipid14 micelles PA 
micelles (B). 
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Figure S5: Final snapshot of the second Amber99sb(A) and Lipid14(B) simulations at two NaCl 

concentration. The 4 tryptophans are showed in sticks. In grey, the LDAO molecules and the DI 
protein is colored blue to red from N- to C-terminus. These figures were produced with PyMOL 
[1]. 

 

Figure S6: Time evolution of the radius of gyration of the protein in the systems without LDAO 
at 0 mM (blue) and 300 mM (cyan) of NaCl. 
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Figure S7: Time evolution of protein secondary structures in pure water at 0 mM (upper panel) 
and 300 mM (lower panel) of NaCl. 
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Figure S8: Time evolution of protein secondary structures in the complex simulated with 

Amber99sb (left panel) and Lipid14 (right panel) force fields at 0 mM of NaCl. 
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Figure S9: Time evolution of protein secondary structures in the complex simulated with 
Amber99sb (left panel) and Lipid14 (right panel) force fields at 300 mM of NaCl.  

 

Figure S10: Average percentages of helix (blue), turn (red), bend (green) and coil (violet) for 
each protein simulated with and without LDAO at different salt concentration. These values were 
computed from the last 40 ns of each run. The results obtained from the protein without LDAO 
are shown with an asterisk.   
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Amber99sb SA1 300 mM NaCl 
Amber99sb SA2 300 mM NaCl

α1 α2 α3 α4 α5 α6

Lipid14 SA1 300 mM NaCl 
Lipid14 SA2 300 mM NaCl
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3. Les principales conclusions de l’article  

 Les résultats des propriétés structurales des micelles pures de LDAO ont montré que 

la forme, la taille, l’hydratation et la conformation des chaînes alkyles dépendaient 

légèrement du champ de force mais pas des conditions initiales. De plus, ces résultats sont 

en bon accord la littérature expérimentale et d’autres simulations moléculaires. Les micelles 

obtenues ont une forme ellipsoïdale (ratio des demi-axes majeur sur mineur de 1,40) avec un 

rayon de giration d’environ 19 Å qui dépend peu du champ de force et de la construction des 

micelles. La structure interne des micelles est aussi peu modifiée avec les différentes 

conditions de simulations. Nos calculs d’hydratation ont montré qu’en moyenne neuf 

molécules d’eau interagissent avec une molécule de LDAO et ~3 avec la tête polaire. 

Concernant la conformation de la chaîne alkyle du LDAO, nous avons montré que le champ 

de force Lipid14 reproduisait mieux les résultats obtenues par FTIR (Holler et al. 1989) 

alors que le potentiel Amber99sb à tendance à surestimer la conformation trans des dièdres 

des chaînes carbonées CH2-CH2-CH2-CH2.  

L’analyse des propriétés structurales du LDAO en présence de la protéine DI ont montré que 

les résultats sont en bon accord avec les valeurs expérimentales (dichroïsme circulaire, SEC-

MALLS (chromatographie d’exclusion stérique couplée à la diffusion de la lumière multi-

angulaire) et la spectroscopie de fluorescence des tryptophanes). En particulier, le modèle 

prédit par QUARK présente six régions en hélice α qui se retrouvent aussi dans la prédiction 

faite par d’autres logiciels de modélisation (i.e Robetta, GenThreader et PredictProtein). 

Nous avons montré que les simulations dépendent faiblement des conditions initiales et de la 

concentration de sel. L’étude approfondit de l’accessibilité des tryptophanes avec l’eau ont 

montré que trois des quatre tryptophanes ne sont pas accessibles au solvant et sont 

considérés comme enfouis, ce qui est bon accord avec les expériences de spectroscopie de 

fluorescence.  

Finalement, ces deux exemples de simulations avec des systèmes de complexité croissante  

nous ont permis de valider nos charges RESP en combinaison avec les champs de force 

Amber99sb et Lipid14.  
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Chapitre 4 : Simulations du complexe LH2 dans les 
environnements biomimétiques 

 Ce chapitre sera consacré à la mise au point et à la discussion des simulations du 

complexe LH2 en présence de LDAO, bOG et POPC. Dans une première partie, nous 

détaillerons le choix des paramètres et le protocole des simulations. La deuxième partie sera 

consacrée à l’analyse structurale des différents systèmes.  

I. Construction des systèmes 

1. Champs de force utilisés 

 Comme on l’a vu dans le chapitre 1, le complexe LH2 est composé de dipeptides αβ 

et de pigments photosynthétiques (RG et BChl-a). Les structures cristallographiques 

disponibles à haute résolution (PDB : 1KZU (Prince et al. 1997), 1NKZ (Papiz et al. 2003), 

2FKW (Cherezov et al. 2006)) ont montré que le premier résidu des peptides α est une 

méthionine modifié, une N-carboxy-L-méthionine (CXM). Pour modéliser cette acide aminé 

et en l’absence de paramètres (i.e. charges partielles atomiques RESP), nous avons dérivé 

des charges RESP en utilisant l’approche décrite par Cornell et Bayly (Cornell et al. 

1995)(Bayly et al. 1993) (cf. annexe 3). 

Dans le cas du BChl-a, nous avons utilisé les paramètres développés par Ceccarelli et al. 

(Ceccarelli et al. 2003), basés sur Amber94 (Cornell et al. 1995) précédemment utilisés pour 

modéliser le centre réactionnel d’une bactérie pourpre (Rb. sphaeroides) obtenue par DFT 

(Density Functional Therory). 

Pour le RG, nous avons aussi calculé les charges RESP avec la méthodologie Glycam (cf. 

annexe 3). Les paramètres liants et non-liants sont issus de Tessier et al. (Tessier et al. 2008) 

pour les glycolipides insaturés. 

Les champs de force Amber et Glycam utilisent différentes valeurs pour le facteur 

multiplicatif des interactions 1-4 (électrostatique (fudgeQQ) et Lennard-Jones (fudgeLJ)) 

qui sont 0,83 et 0,5, et 1,0 et 1,0, respectivement. Pour combiner ces deux champs de force 

avec GROMACS, nous avons utilisé la méthode « double paire de liste et moitié d’epsilon » 

(Chakrabarti et al. 2010) avec les paramètres fudgeQQ=0,1666 et fudgeLJ=1,0. La liste des 

interactions 1-4 a été répliquée 5 fois pour Amber et 6 fois pour Glycam. 
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2. Simulations des différents systèmes 

 Pour simuler les systèmes du complexe LH2 dans les différents environnements 

micellaires de détergents et dans la membrane de POPC, nous avons adopté plusieurs 

stratégies que nous allons décrire dans les sous parties suivantes.  

Pour toutes ces simulations, nous avons combiné différents champs de force, à savoir, 

Amber99sb-ILDN (Lindorff-Larsen et al. 2010) pour la partie protéique, Amber99sb et 

Lipid14 pour le LDAO, Amber94 pour les bactériochlorophylles-a, Glycam pour la 

rhodopine glucoside et le β octyle glucoside, et Lipid14 pour le POPC. 

Pour ce travail, nous avons effectués 6 simulations dans les conditions ambiantes de 

température (300 K et 303 K pour la membrane) et de pression (1,015 bar). Les 

caractéristiques des systèmes simulées sont données dans le Tableau 1, ci-dessous : 

Tableau 1 : Paramètres des simulations. 

 Complexe LH2-LDAO 
Complexe 

LH2-bOG 

Complexe 

LH2-POPC 

 Amber99sb Lipid14 

Système 

 D 

Système 

E 
 

Système 

A 

Système  

B 

Système 

C 

Système 

C’ 

Ndétergent/lipides 260 290 308 308 243 409 

Neau 110 000 110 000 95 000 95 000 95 000 50 000 

Natomes 360 301 361 711 317 557 317 557 314 745 222 887 

Taille de la 
boîte (Å) 140x140x140 140x130 

x120 
Temps (ns) 300 200 200 300 200 200 

 

3. Le complexe LH2 dans une micelle de LDAO 

 Une première étude de solubilisation, réalisée par Gast et ses collaborateurs (Gast et 

al. 1994), a montré que le centre réactionnel de Rhodopseudomonas viridis, qui a une forme 

cylindrique avec une section transversale elliptique de 70 et 30 Å de diamètre (Deisenhofer 

et al. 1984), pouvait s’associer à 260 ± 30 molécules de LDAO. Plus tard, Jirsakova et ses 

collaborateurs (Jirsakova et al. 1996) ont montré par des expériences de centrifugation 

analytique que le complexe LH2 de Rubrivivax gelatinosus (bactérie pourpre), dont les 
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dimensions sont similaires à Rps. acidophila (Ranck et al. 2001), s’associait à un nombre de 

molécules de LDAO compris entre 252 et 315.  

En prenant les données de Gast et al., nous avons effectués des simulations auto-assemblées 

du complexe LH2 dans 260 LDAO (Système A). Nous avons minimisé le système puis nous 

avons équilibré dans l’ensemble NVT à 300 K avec le thermostat Berendsen et une 

constante de couplage de    = 0,1 ps pendant 1 ns. L’équilibration du système a continué 

dans l’ensemble NPT en isotropique pendant 5 ns avec le thermostat v-rescale (velocity 

rescale) et le barostat de Parrinello-Rahman (   = 3 ps), avec une compressibilité de 4,5.10-5 

bar-1. Le système équilibré a été simulé pour la production dans l’ensemble NPT en 

changeant le thermostat par celui de Nosé-Hoover (   = 0,3 ps) et le barostat par celui de 

Parrinello-Rahman (   = 1 ps). La stratégie d’auto-assemblage adoptée ici a consisté à 

bloquer tout le complexe LH2 pendant l’équilibration et la production jusqu’à ce que toutes 

les molécules de LDAO s’agrègent autour du complexe LH2, puis nous avons relâché le 

complexe pour produire environ 300 ns. Nous avons simulé ~30 ns par jour sur 192 CPUs 

du supercalculateur CURIE. En visualisant la trajectoire, nous avons constaté que le nombre 

de LDAO choisis n’était pas suffisant pour recouvrir complètement la partie 

transmembranaire du complexe (Figure  1). En parallèle, nous avons aussi simulé le même 

système avec une autre méthode qui consistait à ne pas contraindre le complexe LH2. La 

comparaison de ces deux méthodes a montré qu’en ne figeant pas le complexe, nous devions 

simuler quatre fois plus longtemps pour que toutes les molécules de LDAO s’agrègent 

autour du complexe LH2 (~ 640 ns). De plus, quelques analyses sur la structure finale 

obtenue ont montré que globalement, les deux systèmes étaient similaires.   

 

Figure 1 : Représentation de la dernière configuration de la simulation du complexe LH2-260 
LDAO dans une boîte d’eau. Les molécules de LDAO sont représentées en sphère bleue, rouges 
blanches et cyan, les molécules d’eau en surface grise, et les peptides en hélice bleue et rouge, 
les BCL en sphère verte et les RG en sphère jaune. 





4. Le complexe LH2 dans une micelle de β octyle glucoside 



5. Validations expérimentales des données des nombres d’agrégations 

de LDAO et bOG par LH2 









6. Le complexe LH2 dans une membrane de POPC 
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II. Résultats des simulations  

 Dans cette partie, nous présenterons les résultats obtenus des différentes propriétés 

structurales du complexe LH2 en présence de LDAO, bOG et POPC. 

1. Caractéristiques globales des différents systèmes  

1.1.  Les diamètres du complexe LH2 dans nos simulations 

 Tout d’abord nous avons calculé le diamètre de l’anneau interne et externe du 

complexe LH2 à trois différents niveaux des hélices (Figure 12). Pour ce faire, nous avons 

choisi les carbones α des résidus proches de la partie N-terminale, C-terminale et dans la 

partie transmembranaire des peptides α et β. Sur les graphiques de la Figure 12, nous avons 

calculés les distances de l’anneau interne (31 Å, 31,5 Å et 30 Å) et de l’anneau externe (52,4 

Å, 60 Å et 62,4 Å) dans la structure cristallographique et nous les avons comparées à celles 

calculées dans nos différents systèmes (courbes bleues, jaunes et marrons pour l’anneau 

interne et courbes noires, rouges et vertes pour l’anneau externe).  
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Tableau 3 : Diamètres calculés dans nos simulations comparées aux valeurs de la structure 
cristallographique (en Å).  

 LH2-LDAO LH2-POPC LH2-bOG Structure RX 

2FKW Amber99sb Lipid14 

XA 52,5 ± 0,1 54,2 ± 0,1 52,3 ± 0,8 52,1 ± 0,1 52,4 

XB 61,7 ± 0,6 61,3 ± 0,6 61,4 ± 0,6 61,3 ± 0,8 60 

XC 64,0 ± 0,6 64,0 ± 0,6 63,1 ± 0,7 64,3 ± 0,8 62,4 

XA’ 31,1 ± 0,7 32,4 ± 0,7 29,6 ± 0,8 30,6 ± 0,8 31 

XB’ 32,0 ± 0,6 32,4 ± 0,6 31,0 ± 0,7 32,8 ± 0,7 31,5 

XC’ 30,1 ± 0,6 30,3 ± 0,6 29,1 ± 0,9 31,2 ± 0,7 30 

 

1.2.  Les dimensions et la stabilité du complexe LH2 entouré de détergents 

 Nous avons aussi analysé la structure globale des différents systèmes en calculant les 

dimensions du complexe entouré de la couronne de détergents. Pour ce faire, nous avons 

calculé les principaux moments d’inertie des différents composants des systèmes (peptides, 

peptides et détergents, complexe LH2, complexe LH2 et détergents) avec l’outil g_gyrate de 

GROMACS : 

   
 

 
                                                          (II.1) 

   
 

 
                                                          (II.2) 

   
 

 
                                                          (II.3) 

où M est la masse total du groupement étudié, et a, b, et c, les trois demi-axes de l’ellipsoïde. 

À partir de ces principaux moments d’inertie, nous avons extrait les valeurs des trois demi-

axes et calculé l’excentricité e=1-a/c, avec a et c les demi-axes mineurs et majeurs 

respectivement (Tableau 4). Nous remarquons que toutes les formes sont oblates (a < b ≈ c) 

et que le complexe LH2-LDAO est légèrement plus excentré comparé à celui avec du bOG 

(0,47 et 0,45 ± 0,6 respectivement). De plus, la valeur de l’excentricité e du complexe LH2-

LDAO est légèrement plus faible que celle obtenue dans l’étude de spectroscopie en 

molécule unique avec une simulation MC (0,52) (Oijen et al. 1999) (Hong et al. 2004). 

Dans le Tableau 5, nous avons comparé nos valeurs de forme avec celles obtenues avec 

Memprot. Globalement, les modèles générés par Memprot surestiment le demi-axe mineur 
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et sous-estiment le demi-axe majeur comparé à nos modèles issus des simulations. 

Cependant, dans le cas du complexe LH2-bOG, le rapport des demi-axes majeur sur mineur 

montre une forme ellipsoïde marquée avec Memprot et dans nos simulations  (1,22 ± 0,1 et 

1,83 ± 0,3, respectivement). Dans le cas du complexe LH2-LDAO, le modèle proposé par 

Memprot suggère une forme beaucoup moins ellipsoïde (0,80 ± 0,6) en comparaison à nos 

simulations (1,90 ± 0,4 et 1,89 ± 0,2). Cette différence de forme est probablement la 

conséquence du mauvais ajustement de la courbe de SAXS effectué par Memprot. 

Tableau 4 : Valeurs moyennées des demi-axes (Å) des peptides, peptides avec 
détergents/lipides, complexe LH2 et du complexe LH2 avec les détergents/lipides dans les 
différents systèmes. L’erreur sur les valeurs avec les complexe LH2/peptides-détergents est de 
± 0,6 et de ± 0,2 pour les peptides/complexe LH2. 

  

Tableau 5 : Comparaison des paramètres géométriques (en Å) issus de nos simulations et ceux 
obtenus avec le meilleur ajustement de la courbe de SAXS par Memprot. 

 LH2-bOG 
simulation 

LH2-bOG 
Memprot 

LH2-LDAO 
simulation LH2-LDAO 

Memprot Amber99sb Lipid14 
Demi-axe 
mineur 

29,3 ± 0,2 36,2 ± 0,1 29,2 ± 0,2 29,6 ± 0,4 44 ± 0,6 

Demi-axe 
majeur 

53,7 ± 0,5 44,2 ± 0,1 55,4 ± 0,6 55,8 ± 0,6 35,6 

Rapport des 
demi-axes  

1,83 ± 0,3 1,22 ± 0,1 1,90 ± 0,4 1,88 ± 0,2 0,80 ± 0,6 

 

LH2-LDAO 

(Amber99sb) 

LH2-LDAO 

(Lipid14) 

LH2-bOG 

(Glycam) 

a b c e a b c e a b c e 

Peptides 34,9 40,1 41,1 0,15 35,1 40,1 40,8 0,14 34,4 40,6 41,4 0,17 

Peptides-
détergents 

30,3 54,2 57 0,47 30,7 54,2 57,5 0,47 30,5 51,6 55,1 0,45 

Complexe 
LH2 

32,4 41 42,1 0,23 32,5 41,1 41,8 0,22 31,8 41,4 42,4 0,25 

Complexe 
LH2-

détergents 
29,2 52,4 55,4 0,47 29,6 52,8 55,8 0,47 29,3 50,6 53,7 0,45 





1.3.  Le recouvrement membranaire du complexe LH2  
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Nous avons aussi étudié le recouvrement au niveau de chaque peptide. Pour ce faire, nous 

avons calculé la différence relative Ʃx des surfaces accessibles au solvant (SAS) à l’aide du 

programme trjVoronoi (Abel et al. 2012), en présence et absence de détergents (    
          

et     
   , respectivement) : 

  
     

        
         

 

    
                                                  (II.5) 

Les graphiques A, B et D de la Figure 16 représentent les différences relatives en fonction du 

numéro de résidu pour le système avec le LDAO Amber99sb, LDAO Lipid14 et bOG 

Glycam, respectivement. Les résidus des peptides α (en rouge) et β (en bleu) sont dans un 

environnement hydrophobe pour des valeurs de Ʃx > 0 et dans un environnement hydrophile 

pour des valeurs de  Ʃx < 0. Nous avons comparé nos valeurs avec le degré d’hydrophobicité 

théorique des résidus issu de la PDBTM (Protein Data Bank of Transmembrane proteins) 

(Kozma et al. 2012) représenté par des barres roses. Nous remarquons que ces dernières se 

superposent aux pics des Ʃx. De plus, nous avons comparé nos valeurs avec le score 

d’hydropathie de l’approche Kyte & Doolittle (Kyte et al. 1982) sur le serveur ExPASy 

(Wilkins et al. 1999). Cette approche évalue l’hydropathie des résidus à partir d’une séquence 

en acide aminé et à l’aide une fenêtre de résidu à définir. Dans notre cas, nous avons choisi la 

fenêtre par défaut de 9 résidus (Figure 16C). Nous voyons que les valeurs de Ʃx sont aussi en 

bon accord avec les scores Kyte & Doolittle. Ces résultats nous montrent que la couronne de 

détergents recouvre bien les parties transmembranaires du complexe LH2.  



2. Analyse des caractéristiques des détergents autour du complexe LH2 

2.1.  Conformation des détergents 
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Tableau 6 : Pourcentage des conformations trans des angles dièdres des chaînes alkyles CCCC. 
*moyenne des micelles pré-assemblées et auto-assemblées.  

LDAO bOG 

Amber99sb Lipid14 Glycam 

Micelle pure* LH2 Micelle pure* LH2 Micelle pure* LH2 

75  76,2 63 62,3 74,5 74,3 

2.2.  Surfaces accessibles au solvant et hydratation des têtes polaires des 

détergents 

 Puis nous avons étudié les surfaces des détergents en calculant les surfaces accessibles 

au solvant (SAS) à l’aide du programme trjVoronoi (Abel et al. 2012). Le Tableau 7 présente 

les résultats obtenus dans les différentes simulations en présence de LDAO et de bOG. Nous 

remarquons que les valeurs des SAS dans les simulations du complexe LH2-détergents sont 

assez proches des valeurs obtenues dans les simulations de micelles pures.  

Tableau 7 : Surface accessible au solvant des chaînes alkyles et des têtes dans les différentes 
simulations (en Å2), avec une erreur maximale de 1 Å² pour les micelles pures de LDAO, de 3,4 
Å² pour les micelles pures de bOG, de 2 Å² pour le complexe LH2-LDAO et de 3 Å² pour le 
complexe LH2-bOG. *moyenne des micelles pré-assemblées et auto-assemblées. 

 LDAO bOG 

Amber99sb Lipid14 Glycam 

Micelle pure* LH2 Micelle pure* LH2 Micelle pure* LH2 

SASchaînes 54,5 47,1 54,6 50,8 27,7 26,3 

SAStêtes 76,9 74,9 77,1 77,9 115,3 107,5 

SAStotal 131,4 122,0 131,7 128,7 143 133,8 

 

Pour aller plus loin dans l’analyse structurale des détergents, nous avons analysé la première 

couche d’hydratation des têtes polaires des détergents dans les différentes simulations. Pour 

ce faire, nous avons calculé la fonction de densité radiale       
    entre les atomes 

d’oxygènes des têtes polaires (ON) et ceux des molécules d’eau (OW) : 

      
    

 

   
    

 
  

        

    

   

    

   

    
                           (II.6) 

avec    
 le nombre d’atomes ON,    

 la densité des atomes OW et r la distance entre les 

atomes ON et OW. 
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En intégrant les valeurs de       
    à leur premier minimum pour le bOG et le LDAO (3,5 

et 3,4 Å, respectivement), nous avons pu estimer le nombre de molécules d’eau dans la 

première couche d’hydratation des têtes polaires du bOG et du LDAO (Tableau 8 et 9, 

respectivement). Nous remarquons que le nombre de molécules d’eau entre les simulations de 

micelles pures de détergents et de micelles associées au complexe LH2 sont très similaires. 

Tableau 8 : Nombre de molécules d’eau dans la première couche d’hydratation des oxygènes des 
têtes polaires du bOG. *moyenne des micelles pré-assemblées et auto-assemblées. 

 

 

 

 

 

 

 

Tableau 9 : Nombre de molécules d’eau dans la première couche d’hydratation de l’oxygène des 
têtes polaires du LDAO. *moyenne des micelles pré-assemblées et auto-assemblées. 

 LDAO 

 Amber99sb Lipid14 

 Micelle pure* LH2 Micelle pure* LH2 

O1 2,5 2,4 2,7 2,5 

 

L’ensemble de ces résultats, nous montrent que les molécules de LDAO et de bOG associées 

au complexe LH2 reproduisent bien les propriétés caractéristiques du LDAO et du bOG 

décrites dans nos simulations de micelles pures, et sont donc dans des états proches de ceux 

trouvés dans les micelles pures. 

2.3.  Épaisseur des têtes polaires 

 Puis, nous avons calculé l’épaisseur des têtes polaires du LDAO et du bOG dans nos 

différentes simulations afin de les comparer avec les valeurs estimées par Memprot (Tableau 

 bOG 

 Micelle pure* Complexe LH2 

O1A 0,4 0,4 

O2A 1,6 1,6 

O3A 1,7 1,7 

O4A 2,5 2,2 

O5A 0,5 0,5 

O6A 2,2 1,9 
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10). Nous remarquons que dans le cas du bOG, Memprot sous représente la taille des têtes 

hydrophiles comparé à celle du LDAO. 

Tableau 10 : Épaisseurs des têtes polaires dans nos simulations et avec Memprot (en Å). 

 

 

LH2-bOG 

simulation 

LH2-bOG 

Memprot 

LH2-LDAO 

simulation 

LH2-LDAO 

Memprot 

Amber99sb Lipid14 

Têtes hydrophiles  4,4 ± 1,0 2 1,1 ± 0,3 1,1 ± 0,3 1 

 

3. Analyses structurales de la stabilité des peptides  

 Pour aller plus loin et avant d’étudier plus finement le recouvrement membranaire des 

peptides par les détergents, nous avons analysé la stabilité de la partie transmembranaire des 

différents peptides au cours du temps de simulation. Pour ce faire, nous avons calculé le 

RMSD (Root Mean Square Deviation) ou l’écart quadratique moyen des carbones α de la 

partie transmembranaire des peptides α et β (résidus 19-37 et 18-36, respectivement) par 

rapport à la structure minimisée. Ce RMSD est défini dans GROMACS (g_rms) 

par l’équation : 

               
 

 
                  

  
    

   

              (II.7) 

avec M =    
 
    et ri(tx) la position de l’atome i au temps tx. 

Les graphiques de la Figure 17 montrent les valeurs obtenues pour le RMSD au cours du 

temps pour chaque partie transmembranaire des 9 peptides α (4 graphiques du haut) et des 9 

peptides β (4 graphiques du bas) dans nos différentes simulations. La partie transmembranaire 

a été définie grâce aux valeurs théoriques de la base de données OPM (Lomize et al. 2006). 

Dans notre cas, nous avons utilisé les données pour la structure PDB 1NKZ. 



4. Analyses des interactions entre peptides, pigments BChls-a et 

peptides-pigments BChls-a 

4.1.  Dynamique entre peptides  
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par Lange et ses collaborateurs (Lange et al. 2006) pour GROMACS v3.3. Cette méthode se 

base sur le calcul du coefficient de corrélation de Pearson généralisé d’une matrice de 

covariance des fluctuations atomiques : 

    
       

    
     

  
       et                                    

    
                          (II.8) 

où xi et xj sont les vecteurs de fluctuations des atome i et j.  

La Figure 18 montre les différentes matrices des corrélations croisées des mouvements 

atomiques des carbones α des peptides α (numéros en orange) et β (numéro en cyan) dans nos 

différentes simulations. Les parties en bleu représentes les mouvements les moins corrélés ou 

opposés et celles en rouge représentes les mouvements les plus corrélés ou identiques. Nous 

remarquons que dans le cas du LDAO, en plus de la grande diagonale rouge foncée qui 

correspond aux mouvements des atomes identiques, des mouvements corrélés existent entre 

les peptides α adjacents (petite diagonale rouge-blanche). En revanche, dans le cas de la 

simulation avec le POPC et le bOG, ces mouvements sont moins corrélés et nous montre que 

les peptides α adjacents ont des mouvements opposés. Entre les peptides β voisins, dans 

toutes les simulations, nous remarquons que les mouvements de leur squelette peptidique ne 

sont pas corrélés comparé aux peptides α adjacents. Nous pouvons expliquer cette observation 

par la présence des bactériochlorophylles-a 800 entre les peptides β qui augmentent l’espace 

entre ces peptides. Dans le cas des dipeptides αβ d’une même paire, dans toutes les 

simulations, nous remarquons que les parties N-terminales (αβ) et C-terminales (αβ) ont les 

mêmes mouvements. Ces résultats sont en bon accord avec les données cristallographiques 

(Papiz et al. 2003) qui montrent la présence de liaisons hydrogènes entre les parties N- et C-

terminale des peptides α et β d’une même paire. Enfin, il est intéressant de noter qu’au sein 

d’un même peptide α ou β, la partie N-terminale a un mouvement opposé à la partie C-

terminale. Nous observons aussi ce mouvement opposé dans notre analyse en composantes 

principales (ACP) sur le squelette peptidique (voir annexe 6).   



4.2.  Dynamique entre bactériochlorophylles-a  







4.3.  Analyse des distances fonctionnelles clefs 

Interactions impliquant les B800 
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Les résultats du Tableau 11 nous montre que chaque liaison hydrogène peut être perturbée 

très localement dans un peptide et presque jamais perturbée dans un autre (i.e LH2-LDAO 

Amber99sb avec 3 et 81 % dans le peptide 4 et 3, respectivement). En revanche, dans la 

simulation avec le POPC et le bOG, la majorité des liaisons hydrogènes n’existent pas 

pendant la simulation. La Figure 22 montre que les détergents viennent s’insérer autour des 

B800, ce qui empêche la formation de liaisons hydrogènes avec les arginines 20 et favorisent 

les interactions avec les molécules de détergents ou d’eau.  

Interactions impliquant les B850 

Dans le même esprit, nous avons aussi analysé les distances entre les B850, et entre les 

peptides et les B850. Pour ce faire, nous avons calculé les distances entre les magnésiums des 

B850 (Figure 23A), l’azote des histidines α31/β30 (NE1) et les magnésiums des B850 (Figure 

23B), et entre l’oxygène (OBB) des B850 et l’azote des tryptophanes 45 (αW45) ou l’oxygène 

des tyrosines 44 (αY44) (Figure 23A). 

Dans le cas des histidines, les distributions sont parfaitement centrées à 3 Å et sont très 

similaires. Cela montre le maintien de cette interaction durant les simulations et ce, quel que 

soit l’environnement micellaire ou membranaire. De même, pour les distances entre les 

magnésiums des B850 avec des distributions similaires centrées entre 9-10 Å. Dans les 

distances entre les Trp45/Tyr44 et les B850, nous remarquons que toutes les distributions sont 

centrées à 3-3,5 Å mais avec les Trp45, un deuxième pic est observable dans les simulations 

avec du POPC/bOG et du LDAO Amber99sb, avec une valeur de 5 et 8 Å, respectivement. 

Pour les distances entre les Tyr44 et les B850, la majorité des valeurs se situe à 3 Å avec 

quelques valeurs autour de 5,5 et entre 9-13 Å dans les simulations avec du bOG et du POPC, 

respectivement. Cela explique les faibles pourcentages de présence des liaisons hydrogènes 

observés dans le Tableau 12 (voir plus loin). 
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atomes lourds du macrocycle des B850 et B800 qui montrent des fluctuations au cours des 

simulations (voir annexe 6).  

Tableau 12 : Pourcentage de présence des liaisons hydrogènes entre les 9 Tyr44(OH-HH)-
βB850(OBB) et les 9 Trp45(NE1-HE1)-αB850(OBB) au cours des différentes simulations.  

Peptide 

LH2-LDAO 

(Amber99sb) 

LH2-LDAO 

(Lipid14) 
LH2-POPC LH2-bOG 

Y44 W45 Y44 W45 Y44 W45 Y44 W45 

# 1 100 90 99 85 99 79 98 51 

# 2 99 88 100 90 99 0 99 91 

# 3 99 94 100 88 99 0 96 86 

# 4 100 94 99 87 99 85 100 89 

# 5 99 16 99 89 99 0 96 90 

# 6 99 95 100 88 99 89 99 0 

# 7 100 88 100 89 100 74 19 25 

# 8 100 44 100 93 99 80 100 95 

# 9 100 94 100 76 0 72 96 20 

Total 896 703 897 785 793 479 803 547 

 

5. Analyse des corrélations entre les différentes distances clefs 

 À partir des fluctuations des différentes distances clefs que nous avons calculées, nous 

voulions allez plus loin en essayant d’analyser les possibles corrélations entre ces différentes 

interactions. Pour ce faire, nous avons calculé les matrices de corrélations croisées sur 

l’ensemble des distances grâce au logiciel R (R Development Core Team 2008) et des scripts 

écrits au laboratoire. Les quatre matrices de la Figure 26 montrent un exemple de corrélation 

dans les différentes simulations, entre deux types de distances impliquant des atomes assez 

éloignés : distances Trp-B850 et CXM-B800 (noté TrpY et MgCXMY, respectivement, avec 

Y allant de 1 à 9). Les corrélations positives sont en bleu et celles négatives en rouge. La 

partie supérieure des diagonales montre l’intensité de la couleur et la taille des cercles qui sont 

proportionnelles aux coefficients de corrélation. Ces derniers sont inscrits dans la partie 

inférieure des diagonales.  
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sont similaires à ceux des MgCXM6 et MgCXM8 avec un coefficient de corrélation de 0,51 

et 0,7 respectivement. En revanche dans la simulation avec du POPC, les mouvements Trp4 

sont anti-corrélés ou opposés avec ceux des MgCXM1 et MgCXM3, avec un coefficient de 

corrélation de -0,52 et -0,54 respectivement. Cette analyse nous montre que des distances 

impliquant des atomes éloignés peuvent avoir des mouvements assez similaires ou opposé 

selon l’environnement micellaire ou membranaire. De plus, cela nous suggère que ces 

environnements biomimétiques influent localement sur la dynamique interne des complexes 

LH2.  

III. Conclusions de cette partie 

Dans ce chapitre, nous avons montré que : 

1. Le nombre de monomères de détergent autour du complexe LH2, que nous avons tiré de 

la littérature (dans le cas du LDAO) ou estimé à partir de la littérature (bOG), nous ont 

permis de simuler nos complexes LH2 dans les environnements micellaires. Dans le but 

de valider nos modèles, nous avons réalisé des mesures de SAXS du complexe LH2-

LDAO et LH2-bOG et calculé le nombre de détergents autour du complexe LH2 grâce au 

logiciel Memprot. Dans le cas du bOG, l’estimation du nombre de monomère de bOG 

issue des expériences de SAXS (224) est très proche de la valeur utilisée dans notre 

simulation (225). Par contre dans le cas du LDAO, les problèmes de contrastes de densité 

électronique du détergent avec le solvant nous ont limités dans l’exploitation de la courbe 

expérimentale de SAXS, et la valeur d’un nombre d’agrégation estimée à partir des 

courbes de SAXS est éloignée de celle utilisée dans nos simulations. 

2. Les calculs des propriétés structurales pour les différents complexes LH2-

détergents/lipides ont montré que les diamètres des anneaux internes et externes du 

complexe LH2 ne varient pas et restent stables quel que soit l’environnement micellaire 

et membranaire indiquant une stabilité de la forme générale concentrique du complexe. 

L’analyse des paramètres de forme des complexes LH2-détergents ont montré une forme 

ellipsoïde oblate (a < b ≈ c) avec une légère différence de forme, qui est un peu plus 

excentrique en présence de LDAO comparé au bOG. Cette conclusion se retrouve aussi 

dans les valeurs du Rg du complexe LH2 entouré de LDAO (37,7 ± 0,1 Å) et de bOG 

(36,8 ± 0,1 Å). Ce résultat est en bon accord avec les résultats des mesures de SAXS 

réalisées en présence de complexe LH2-bOG (38,1 ± 0,2 Å). Malheureusement, dans le 

cas du LDAO, les problèmes de contrastes de densité électronique du détergent avec le 
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solvant nous limitent dans l’exploitation de la courbe expérimentale de SAXS et nous 

obtenons des rayons de giration plus faible (28,8 ± 3,4 Å) difficilement explicables. 

3. Dans le cas du recouvrement des parties hydrophobes par les détergents, les analyses du 

recouvrement global des parties transmembranaires ainsi que le recouvrement au niveau 

de chaque peptide montrent que la couronne de LDAO et de bOG recouvrent 

parfaitement les parties transmembranaires du complexe LH2. De plus, l’analyse des 

monomères de LDAO et de bOG associés au complexe LH2 a montré qu’ils reproduisent 

bien les propriétés caractéristiques du LDAO et du bOG (conformation des chaînes 

alkyles, hydratation et épaisseur des têtes polaires) décrites dans nos simulations de 

micelles pures. Nous avons comparé l’épaisseur des têtes polaires des bOG dans nos 

simulations (4,4 ± 1,0 Å) avec celle obtenue avec Memprot (2 Å) qui nous montre que ce 

dernier sous-estime l’épaisseur des têtes. 

4. Concernant la stabilité des peptides α/β constituant le complexe, le calcul du RMSD sur 

les carbones α des parties transmembranaires ont montré que dans le cas de la simulation 

avec le bOG, les valeurs du RMSD sont légèrement plus élevées (valeurs entre 1-2 Å) 

comparé à celles des systèmes avec le LDAO (valeurs entre 0,5-1 Å). Cette observation 

est en bon accord avec la littérature où il a été montré que le bOG influençait sur la 

structure du complexe LH2. Nous retrouvons aussi des résultats similaires dans l’analyse 

des mouvements du squelette peptique dans laquelle les peptides α adjacents ont des 

mouvements opposés dans le cas du bOG et aussi en présence de POPC. Dans cette 

même étude, nous avons remarqué qu’au sein d’un même peptide α ou β, la partie N-

terminale a un mouvement opposé à la partie C-terminale. Nous observons aussi ce 

mouvement opposé dans notre analyse en composantes principales (ACP) sur le squelette 

peptidique.  

Enfin nous avons analysé des distances clefs impliquant les B800 d’une part, et les B850 

d’autre part. Dans le cas des B800, en présence de LDAO, les résultats ont montré que chaque 

liaison hydrogène entre les arginines 20 et les B800 peut être perturbée très localement dans 

un peptide et presque jamais perturbée dans un autre. En revanche, dans la simulation avec le 

POPC et le bOG, la majorité des liaisons hydrogènes n’existent pas pendant la simulation. Les 

raisons de ces perturbations sont que les détergents/lipides viennent s’insérer autour des B800 

qui sont peu confinés, ce qui empêche la formation de liaisons hydrogènes avec les arginines 

20 et favorise les interactions avec les molécules de détergents ou d’eau.  
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Dans le cas des B850, les histidines 30/31 qui se situent dans un environnement totalement 

hydrophobe maintiennent les B850, empêchant ainsi de fortes perturbations entre les 

magnésiums des B850. En revanche, les résidus tryptophane 45 et tyrosine 44 qui sont un peu 

moins confinés comparé aux histidines 30/31 peuvent perdre leur liaison hydrogène avec le 

groupement OH des macrocycles des B850. Nous avons observé que des bOG ou POPC, 

d’autres résidus ou l’eau peuvent entrainer un éloignement entre les Tyr44 et les B850. Dans 

le cas des Trp45, le changement de conformation du tryptophane 45 explique les grandes 

distances observées quel que soit l’environnement. La corrélation de ces distances clefs nous 

a montré que des distances impliquant des atomes éloignés peuvent avoir des mouvements 

assez similaires ou opposé selon l’environnement micellaire ou membranaire. 

  

 

 

 

 



 

134 
 

 

 

 



 Chapitre 5 : Calculs quantiques de l’absorbance 

135 
 

Chapitre 5 : Calculs quantiques de l’absorbance 

 Au cours de nos simulations, nous avons pu observer la dynamique du complexe LH2. 

Les transitions d’absorption électronique des bactériochlorophylles-a dans ce complexe 

présentent un élargissement inhomogène important, dont l’origine a été attribuée, depuis les 

années 90 à son désordre dynamique. À partir de nos simulations, nous pouvons donc essayer 

de calculer comment les variations des interactions entre les différents composants du 

complexe observées, peuvent se traduire par des variations de l’absorption de ce complexe, et 

donc en déduire l’origine moléculaire de l’élargissement inhomogène des transitions 

d’absorption de ce complexe. Pour ce faire, des calculs quantiques des propriétés d’absorption 

des bactériochlorophylles-a dans les complexes LH2 ont été réalisés à partir des structures 

atomiques représentatives de nos simulations. Dans un premier temps, nous avons commencé 

avec le système composé du complexe LH2-LDAO (Amber99sb). 

I. Modélisation du spectre d’absorbance  

 La modélisation du spectre d’absorbance a été réalisée en collaboration avec l’équipe 

du Dr. Olga Rancova, de l’Université de Vilnius en Lituanie, qui utilise un modèle 

électrostatique basé sur les interactions intermoléculaires afin de calculer les propriétés 

d’absorption et d’émission des bactériochlorophylles-a. En théorie, ces propriétés peuvent être 

décrites grâce au model excitonique de Frenkel (Frenkel 1931) par un Hamiltonien (Rancova 

et al. 2012) : 

         
          

     
       

                                   (I.1) 

où Em est l’énergie d’excitation du pigment m (ou énergie de site),    
  représente l’opérateur 

de création d’une excitation sur le pigment m,     est l’opérateur conjugué d’annihilation 

(réaction entre une particule et son antiparticule), et Vmn représente le couplage entre les 

pigments m et n. Le spectre d’absorption A est obtenu après diagonalisation de cet 

Hamiltonien : 

          
  

 

      
    

  
                                              (I.2) 

avec ωi, les valeurs propres de l’Hamiltonien, µi représentent les moments de transition des 

dipôles et γ est la largeur spectrale Lorentzienne choisie en cm-1.  

 Dans nos simulations, nous avons utilisé la forme protonée des chaînes latérales des 

arginines car dans les conditions physiologiques (Garrett et al. 2000), c’est la forme qui 
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 Nous sommes partis de la dernière configuration de notre simulation LH2-LDAO en 

modifiant l’arginine positive en arginine neutre, puis nous avons simulé 70 ns avec les mêmes 

paramètres de simulation décrits dans le chapitre 4. De cette trajectoire, nous avons extrait 

140 configurations (sans les molécules d’eau) de 0 à 70 ns toutes les 500 ps au format PQR 

(fichier PDB avec nos valeurs de charge et de rayon pour chaque atome) qui ont servis dans le 

calcul de l’absorbance (Figure 1). Cette figure a été générée en calculant les positions et les 

intensités des composantes de l’absorption de chaque configuration, en leur imposant une 

largeur spectrale Lorentzienne de 30 cm-1 pour tenir compte de l’élargissement homogène de 

ces composantes, et en faisant la somme de l’ensemble des spectres d’absorption obtenus sur 

l’ensemble des configurations.  

 Absorbance des B800 

Nous remarquons d’une part que, cette démarche aboutit à une modélisation raisonnable de 

l’absorbance des B800, tant du point de vue de la position comme du point de vue de la 

largeur (Figure 1). Ce résultat suggère que les fluctuations protéiques autour du site des B800, 

même échantillonnées sur une dynamique relativement courte, sont suffisantes pour induire 

l’élargissement inhomogène de cette transition. Nous avons calculé la probabilité de présence 

de chaque liaison hydrogène entre les arginines 20 et les B800, dans les simulations utilisant 

des arginines neutres ou chargées (Tableau 1). Nous remarquons que les liaisons hydrogènes 

entre les B800 et les arginines neutres sont environ deux fois moins présentes que dans le cas 

des arginines positives.  

Tableau 1 : Pourcentage de présence des liaisons hydrogènes entre : les 9 Arg20(NE-HE)-
B800(OBB)/Arg20(NH2-HH21) et les B800(OBB), et les 9 Tyr44(OH-HH)-βB850(OBB) et les 9 
Trp45(NE1-HE1)-αB850(OBB) au cours des simulation avec les arginines positives ou neutres. 

Peptide 

LH2-LDAO 
(Amber99sb,  
Arg positive) 

LH2-LDAO 
(Amber99sb,  
Arg neutre) 

LH2-LDAO 
(Amber99sb,  
Arg positive) 

LH2-LDAO 
(Amber99sb,  
Arg neutre) 

NE NH2 NE NH2 Y44 W45 Y44 W45 
# 1 15 17 0 0 99,7 90,3 99,6 87,1 
# 2 59 23 26 10 98,9 87,7 99,2 76,8 
# 3 81 43 20 4 99,5 93,9 99,6 88,9 
# 4 3 2,3 4 7 99,6 94 99,8 91,3 
# 5 43 16 16 13 99,5 16,3 99,2 85,2 
# 6 77 23 16 16 99,5 94,7 99,5 93,1 
# 7 0,3 0,3 34 17 99,7 87,8 99,7 93,6 
# 8 22 7 13 7 99,6 44 99,8 78,3 
# 9 25 8 1 18 99,6 93,8 99,5 95,6 
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En comparant les spectres calculés à partir des différentes dynamiques et/ou en prenant en 

compte différents paramètres des structures obtenues durant ces dynamiques, on peut noter 

d’une part que, si la présence d’arginines positives a un effet dramatique sur la position de la 

transition des B800, elle n’a qu’un effet très limité sur l’élargissement inhomogène de cette 

transition. Comme la statistique de présence des liaisons hydrogènes est différente selon que 

les dynamiques sont effectuées en présence d’arginine positives ou neutres, nous pouvons en 

déduire que la dynamique des liaisons hydrogènes des B800 a un effet marginal sur 

l’élargissement inhomogène de cette transition. De même, on peut effectuer les mêmes calculs 

en prenant ou non en compte le solvant (solvant impliquant les molécules d’eau mais aussi les 

molécules de détergents au voisinage des bactériochlorophylles-a). Il apparait que la prise en 

compte du solvant induit un déplacement limité de la transition des B800 (quelques dizaines 

de cm-1) mais n’a quasiment aucun effet sur la largeur de cette transition. Nous pouvons donc 

déduire de ces calculs que, pour la transition des B800, la position est déterminée par 

l’électrostatique du site d’ancrage des bactériochlorophylles-a et la présence des liaisons 

hydrogènes, tandis que l’élargissement inhomogène de cette transition est essentiellement lié 

à la dynamique générale de la poche. 

 Absorbance des B850 

Pour ce qui concerne la transition des B850, la situation est bien plus compliquée, car les 

positions et largeurs de cette transition dépendent d’une part, des énergies de site des 18 

bactériochlorophylles-a, et d’autre part de l’ensemble des couplages excitoniques entre ces 

molécules. Les calculs entrepris à partir de nos simulations prédisent une largeur inhomogène 

un peu supérieure à celle observée expérimentalement, et la répartition des transitions 

électroniques montre un manque important des contributions autour de 11700 cm-1. Ce 

résultat est un peu étonnant pour un échantillonnage obtenu à partir de trajectoires limitées, et 

traduit plus probablement l’imprécision des calculs pour ce qui concerne le calcul de la 

position de transitions provenant de pigments en forte interaction excitonique. Avant de lancer 

des trajectoires plus longues, nous nous proposons, avec nos collègues lituaniens, d’analyser 

l’origine des variations observées. On peut noter toutefois, comme dans le cas de la transition 

à 800 nm, que la prise en compte des molécules de solvants n’ont qu’un effet mineur sur la 

largeur inhomogène des B850. Par ailleurs, le calcul des énergies de site des différentes 

molécules participant à la transition à 850 nm, prédit une inhomogénéité de celles-ci voisine 

de celle des B800 (Figure 2). La largeur inhomogène excessive que nous observons dans la 
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Conclusions et perspectives  

Conclusions 

 Dans ce travail de thèse, nous avons mêlé les approches théoriques de simulation de 

dynamiques moléculaires et expérimentales de SAXS, pour étudier les propriétés structurales 

du complexe LH2 de la bactérie pourpre Rps. acidophila strain 10050 dans différents 

environnements biomimétiques. Notre laboratoire a montré, dans des conditions ambiantes et 

en fonction du temps d’exposition, une variation de l’intensité d’absorption de la fluorescence 

que l’on pouvait relier à un « désordre dynamique » et qui, à l’échelle de la molécule, 

correspondait à des fluctuations locales des interactions entre les pigments. Le but de ce 

travail de thèse a été de mieux comprendre l’origine de ce désordre à l’échelle atomique. 

Dans un premier temps, pour simuler le complexe LH2 dans les différents environnements 

biomimétiques, nous avons développé les paramètres (charges partielles atomiques RESP) 

pour le LDAO et le bOG compatibles avec le champ de force AMBER pour les protéines. Ces 

paramètres ont été testés en effectuant des simulations de micelles pures et en présence d’un 

modèle de fragment de la protéine kinase humaine PI4KA. Le bon accord de ces simulations 

avec les données expérimentales et de simulations disponibles nous a permis de valider notre 

approche. Dans le cas de la membrane de POPC, nous avons utilisé les paramètres disponibles 

pour AMBER que nous avons convertis au format utilisé par GROMACS. Cette conversion a 

été validée grâce à une simulation de membrane pure de POPC en présence de 0,15 M de 

KCl. Nos résultats ont bien reproduit les propriétés structurales du POPC, disponibles dans la 

littérature. 

Dans un second temps, nous avons paramétré les différents composants du complexe LH2 en 

dérivant des charges partielles atomiques RESP pour le résidu CXM et la rhodopine 

glucoside, compatibles pour le champ de force Amber99sb et Glycam, respectivement. Pour 

les BChls-a, nous avons utilisé les paramètres développés par Ceccarelli et al. (Ceccarelli et 

al. 2003), compatibles pour Amber94. Le nombre de monomères de détergent autour du 

complexe LH2 a été choisi à partir des données expérimentales et affiné par des simulations 

moléculaires auto-assemblées (LDAO) ou estimé directement à partir de modèle géométrique 

(tore) tiré de la littérature (bOG). L’incertitude sur les valeurs du nombre d’agrégation du 

LDAO et du bOG autour du complexe LH2 étant assez importante, nous avons réalisé des 

expériences de SAXS du complexe LH2-LDAO et LH2-bOG, et calculé le nombre théorique 

de détergents autour du complexe LH2. Dans le cas du bOG, l’estimation du nombre de 
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monomères de bOG issue des expériences de SAXS (224) est très proche de la valeur utilisée 

dans notre simulation (225). En revanche, dans le cas du LDAO, les contrastes de densité 

électronique du détergent proches avec ceux du solvant nous ont limités dans l’exploitation de 

la courbe expérimentale de SAXS, et la valeur obtenue (258) est relativement éloignée de la 

valeur utilisée dans nos simulations (290).  

Dans un troisième temps, nous avons spécifiquement étudié l’influence de la nature du 

détergent et de l’environnement (micellaire, membrane). Les calculs des propriétés 

structurales des différents complexe LH2-détergents/lipides ont montré que : 

- les dimensions des anneaux peptidiques internes et externes du complexe LH2 ne 

varient pas et restent stables au cours des différentes simulations. L’analyse des 

paramètres de forme des complexes LH2-détergents ont montré une forme ellipsoïde 

oblate avec une légère différence de forme, qui est un peu plus excentrique en présence 

de LDAO, comparé au bOG. 

- localement, nous avons montré que le bOG influençait un peu plus la structure des 

peptides comparé au LDAO. 

- nous avons noté que, quel que soit l’environnement, au sein d’un même peptide α ou β, 

la partie N-terminale a un mouvement opposé à la partie C-terminale. 

- le macrocycle des B800 explore plus de conformations comparé à ceux des B850. Les 

raisons de ces variations peuvent s’expliquer par le fait que les détergents/lipides 

viennent s’insérer autour des B800 qui sont peu confinés, comparé aux B850. 

 Tous ces résultats  nous suggèrent que, même si la structure globale du complexe LH2 

reste stable tout au long des simulations, ces environnements biomimétiques influent 

localement sur la dynamique interne des complexes LH2 et notamment au niveau de 

l’orientation des macrocycles des BChls-a.  

Enfin, en ce qui concerne l’analyse du spectre d’absorption du complexe LH2-LDAO. Les 

premiers résultats obtenus dans la modélisation quantique de l’absorbance des 

bactériochlorophylles-a reproduit bien l’absorbance des B800 mesurée expérimentalement. 

Dans le cas des B850, le spectre d’absorbance prédit est inhomogène et traduit clairement que 

les interactions entre pigments ne sont pas correctement prises en compte dans le calcul. Ces 

résultats sont assez encourageants et nous montre que les 140 configurations de notre 

simulation sont sûrement insuffisantes pour décrire correctement le spectre d’absorption des 

B850. 
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Perspectives 

 Les perspectives de ce travail de thèse sont nombreuses du point de vue expérimental 

et théorique. Par exemple, les expériences de SAXS que nous avons réalisées avec les 

complexes LH2 de Rps. acidophila strain 10050 entourés de détergents (LDAO ou bOG) 

représentent, à ce jour, les premières mesures effectuées sur ce complexe chez Rps. 

acidophila. Nous avons noté cependant les limites de cette méthode dans le cas des 

monomères de LDAO qui ont un contraste électronique proche de l’eau. Il serait donc 

intéressant de compléter ces résultats par des mesures de diffusion des neutrons aux petits 

angles (SANS) qui ont une sensibilité aux éléments légers et qui offrent la possibilité de faire 

du marquage isotopique.  

Enfin, les résultats préliminaires que nous avons obtenus avec le calcul quantique de 

l’absorbance sur quelques conformations de notre complexe LH2-LDAO sont assez 

encourageants et montrent cependant qu’il faudrait probablement d’avantage de 

conformations pour améliorer le spectre d’absorbance. Ces conformations devront être 

obtenues soit en diminuant la fréquence de collecte des configurations, soit en faisant des 

simulations plus longues pour avoir plus d’échantillonnage. Nous avons aussi noté que dans 

nos simulations, l’environnement (détergents ou lipides) influençait sur la dynamique interne 

du complexe LH2, c’est pourquoi il serait très intéressant de comparer les spectres 

d’absorbance obtenus pour les complexes LH2 dans les autres environnements bOG et POPC.  
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Annexe 1 : Test et validation des paramètres pour le β-
Octyle glucoside 

 

I. Description du modèle pour le bOG 
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Tableau A1-1 : Charges partielles atomiques RESP et types d’atomes utilisés pour modéliser la 
molécule de bOG.  

Atome Atome Types Charge 

C1A cg 0,3005 

H1A h2 0,0000 

O1A os -0,4456 

C2A cg 0,4091 

H2A h1 0,0000 

O2A oh -0,7057 

H2OA ho 0,4094 

C3A cg 0,2633 

H3A h1 0,0000 

O3A oh -0,7099 

H3OA ho 0,4342 

C4A cg 0,3272 

H4A h1 0,0000 

O4A oh -0,6674 

H4OA ho 0,4056 

C5A cg 0,0974 

H5A h1 0,0000 

O5A os -0,4067 

C6A cg 0,2389 

H61, H61 hc 0,0000 

O6A os -0,6200 

H6OA ho 0,4079 

C7 cg 0,1843 

H71, H72 hc 0,0000 

C8 cg 0,1245 

H81, H82 hc 0,0000 

C9 cg -0,0533 

H91, H92 hc 0,0000 

C10 cg -0,0091 

H101, H102 hc 0,0000 

C11 cg 0,0097 

H111, H112 hc 0,0000 

C12 cg 0,0169 
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H121, H122 hc 0,0000 

C13 cg 0,0058 

H131, H132 hc 0,0000 

C14 cg -0,0170 

H141, H142, H143 hc 0,0000 

 

1. Protocole et paramètres des simulations 

1.1. Choix du nombre de bOG par micelle 

 Pour évaluer notre modèle de bOG, nous avons donc effectué deux simulations d’une 

micelle pure avec un nombre d’agrégation (nag) de 75 dans une boîte contenant 32 000 

molécules d’eau TIP3P (Jorgensen et al. 1998). Cela correspond à une concentration en bOG 

de l’ordre de 130 mM, soit 5,2 fois la concentration micellaire critique de 25 mM déterminée 

expérimentalement par Mesa et al. (Mesa et al. 1993) à 25°C. Le nombre d’agrégation (nagg) 

choisi a pour objectif de rendre possible la comparaison de nos résultats avec ceux de Bogusz 

et al. (Bogusz et al. 2000)(Bogusz et al. 2001) où le bOG a été modélisé avec la version de 

CHARMM27 pour les lipides, et Hal et al. (Ha et al. 1988) pour la partie carbohydrate. En ce 

qui concerne le nombre d’agrégation de 75, celui-ci est dans la fourchette des valeurs 

expérimentales comprises entre 27 – 110 par extension de fluorescence (Aoudia et al. 1998), 

diffusion de la lumière et SAXS (Lipfert et al. 2007)(Lorber et al. 1990). Cette large plage de 

valeurs est liée au fait que nag varie beaucoup en fonction de la méthode expérimentale et des 

conditions expérimentales (concentration et température).    

1.2. Construction des systèmes  

 De façon similaire à la validation du potentiel pour le LDAO décrit dans l’article 1 

(Karakas et al. 2016), nous avons effectué des dynamiques moléculaires avec deux systèmes 

de tailles identiques construits en utilisant une approche pré-assemblée et auto-assemblée.  

 Le système pré-assemblé (PA) a été construit en introduisant dans la boîte de simulation 

une micelle sphérique constituée de 75 bOG, construit avec le programme PACKMOL 

(Martínez et al. 2009). Les paramètres géométriques utilisés avec PACKMOL sont 

donnés sur la Figure A1-2.     

 Le système auto-assemblé (SA pour self-assembled en anglais) a été simulé en 

introduisant dans la boîte de simulation 75 bOG avec des orientations différentes.  
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Figure A1-2 : Modèle géométrique utilisé pour construire la micelle pré-assemblée avec le 
programme PACKMOL. Les rayons des sphères 6 et 15 Å ont été choisis afin d’obtenir un 
packing optimal pour les 75 bOG et de minimiser les clashes stériques pour les atomes situés à la 
fin de la chaîne n-octyle et inter-chaînes. La valeur de 15 Å est légèrement plus élevée que celle 
déduite à partir de la relation de Tanford (Tanford 1972), 11,6 Å avec la relation lc = 1,5+1,265 nc 
et nc=8). 

 

1.3. Paramètres des simulations 

 Ces deux systèmes ont été simulés dans les conditions ambiantes (T = 298K et P = 

1,015 bar) durant ~140 ns chacun avec la pression et la température contrôlées avec les 

algorithmes de Nosé-Hoover (Nosé 1984)(Hoover 1985) (T = 0,3 ps) et Parrinello-Rahman 

(Parrinello et al. 1981)(Rahman et al. 1971) (T = 1,0 ps et une compressibilité isotherme 

4,5.10-5 bar-1). Les systèmes ont été minimisés avec l’algorithme de steepest-descent et des 

périodes d’équilibration de 1 ns dans les ensembles NVT et NPT. La méthode d’Ewald 

(SPME) (Essmann et al. 1995) a été utilisée pour évaluer les forces électrostatiques avec un 

cut-off de 10 Å pour les interactions courtes et longues distances. Les configurations 

atomiques ont été collectées toutes les 2 ps pour analyse.  

II. Résultats 

1. Agrégation des monomères de bOG en fonction du temps 

 Comme pour les micelles de LDAO, nous avons examiné l’agrégation des monomères 

de bOG en fonction du temps (Figure A1-3) en examinant la variation du nombre de clusters 

en fonction du temps. De façon similaires aux micelles de LDAO, nous avons considéré 

l’existence d’un cluster si la distance entre les atomes de carbones de la chaîne n-octyle de 

deux molécules de bOG est inférieure à 4,1 Å (Sanders et al. 2012)(Abel et al. 2012). On peut 

constater sur cette Figure A1-3 que, comme pour les micelles de LDAO, le processus 

d’agrégation s’effectue en plusieurs échelles de temps (courte et lente) que l’on peut 
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caractériser en utilisant l’équation (A1.II.1) basée sur un modèle cinétique simplifié 

d’agrégation/dissociation (Nyrkova et al. 2005)(Cueille et al. 1997) . 

              
   

         
   

          avec                                       (A1.II.1) 

 

Figure A1-3 : Assemblage des monomères de bOG en fonction du temps. La courbe rouge 
correspond au fit de la double exponentielle Ncluster(t)-N() qui donne deux constantes de temps 
1 et 2 correspondant à la formation rapide de petits cluster de bOG et leur coalescence plus 
lente.  

Comme pour d’autres systèmes micellaires (par exemple, avec le LDAO (Karakas et al. 

2016), DDM (Abel et al. 2014), n-dodecyle phosphocholine (Abel et al. 2012)), la cinétique 

d’agrégation peut être caractérisée selon deux échelles de temps: rapide (1 < 1ns) et lente (2 

> 1ns). Dans le cas de la simulation du bOG, les valeurs de 1 et 2, valent 0,79 et 2 = 6,32  ns, 

respectivement et comparables à celles obtenues pour le LDAO. Les représentations finales 

des micelles obtenues à partir des simulations pré-assemblées et auto-assemblées sont 

données sur la Figure A1-4. 
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Figure A1-4 : Représentations atomiques des micelles au début et à la fin des simulations pré-
assemblées (a, c) et auto-assemblées (b, d), respectivement.  

 

2. Forme des micelles 

La forme des micelles a été caractérisée en calculant les moments d’inerties et la valeur 

des semi-axes a, b et c, caractérisant l’ellipsoïde qui modélise la micelle. L’évolution en 

fonction du temps des valeurs des semi-axes a, b et c pour les deux simulations est montrée 

sur la Figure A1-5.  

 

Figure A1-5 : Évolution en fonction du temps de la longueur des semi-axes a (noir), b (rouge), c 
(vert) de l’ellipsoïde représentant des micelles auto-assemblées (grande figure) et pré-assemblées 
(figure encadrée). 
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La Figure A1-5 montre qu’après une décroissance de la valeur des semi-axes a, b et c 

correspondant à la période d’agrégation des monomères de bOG, les valeurs des semi-axes se 

stabilisent (après 20 ns de simulation) et restent constantes indiquant que la forme des 

micelles ne change pas significativement jusqu’à la fin des simulations. La « bosse » 

observée,  entre 56 – 68 ns, correspond à la période où un monomère de bOG s’échappe de la 

micelle. Les caractéristiques des formes reportées dans le Tableau A1-2 indiquent que les 

micelles sont ellipsoïdales (plus précisément de forme prolate-like) et leurs formes ne 

dépendent pas significativement du protocole de simulation utilisé. La valeur de l’ellipticité 

(     
  

    égale à 0,6 est similaire à celles obtenues par Bogusz et al. (Bogusz et al. 

2000) et Konidala et al. (Konidala et al. 2006) pour des micelles avec 75 et 92 monomères de 

bOG, respectivement. 

3. Dimension des micelles 

 Les dimensions des micelles pré-assemblées et auto-assemblées ont été évaluées en 

calculant leur rayon de giration (Rg) et le rayon de la sphère équivalente de densité 

uniforme     
 

 
  . Sur la Figure A1-6, nous avons représenté l’évolution en fonction du 

temps de Rg des deux micelles. 

 

Figure A1-6 : Dimension du rayon de giration des bOG en fonction du temps dans le cas des 
simulations auto-assemblées (noir) et pré-assemblées (rouge).  
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La diminution de la valeur du Rg dans le cas de la simulation auto-assemblée correspond à la 

formation de clusters de bOG. De plus, il faut approximativement 20 ns pour former une 

micelle unique à partir de tous les monomères de bOG. La petite « hausse » du Rg entre 56 et 

68 ns, correspond à la période où on observe l’échappement de deux monomères de bOG dans 

la phase aqueuse (Figure A1-3).  

Tableau A1-2 : Dimension avec les semi-axes et l’ellipticité moyenne des micelles. Une valeur de 
0 et 1 de l’ellipticité correspond à une sphère et à un ellipsoïde aplati, respectivement. a(Bogusz 
et al. 2000) b(Konidala et al. 2006) c(Lorber et al. 1990). 

DM Rg (Å) Rs (Å) a (Å) b (Å) c (Å) a/c e 

PA 17,0 ± 0,1 21,9 24,8 ± 1,2 21,7 ± 0,8 19,0 ± 0,7 1,30 ± 0,5 0,6 

SA 17,0 ± 0,1 21,9 24,8 ± 1,2 21,6 ± 0,8 19,2 ± 0,7 1,29 ± 0,5 0,6 

Ref.a, b 17,6 22,7 1,3 ~1,2 ~1,1 - ~0,6 – 0,62 

Exp. c - 23,3 ± 3  - - - - - 

 

En premier lieu, la Figure A1-6 indique que la taille des micelles ne dépend pas du protocole 

de simulation utilisé. Ensuite, la valeur de Rg se stabilise autour de 17,0 Å qui est proche de 

celle obtenue pour la micelle de bOG dans la simulation pré-assemblée. Cette valeur est en 

bon accord avec la valeur obtenue par Bogusz et al. (Bogusz et al. 2000) (17,6 Å) ou 

expérimentalement,  dans le cas du Rs par De Lucas et al. (23,3 Å) en utilisant la 

spectroscopie de fluorescence, la mesure des variations de tension de surface ou la 

chromatographie d’exclusion de taille.     

4. Structure interne des micelles 

 La structure interne des deux micelles ont été comparée en calculant le profil de 

densité radiale pour la micelle entière, la chaîne alkyle, la tête polaire du détergent et l‘eau 

(Figure A1-7). 
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Figure A1-7 : Profil de densité radiale des micelles obtenues dans les simulations auto-
assemblées (cercle) et pré-assemblées (carré). Avec la micelle entière (noir), la chaîne alkyle 
(marron), la tête beta-glucoside (violet) et l’eau (en rouge). 

Comme on peut le constater sur la Figure A1-7, la structure interne de la micelle ne change 

pas avec la méthode de construction des micelles. Pour les deux micelles, le groupement sucre 

(en violet, sur la courbe encadrée) se trouve à environ 19 Å du centre de la masse de la 

micelle. L’eau pénètre significativement dans la couche polaire de la micelle délimitée par le 

groupement glucopyranose. L’intersection entre les profils de densité de l’eau (en rouge) et de 

la micelle (en noir) est ~20 Å, valeur très proche du rayon effectif, Rs, de la micelle calculée à 

partir du rayon de giration.    

5. Surface accessibles au solvant  

 La surface partagée entre l’eau et, la tête polaire et la chaîne alkyle du détergent a été 

calculée avec la surface de Voronoï et l’outil trjVoronoi (Abel et al. 2012) développé au 

laboratoire (cf. section III.6, chapitre 2). Le Tableau A1-3 présente les valeurs moyennes de 

SAS pour la tête polaire, SASGLC, la chaîne aliphatique octyle (SASOCT). 
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Tableau A1-3 : Accessibilité moyenne au solvant des deux micelles pour la tête polaire SASGLC et 
la chaîne octyle SASOCT. La fraction de surface en contact entre le solvant et les chaînes 
aliphatiques sont données dans la 4ème colonne. La valeur ARg est calculée à partir du volume 
d’une sphère avec le rayon de giration divisé par le nombre de monomères de bOG. a(Bogusz et 
al. 2000) b(Konidala et al. 2006) c(Nilsson et al. 1996) 

 

 

 

 

 

 

À la lecture du tableau, on constate que 1) les SAS sont similaires entre les deux micelles 

construites avec des approches différentes, 2) les SAS de la tête polaire et de la queue 

hydrophobe du détergent sont environ 20 % plus faibles que celles calculées par Bogusz et al. 

(Bogusz et al. 2000) et Konidala et al. (Konidala et al. 2006) en utilisant la surface de 

Connolly. Notons que nous avons aussi effectué les calculs de SAS en utilisant l’approche de 

Connolly de l’outil g_sas de GROMACS avec une sphère de rayon 1,4 Å, et nous 

n’observons pas de différence significative avec les valeurs de SAS obtenues avec les surfaces 

de Voronoï. En ce qui concerne la fraction du détergent en contact avec l’eau. Nos calculs 

indiquent aussi qu’environ 19 % de la chaîne alkyle est en contact avec l’eau, de façon 

similaire aux résultats obtenues par Bogusz et al. (Bogusz et al. 2000) et Konidala et al. 

(Konidala et al. 2006). Enfin en ce qui concerne la surface par tête polaire, nos valeurs autour 

de 48 Å2, sont en bon accord avec les données de Nilsson et al. calculées à partir des 

expériences de SAXS et de RMN.   

6. Hydrations des sites accepteurs du bOG 

 Dans les sections précédentes, nous avons montré que la tête glucopyranose du bOG 

était largement hydratée par l’eau. Pour caractériser ce phénomène plus en détail, nous avons 

calculés les fonctions de densités radiales g(r) entre l’eau et les oxygènes des hydroxyles 

(O2A,…, O6A) et éther (O1A) de la tête polaire du bOG. Les g(r) obtenues pour les systèmes 

sont représentées sur la Figure A1-8. À l’exception de l’oxygène éther (O1A) où on observe 

une hydration plus faible (par rapport aux oxygènes hydroxyles), les nombres d’hydratation 

ne changent pas significativement entre les deux systèmes.  

Système SAS
GLC

 (Å2) SAS
OCT

 (Å2) f
tail 

(%) A
Rg

 (Å2) 

PF 116,2 ± 3,6 28,5 ± 2,2 19,6 ± 0,1 48,5 

SA 114,4 ± 3,4 26,9 ± 2,0 19,0 ± 0,1 48,4 

Ref.a, b  130 - 139  34 - 52 20 – 27,5  55,0 

Exp.c - - - 44 



 Annexe 1 : Test et validation des paramètres pour le β-Octyle glucoside  

157 
 

 

 Figure A1-8 : Fonction de densité radiale entre l’eau et les différents sites accepteurs de la tête 
polaire du bOG (voir sur la Figure A1-1,  la localisation des atomes d’oxygène sur le glucose). 
Les g(r) obtenues à partir des simulations pré-assemblées et auto-assemblées sont représentées 
avec des lignes continues (---) et pointillées (   ).   

Dans le Tableau A1-4, nous avons reporté le nombre de molécule d’eau dans le premier 

voisinage des atomes d’oxygène en intégrant les g(r), jusqu’à leur premier minimum (~3,5 Å) 

ou 3,0 Å comme Konidala et al. (Konidala et al. 2006). 

Tableau A1-4 : Nombre moyen de molécules d’eau dans le premier voisinage des atomes 
d’oxygène hydroxyle et éther de la tête polaire. Les valeurs entre parenthèse ont été obtenues en 
intégrant les g(r) jusqu’à 3,0 Å. a(Konidala et al. 2006) b(He et al. 2000) c(Nilsson et al. 1996) 
d(Mesa et al. 1993) 

Système O1A-OW O2A-OW O3A- OW O4A- OW O5A-OW O6A-OW bOG-OW 

PF 0,4 (0,2) 1,7 (1,0) 1,8 (1,1) 2,5 (1,2) 0,5 (0,2) 2,1 (1,2) 9,0 ± 0,3 

SA 0,5 (0,2) 1,6 (0,9) 1,7 (1,2) 2,5 (1,2) 0,5 (0,2) 2,3 (1,2) 9,9 ± 0,3 

Ref.a 0,3 0,9 1,3 1,2 0,2 1,2 7,0 

Exp. - - - - - - 4b, 6c , 12d 

 

Enfin, le calcul du nombre de molécules d’eau unique au voisinage du groupement glucose 

montre des valeurs relativement similaires entre les deux systèmes et dans la plage de valeur 

estimée expérimentalement ou dans les simulations précédentes du bOG dans les micelles.   
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7. Conformation des molécules de bOG 

 Nous avons aussi examiné la conformation des molécules de bOG entre les deux 

simulations en calculant les pourcentages de conformation trans des angles dièdres CCCC de 

la chaîne octyle, quelques dièdres représentatifs du groupement glucopyranose (1= O6A-

C6A-C5A-O5A) et ceux impliqués dans la liaison entre la tête polaire et la chaîne alkyle 

(O5A-C1A-O1A-C7, C1A-O1A-C7-C8 et O1A-C7-C8-C9) (Tableau A1-5 et Figure A1-9). 

 

Figure A1-9 : Distributions moyennes des angles dièdres dans le cas des simulations pré-
assemblées (A, B et C) et auto-assemblées (D, E et F).   

 

Tableau A1-5 : Pourcentages moyens de conformation trans. Un dièdre est considéré dans une 
conformation trans si la valeur de l’angle Φ est dans l’intervalle -120 < Φ < 120o. a(Bogusz et al. 
2001). 

Système 
O6A-C6A- 

C5A-O5A 

C1A-O1A-

C7-C8 

O1A-C7- 

C8-C9 

O5A-C1A-

O1A-C7 
CCCC 

PF 11,5 74,2 60,3 70,0 75,3 

SA 11,2 65,0 66,7 80,0 73,7 

Ref.a 15,0 78,1 69,1 85,0 80,4 

 

En ce qui concerne les conformations du dièdre 1, les résultats sont similaires entre les deux 

simulations pré-assemblées et auto-assemblées, avec une préférence pour une conformation 

gauche+. Ces résultats sont en bon accord avec ceux de Bogusz (Bogusz et al. 2001). Dans le 

cas des conformations des dièdres impliquées dans la liaison éther entre la tête polaire et 

chaîne octyle (O5A-C1A-O1A-C7, C1A-O1A-C7-C8 et O1A-C7-C8-C9), on observe une 

légère différence entre les deux types de simulations avec des conformations plus gauche dans 
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le cas des chaînes du bOG dans les micelles auto-assemblées (88 %, 10 % et 57 %) (Bogusz et 

al. 2001).  

Dans le cas de la chaîne aliphatique du bOG, celle-ci est trouvée majoritairement trans (75 %) 

dans les deux types simulations et sont légèrement plus faibles que celles obtenues par 

Bogusz et al (Bogusz et al. 2000) et Konidala et al.(Konidala et al. 2006) autour de 80,4 % 

avec le champ de force CHARMM de Ha et al. (Ha et al. 1988), mais en bon accord avec les 

résultats obtenus pour la chaîne alkyle du dodecyl-maltoside avec le champ de force 

GLYCAM  (84,7 %) ou CHARMM36 (72,1 %)(Abel et al. 2011).   

Le repliement partiel de la chaîne alkyle du détergent occasionne une diminution de la 

longueur de la chaîne octyle puisque l’on calcul une distance entre les atomes C7 et C14 

autour de 7,7 Å qui est ~25 % plus faible que la longueur d’une chaîne octyle étendue (10,4 

Å) calculée avec la formule de Tanford (Tanford 1972). 
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Annexe 2 : Validation des paramètres de simulation  de la 
membrane pure de POPC 

 Dans cette annexe, nous décrierons la mise au point et les résultats des simulations 

pour la membrane pure de POPC avec 0,15 M de KCl qui nous ont permis de valider notre 

modèle de membrane de POPC utilisé pour modéliser le complexe LH2.  

I. Simulations moléculaires de membranes  

1. Brèves considérations 

 Pour simuler des protéines membranaires, il est nécessaire d’insérer celle-ci dans un 

environnement biomimétique constitué soit de détergents soit de phospholipides (PL) 

membranaires. Comme il est encore difficile (mais pas impossible, voir par exemple le récent 

travail de van Eerden et al. (van Eerden et al. 2015)) de simuler une membrane avec une 

composition proche de celle des membranes cellulaires et que la plupart des expériences sur le 

complexe LH2 ont été faites en présence de POPC (Figure A2-1) (Chandler et al. 

2008)(Janosi et al. 2006), nous avons utilisé préférentiellement ce PL comme modèle 

membranaire.  

 

Figure A2-1 : Formule chimique du POPC avec les groupes constituants la molécule (en haut) et 
sa représentation en sphères de van-der-Waals (en bas).  

Le POPC est un phopholipide mono-insaturé avec une chaîne 1-palmitoyl et oleyol en sn2 

(18 :1 (9), 18 :0) utilisé couramment dans les expériences et simulations pour mimer les 

membranes biologiques.  
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2. Mise au point du système membranaire 

 Conversion des paramètres Lipid14  

Pour créer la membrane de POPC, nous avons utilisé l’outil de construction de membrane 

disponible dans le logiciel de visualisation VMD (Membrane Builder)  (Humphrey et al. 

1996). La bicouche de POPC est composée de 128 phospholipides divisés en deux 

monocouches de 64 POPC (Figure A2-2).  

Pour modéliser la molécule de POPC, nous avons utilisé les récents paramètres de Dickson et 

al. (Dickson et al. 2014) compatibles avec les champs de force dérivés d’AMBER qui sont 

une mise à jour des paramètres Lipid11 (Skjevik et al. 2012) permettant de faire des 

simulations de systèmes membranaires avec un couplage de pression de type anisotropique. 

Ces paramètres ont été développés avec une approche en briques modulaires (chaînes alkyles, 

groupe polaires) qui sont assemblées pour former différents phospholipides (e.g. DOPC, 

POPE, etc.).  

 

Figure A2-2 : Représentation de la boîte de simulation de départ avec 128 molécules de POPC, 
les molécules d'eau ont été masquées pour plus de clarté. 

Les paramètres de Lipid14 pour le POPC n’étant pas disponibles par default dans la liste des 

champs de force de GROMACS, nous avons, en premier lieu, construit les paramètres du 

POPC au format AMBER (*.prmtop and *.inpcrd) et convertis ces fichiers au format de 

topologie et paramètre de GROMACS (*.top) en utilisant le code (AnteChamber PYthon 

Parser interfacE) ACPYPE (Silva et al. 2012). Pour vérifier la bonne conversion des 

paramètres, nous avons calculé un point d’énergie en prenant une configuration avec le 

module Sander disponible dans AmberTools14 (Case et al. 2015) et GROMACS. Le Tableau 
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A2-1 donne les valeurs d’énergie pour les différents termes de la fonction d’énergie et les  

différences calculées entre les deux codes.  

Tableau A2-1 : Comparaison des énergies entre AMBER et GROMACS après conversion. 

 AMBER 
(kJ/mol) 

GROMACS 
(kJ/mol) 

Différence 

Epotentielle 229,27 230,73 +1,46 

Eliaison 122,06 122,11 +0,05 

Eangle 330,37 331,74 +1,37 

Edièdre 210,51 210,69 +0,18 

ELJ 60,36 60,29 +0,07 

ECoulomb -76,58 -76,38 +0,20 

  

Les valeurs des énergies sont similaires (aux arrondis près) permettant de valider notre 

conversion.  

3. Simulation de la membrane  

 Dans un deuxième temps, pour valider nos paramètres de simulations (e.g. cutoff 

d’interaction, système de couplage de pression et température), nous avons simulé le même 

système que Dickson et al. (Dickson et al. 2014) contenant 128 POPC,  31 molécules d’eau 

TIP3P par POPC et 0,15 M de KCl. Nous avons minimisé le système en 10 000 pas avec la 

méthode de steepest-descent et une énergie de tolérance de 1000 kJ.mol-1.nm-1. Puis, nous 

avons équilibré le système dans l’ensemble NVT à 303 K avec le thermostat v-rescale et une 

constante de couplage de    = 0,1 ps pendant 400 ps. L’équilibration du système a continué 

dans l’ensemble NPT en semi-isotropique pendant 500 ps avec le même thermostat et le 

barostat de Berendsen (   = 3 ps), avec une compressibilité de 4,5.10-5 bar-1 et une pression de 

1,0135 bar. En plus de ces paramètres, nous avons appliqué des corrections de dispersion à 

longue portée de l’énergie et de la pression. Enfin, le système a été équilibré en semi-

isotropique pendant 127 ns dans l’ensemble NPT en changeant le barostat par celui de 

Parrinello-Rahman (   = 5 ps). Nous avons ensuite changé de système de couplage 

(anisotropique) et collecté les trajectoires (toutes les 2 ps) pendant 207 ns (Figure A2-3). Nous 

avons simulé ~ 60 ns par jour sur 64 CPUs du supercalculateur CURIE (TGCC-CCRT).   



II. Résultats 

1. Aire par lipide et compressibilité de surface 
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2. Profil de densité électronique 

 L’épaisseur de la bicouche de Luzzati DB a été calculée via la formule 2VL/AL (Nagle 

et al. 2000). Enfin, l’épaisseur de la bicouche a été examinée à partir du graphique de la 

densité électronique en mesurant la distance DHH entre les deux pics de la membrane (Figure 

A2-5), l’épaisseur de la membrane,    
     et de la chaîne grasse. 

 
Figure A2-5 : Profil de densité électronique moyen des différents composants de la membrane de 
POPC dans notre simulation. En ligne continue, les données issues de notre simulations en point 
celles de (Kučerka et al.  2006) à 303 K avec une surface par lipide AL de 64,3 Å2.   

Hormis l’amplitude des pics, notre simulation reproduit bien les caractéristiques structurales 

de la membrane de POPC expérimentales. 

3. Facteur d’ordre des chaînes alkyles du POPC 

 L’orientation moyenne des chaînes lipidiques par rapport à la normale à la membrane 

a été obtenue en calculant le paramètre d’ordre SCD. Ce dernier peut être comparé aux mesures 

expérimentales de RMN au deutérium qui décrivent les liaisons Carbone-Deutérium. Nous 

avons calculé le paramètre d’ordre du carbone i selon l’expression: 

       
 

 
                                                           (A2.II.4) 

avec θi l’angle entre la normale à la membrane z et l’axe du vecteur passant par le carbone i-1 

et i+1. 
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Figure A2-6 : Paramètre d'ordre pour la chaîne SN1 (à gauche) et SN2 (à droite) dans nos 
simulations (noir) comparé aux valeurs expérimentales (vert) et théoriques (magenta et 
cyan)(Dickson et al. 2014). 

Les graphiques de la Figure A2-6 montrent les valeurs du paramètre d’ordre SCD pour les 

chaînes saturées SN1 et insaturées SN2 dans notre simulation. Ces valeurs ont été calculées 

grâce à un programme codé en Python dans notre laboratoire. Nous avons comparé nos 

résultats avec les valeurs expérimentales et celles obtenues par Dickson et ses collaborateurs. 

Nous remarquons que nos valeurs sont en bon accord avec la littérature expérimentale et 

théorique. 

 

4. Hydratation de la tête polaire 

 Enfin, nous avons analysé l’hydratation des têtes polaires des POPC en calculant le 

nombre de molécule d’eau au voisinage des groupes polaires du POPC en intégrant les 

valeurs de      
    à leur premier minimum (5,9, 4,5 and ~3,3 Å pour l’azote, le phosphate 

et les oxygènes, respectivement) (Tableau A2-3) et en les comparant à la littérature 

expérimentale et théorique. 
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Tableau A2-3 : Nombre de molécules d’eau dans la première couche d’hydratation de l’azote du 
phosphate et des oxygènes liés au phosphate (P-O11, P-O12, P=O13 et P-O14) et du groupe 
carboxyle des chaînes sn1 (C-O31 et C=O32) et sn2 (C-O21 et C=O22) du POPC. La localisation des 
atomes est donnée sur la Figure A2-1. a(Lopez et al. 2004), b(Tieleman et al. 1996), c(Pan et al. 
2012), d(Kucerka et al. 2008), e(Poger et al. 2010). 

Atomes Notre simulation Littérature 

N 18,5 19,0 – 23,0a,b 

P 6,2 8,0c,d 

O12 0,4 0,6 – 0,4e 

O13 2,8 
3,4c 

O14 2,8 

O11 0,4 0,6 – 0,4e 

O21 0,2 0,6 – 0,4e 

O22 0,9 - 

O31 0,1 0,6 – 0,4e 

O32 1,1 - 

 

En accord avec la littérature, nous trouvons que l’hydratation du POPC se fait majoritairement 

avec les groupes phosphate et choline 6,2 et 18,5 molécules d’eau, respectivement. Les 

oxygènes éthers sont moins hydratés que les oxygènes carboxyles (0,4 versus 1,0). 
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Annexe 3 : Calculs des charges RESP du résidu CXM et 
de la RG 

I. Le résidu N-carboxy-L-méthionine (CXM) 





II. La rhodopine glucoside (RG) 
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Tableau A3-3 : Charges partielles atomiques RESP du lycopène de la RG avec le type d’atome 
utilisé dans Glycam. 

Atome Type d’atome Charges 

C1 cg 0,9297 

CM1 cg -0,2937 

HM11, HM12, HM13 hc 0,0000 

CM2 cg -0,2937 

HM21, HM22, HM23 hc -0,6182 

C2 cg -0,2627 

H21, H22 hc 0,0000 

C3 cg 0,0606 

H31, H32 hc 0,0000 

C4 cg 0,0971 

H41, H42 hc 0,0000 

C5 ck -0,2391 

CM3 cg 0,1254 

HM31, HM32, HM33 hc 0,0000 

C6 ck 0,0578 

H61 ha 0,0000 

C7 cj -0,1318 

H71 ha 0,0000 

C8 cj 0,1436 

H81 ha 0,0000 

C9 ck -0,3496 

CM4 cg 0,2091 

HM41, HM42, HM43 hc 0,0000 

C10 ck 0,1586 

H101 ha 0,0000 

C11 cj -0,1897 

H111 ha 0,0000 

C12 cj 0,1944 

H121 ha 0,0000 

C13 ck -0,4271 

CM5 cg 0,2318 

HM51, HM52, HM53 hc 0,0000 

C14 ck 0,1973 
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H141 ha 0,0000 

C15 cj -0,0834 

H151 ha 0,0000 

C16 cj -0,0870 

H161 ha 0,0000 

C17 ck 0,2045 

H171 ha 0,0000 

C18 ck -0,4371 

CM6 cg 0,2349 

HM61, HM62, HM63 hc 0,0000 

C19 cj 0,1999 

H191 ha 0,0000 

C20 cj -0,1883 

H201 ha 0,0000 

C21 ck 0,1528 

H211 ha 0,0000 

C22 ck -0,3427 

CM7 cg 0,2090 

HM71, HM72, HM73 hc 0,0000 

C23 cj 0,1615 

H231 ha 0,0000 

C24 cj -0,1907 

H241 ha 0,0000 

C25 ck 0,1694 

H251 ha 0,0000 

C26 ck -0,3599 

CM8 cg 0,2098 

HM81, HM82, HM83 hc 0,0000 

C27 cj 0,1529 

H271 ha 0,0000 

C28 cj -0,1395 

H281 ha 0,0000 

C29 ck 0,0434 

H291 ha 0,0000 

C30 ck -0,1867 

CM9 cg 0,0834 
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HM91, HM92, HM93 hc 0,0000 

CM0 cg 0,1160 

HM01, HM02, HM03 hc 0,0000 
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Annexe 4 : Nos expériences de SAXS avec les complexes 
LH2-détergents  

Principes de la SAXS 



Nos expériences de SAXS 
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Annexe 5 : Structure des peptides du complexe LH2 

I. Structures secondaires 







II. Le facteur d’agitation thermique 
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Annexe 6 : Analyse en Composantes Principales (ACP) 

 L’analyse en composantes principales (ACP) d’une trajectoire nous permet d’identifier 

les plus grands mouvements collectifs des atomes et ainsi révéler les structures sous-jacentes 

aux fluctuations atomiques. Avec GROMACS, nous avons réalisé une ACP de la trajectoire 

en générant une matrice de covariance (avec g_covar) qui va capturer le degré de colinéarité 

des mouvements atomiques pour chaque paire d’atomes. Puis, nous avons diagonalisé cette 

matrice (avec g_anaeig) afin d’analyser les vecteurs et les valeurs propres. Chacun des 

vecteurs propres décrit un mouvement collectif des particules et la valeur propre associée 

donne la somme de la fluctuation décrit par le mouvement collectif de l’atome. 

I. L’ACP des peptides α et β 

 Pour le calcul de l’ACP des peptides α et β, nous avons sélectionné le squelette 

peptidique (N-Cα-C) de la partie correspondant aux résidus 15 à 37 et 6 à 35, respectivement. 

Les graphiques de la Figure A6-1 représentent le pourcentage des fluctuations expliquées par 

chaque vecteur dans les différentes simulations. Nous remarquons que globalement 5 vecteurs 

suffisent pour expliquer les fluctuations des carbones α tout au long de la simulation et parmi 

ces 5 vecteurs les deux premiers vecteurs décrivent le plus de variabilité : 29 et 7 % avec le 

LDAO Amber99sb, 17 et 9 % avec le LDAO Lipid14, 12 et 7 % avec le POPC, et 19 et 11 % 

avec le bOG. C’est pourquoi pour la suite de l’analyse nous n’avons utilisé que ces deux 

premiers vecteurs pour représenter les principaux mouvements du squelette peptidique.   







II. L’ACP des bactériochlorophylles-a 

ACP du macrocycle des B800 





ACP du macrocycle des B850 
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Annexe 7 : Participation à d’autres travaux 

 Dans cette annexe, nous introduirons les articles issus des collaborations que nous 

avons eues dans d’autres projets de recherche et dans lesquelles j’ai pu participer. 

 Article 1 : travail sur la structure micellaire des sophorolipides (Manet et al. 

2015) 

Les sophorolipides sont des biosurfactants principalement produits par des microorganismes 

et font partie des glycolipides bolaamphiphile (amphiphile bipolaires). La distribution 

atypique des régions amphiphiles et lipophiles donne lieu à des agrégations assez 

intéressantes de différentes formes : micelles, bicelles, vésicules, cônes, fibres, tubes etc. 

Beaucoup d’études ont été réalisées sur la synthèse et la caractérisation des systèmes « bola », 

mais peu se sont intéressées à l’étude structurale. Dans ce contexte, nous avons analysés la 

structure micellaire des sophorolipides en combinant l’expérimental et la théorie avec des 

expériences de SAXS, SANS et des simulations de dynamiques moléculaires.  

Les résultats obtenus ont montré que les systèmes non-chargés (pH < 5) avaient une forme 

ellipsoïde prolate. Comparé à la plupart des systèmes de surfactants, l’épaisseur de la couche 

hydrophile est pratiquement de 0 Å dans la direction axiale de l’ellipsoïde et d’environ 12 Å 

dans la coupe transversale, formant ainsi un « grain de café ». Nous supposons que la micelle 

de sophorolipides peut se décomposer en 3 domaines : un cœur hydrophobe, une couche 

extérieure hydrophile et une région axiale hydrophile/hydrophobe. Ces résultats nous 

indiquent que les sophorolipides acquièrent différentes configurations (courbée et linéaire) au 

sein d’une micelle. 

Enfin, des expériences d’anomalous SAXS (ASAXS), pour la spécification chimique de la 

structure étudiée, ont été réalisées pour investiguer la distribution des groupements COO- (5 < 

pH < 7). Le faible signal de l’ASAXS montre que les groupements COO- sont répartis de 

manière diffuse dans la grande couche hydrophile plutôt qu’à l’interface micelle-eau. 
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 Article 2 : travail sur les propriétés structurales et dynamiques de micelles 

inverses de DOPC (Abel et al. soumis à Langmuir) 

Dans cet article, nous nous sommes intéressés aux micelles inverses (MI) de 1,2-

dioleoyl-sn-phosphatidylcholine (DOPC). Les MI sont des gouttelettes d’eau dispersées 

dans une phase organique. Le contenue en eau est un paramètre expérimentalement 

contrôlable qui dépend de la fraction eau /détergent (ici W0 = [H20]/[DOPC]). Du fait de 

cette propriété intéressante, les MI sont des systèmes modèles très intéressants pour 

étudier l’effet du confinement et de l’hydratation sur les propriétés structurales et 

dynamiques de biomolécules confinées (par exemple l’équilibre dépliement/repliement 

des protéines). Nous avons examiné la structure des micelles de DOPC dans le benzène à 

l’aide des simulations de dynamique moléculaire. Nous avons d’abord construit des 

modèles de DOPC avec W0 = 1 – 16 dont la dimension est en accord avec les données de 

diffusion de la lumière. L’influence de la quantité d’eau dans les MI sur la structure (par 

exemple forme et taille) des micelles, l’hydratation de la tête polaire du lipide et la 

dynamique de l’eau ont été comparés aux résultats obtenues avec une bicouche en phase 

liquide cristal de DOPC. Nous montrons, en particulier, que la forme des micelles change 

significativement avec la valeur de W0. L’hydratation des groupes polaires du DOPC 

augmente progressivement avec W0 jusqu’à arriver à un taux d’hydratation du DOPC 

similaire à celui trouvé dans la membrane. En ce qui concerne les caractéristiques 

dynamique de l’eau confinée, nous observons que celles-ci tendent vers celles de la 

membrane et de l’eau pure pour les MI les plus grandes.    
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ABSTRACT: The micellar structure of sophorolipids, a glycolipid bolaamphi-
phile, is analyzed using a combination of small-angle X-ray scattering (SAXS),
small-angle neutron scattering (SANS), and molecular dynamics (MD)
simulations. Numerical modeling of SAXS curves shows that micellar
morphology in the noncharged system (pH< 5) is made of prolate ellipsoids
of revolution with core−shell morphology. Opposed to most surfactant systems,
the hydrophilic shell has a nonhomogeneous distribution of matter: the shell
thickness in the axial direction of the ellipsoid is found to be practically zero,
while it measures about 12 Å at its cross-section, thus forming a “coffee bean”-
like shape. The use of a contrast-matching SANS experiment shows that the
hydrophobic component of sophorolipids is actually distributed in a narrow
spheroidal region in the micellar core. These data seem to indicate a complex
distribution of sophorolipids within the micelle, divided into at least three
domains: a pure hydrophobic core, a hydrophilic shell, and a region of less defined composition in the axial direction of the
ellipsoid. To account for these results, we make the hypothesis that sophorolipid molecules acquire various configurations within
the micelle including bent and linear, crossing the micellar core. These results are confirmed by MD simulations which do show
the presence of multiple sophorolipid configurations when passing from spherical to ellipsoidal aggregates. Finally, we also used
Rb+ and Sr2+ counterions in combination with anomalous SAXS experiments to probe the distribution of the COO− group of
sophorolipids upon small pH increase (5 < pH < 7), where repulsive intermicellar interactions become important. The poor
ASAXS signal shows that the COO− groups are rather diffused in the broad hydrophilic shell rather than at the outer micellar/
water interface.

■ INTRODUCTION

Surfactants are compounds employed in a very large panel of
applications in which amphipathic interfaces are made
compatible. The formation of micelles above a critical micellar
concentration is one of the most common aspects among
amphiphilic molecules in water, and a thorough description of
their structure is one of the first steps when studying the
properties of new compounds.1 Although the aggregation of
classical cationic (e.g., alkylammonium salts),2−4 anionic (e.g.,
alkylsulfates salts),4 or nonionic (e.g., block copolymers)5

surfactants into micelles has been studied, both experimentally
and theoretically, for decades, less conventional compounds are
much less studied. Among these, bolaform lipids6 constitute a
class of interesting molecules with two functional end-groups. If
the end-groups are chemically equivalent, one speaks of

symmetric bolaamphiphiles (bolas); otherwise, one refers to
asymmetric bolas. The atypical distribution of amphiphilic and
lypophilic regions within the same molecule is often responsible
for interesting aggregation phenomena which lead to the
formation of micelles, bicelles,7 vesicles,8 cones,9 fibers,10

tubes,11,12 and so on. Many significant systems have been
reviewed in 2004 by Fuhrhop,6 whereas Fariya et al.13 have
recently reviewed bolaamphiphiles in the context of pharma-
ceutical applications. A large amount of work has been
dedicated to the synthesis and characterization of bola systems;
however, much less work has been devoted to a thorough
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structural study. In the context of micellar objects composed of
bolaamphiphiles,8,10,14−20 advanced structural considerations of
the micellar packing and bola distribution are rare.19,20 Indeed,
Nagarajan21 predicted the formation and structure of micelles
composed of bolaamphiphiles, basing his hypotheses on the
analysis of the packing parameter. Interestingly, he predicted
the formation of spherical, cylindrical, and discoidal micelles, in
which he imagined that the bolaform compound has two
configurations: elongated, which induces transradial crossing of
the end-groups; folded, under which the end-groups lie both on
the same side. Yan et al.14 have made progress with
macroscopical verification of Nagarajan’s assumptions by
observing a pH/cosolvent-driven tube-to-vesicle-to-micelle
transition in disodium phenyl-1,4-bis(oxyhexanoate) solutions,
although the actual bola distribution within the micelle was
never elucidated. Additional insights in the structural
composition of bola-composed micelles have been discussed
in refs 7, 14−20, mainly using small-angle neutron scattering
(SANS) and/or self-diffusion nuclear magnetic resonance
(NMR) experiments. However, in practically all cases, these
experiments have been used to describe the micellar shape and
size. Only few authors, with little consensus in their
conclusions, have tried to determine the molecular distribution
of the bolaamphiphile within the micellar aggregate. Caponetti
et al.,16 for instance, have used advanced modeling analyses of
SANS spectra to study the bola N-aza-18-crown-6 ether
compound. Although Davey et al.19 and Shinde et al.20 agree
on the fact that their respectively studied asymmetric
bolaamphiphiles, alcohol derivatives of alkylammonium and
oleate salts, form uniform spherical/cylindrical micelles in
which both polar groups are in contact with the solvent
(water), they do not agree on the molecular arrangements.
Davey proposes an elongated cross-micellar conformation,
whereas Shinde proposes a bent configuration. Interestingly,
these recent studies disagree with older works in which it was
proposed that only one of the two polar groups is actually
located at the micellar/solvent palisade.22,23

Such a lack of deep characterization of bola-micelles and
disagreement on their structure and molecular conformation is
quite odd because of the importance in terms of applications
for many bola systems. In fact, the chemical nature of end-
groups in bolas can be as wide as imagination can allow:
polymerizable,24 complexing,16,25 pH-responsive,11,14 fuller-
enic,26 chiral,27 and glycosidic18 functions are just some
examples of the broad variety that one can find in the
literature. The range of applications of bolas in general goes
from one-pot porous material synthesis24 to supramolecular
materials with temperature-driven ferroelectric−paraelectric
transitions,25 ion-channel supramolecular membranes,28 metal-
lo-hydrogels for dye adsorption and water purifier,16,29

viscoelastic fluids,30 biomedical carriers,13 and many more.
For this reason, it is of paramount importance to characterize
the spatial distribution and accessibility of end-functions within
the supramolecular aggregates and, in particular, within
micelles. Laying one of the end-groups within the interior of
the micellar aggregate can be of relevance for drug-delivery
systems and conception of nanoreactors. Whether charged end-
groups concentrate at the micellar surface or not can be of
relevance in nanomaterial synthesis procedure in which charge
matching drives the material formation, such as mesostructured
oxides or layer-by-layer approaches, but it can also have drastic
relevance in gelling properties, for instance. The distribution
and accessibility of biologically relevant moieties like peptides

or carbohydrates is important for biomedical applications like
gene-antigene recognition for cancer treatment. Even in the
system studied by Caponetti,16 in which authors looked at
metal-binding affinity of the crown ether end-groups, it is
necessary to know the distribution of the crown ether groups
and their accessibility in view of metal ion removal in solution.
For these reasons, in the present work, we try to set up a

combination of complementary analytical approaches based on
advanced small-angle scattering techniques in order to prove
both indirectly (by way of model functions) and directly the
spatial distribution of a glycolipid asymmetric bolaamphiphile.
We study here the micellar structure of sophorolipids, a yeast-
derived bolaform glycolipid composed of sophorose (glucose
β(1,2)) attached to the C17 atom of oleic acid via acetal bond,
the carboxylic group being free of access at the opposite side of
the molecule (Figure 1).31 This compound is part of the
glycolipid family and the presence of sophorose-COOH end-
groups make it, de facto, a bolaform compound with pH-
responsive properties,32 which confer to it a double neutral/
anionic or neutral/neutral nature.33 Recent works on the self-
assembly of the acidic open chain form of sophorolipids have
shown its ability to form assemblies such as fibers34,35 and
micelles.32,36 In the latter case, our group has shown that the
micellar charge can be adjusted using pH.33 However, no
information on the charge distribution could be obtained.
Considering the fact that this compound is easily accessible and
considering its importance in various fields like detergency,37

cosmetics,38 nanoscience,39 disinfection,40 medicine,41 it
becomes a valuable candidate to use for a detailed study of
the sophorose/COOH end-groups distribution within the
micelle. To do so, we combine several small-angle scattering
techniques: small-angle X-ray scattering (SAXS) is used to
precisely define the micellar morphology and its size;
anomalous-SAXS (ASAXS), a technique that probes the
distribution of counterions around a charged macroion, is
employed to follow the distribution of the carboxilate end-
group in the presence of specific ASAXS probe counterions,
Rb+ and Sr2+; contrast-matching SANS is used to visualize the
distribution of the hydrophobic fraction of the molecule. This
approach shows that, in the mild acidic pH region (pH< 5), the
micelle is likely to be described as an ellipsoid of revolution
having a “coffee bean”-like morphology. In this structure, the
hydrophobic region only occupies a small inner spheroidal core.
The outer shell in the central region of the ellipsoid is mainly
made of sophorose and COOH groups. The electron density
distribution in the axial direction is more difficult to define, and
it probably reflects a more complex distribution of matter. We
identify at least two different configurations of the sophorolipid
molecules: bent and elongated, with the possibility of crossing
the ellipsoid section. We also show that these hypotheses, based
on experimental work, are confirmed by molecular dynamics
(MD) simulations specifically performed in this work. Upon
formation of COO− groups in the neutral pH range (5 < pH <
7), micelles become negatively charged: ASAXS experiments
seem to indicate that the carboxylates are rather diffused in the
broad hydrophilic shell rather than localized at the micelle/
solvent palisade. To the best of our knowledge, such a complex
analysis has never been carried neither on a glycolipid-based
compound nor on any other bolaamphiphile compound.

■ EXPERIMENTAL SECTION
Acidic sophorolipids (SL) have been prepared from a
commercial batch of a sophorolipid mixture (Sopholiance,
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Soliance, France; sophorolipids are derived from rapeseed oil,
batch number: 11103A, dry content: 60 ± 6%) using alkaline
hydrolysis to convert the lactonic/acidic mixture into a fully
acidic sophorolipid compound. Extraction and purification have
been performed using the method N°2 described in ref 42, to
which one should refer for a typical 1H solution NMR spectrum
of the compound used. As a general observation on purity, one
should note that our compound has a very low content of
residual fatty acids (typically less than 5 mol % by 1H NMR).
Nevertheless, biobased glycolipids in general are known to
contain residual congeners. In the case of sophorolipids, mainly
composed of a C18:1 fatty acid tail attached to sophorose,
congeners generally represent a low fraction of the actual
compound, generally being C16 and/or C18:2 fatty acids
variations. A typical HPLC chromatogram was reported in ref
43, showing that C18:1 does constitute the large majority of
our sample (>90%), thus being in agreement with the 1H NMR
data. Congeners are also detected, but in the present work, we
make the hypothesis that, given the low amount, their influence
on the self-assembly of C18:1 sophorolipid is negligible.
Sophorolipid solutions are generally prepared by simply

dispersing the compound in water (50 mg/mL = 80 mM). If
needed, a slightly warm (30−35 °C) ultrasonic bath is used for
few seconds to help solubilize the sample. After solubilization,
the solutions are clear and stable over time. Specific sample
preparation is detailed in each subsection below. Milli-Q quality
water was used for the experiments, and all solutions are freshly
prepared. RbCl, SrCl2, RbOH, and Sr(OH)2 have been
purchased at Sigma-Aldrich.
Small-Angle X-ray Scattering (SAXS). The sample

composition is presented in Table 1 and for all of them the

concentration of SL is 50 mg/mL. Rb+ and Sr2+ have been used
instead of the more classical Na+ and Ca2+ ions due to their
activity in the ASAXS experiments, presented later. Each
sample is prepared by mixing the salt in water; this solution is
eventually split in half: one-half is used for background
acquisition, and the indicated amounts of SL are introduced
in the second half.
These experiments have been done at the SWING beamline

of the SOLEIL synchrotron at Saint-Aubin (France). Sample-
to-detector distance was set to 2526 mm, and the energy of the
X-ray beam was E = 14.6 keV. The experimental environment
was provided at the beamline and consisted of a flow-through
quartz capillary, which it was possible to fill using a syringe. The
X-ray beamline hits the same capillary position, which does not
change between background and sample acquisitions, thus
making the background subtraction highly accurate. For the

background, we used the same solution used to prepare a given
sophorolipid sample, as also mentioned above. Absolute scaling
was calibrated on the signal of water. All data have been divided
by the sample transmitted intensity. Data treatment (mask
generation, integration) was done using the Foxtrot software
provided at the beamline.

Modeling SAXS Data. The analysis of the SAXS profiles
for the determination of micelle size and shape parameters has
been made with the models displayed by default in the SASview
software, provided free of charge on the developer’s Web site.44

The general equation treating the scattered intensity versus the
momentum transfer q is eq 1

ρ ρ= − +I q
V

P q S q( )
scale

( ) ( ) ( ) bkgsolv
2

(1)

where scale is the volume fraction, V is the volume of the
scatterer, ρ is the scattering length density (SLD) of the object,
ρsolv is the SLD of the solvent, P(q) is the form factor of the
object, S(q) is the structure factor and bkg is a constant
accounting for the background level.

Form Factor. The analytical expressions of the P(q)
discussed below are directly implemented in the SASview
software and their analytical form is provided in ref 45. The χ2
test is employed to characterize the quality of the fit, the lower
value indicating the best fit. χ2 is defined as the Pearson’s
cumulative test statistic, χ2 = ∑i = 1

Npts((Oi − Ei)
2/Ei), where Oi is

an observed measured value; Ei is an expected (theoretical)
value, asserted by the null hypothesis. The χ2 is then
normalized by the number of points in the distribution, χ2/
Npts. Some fit parameters can be simply estimated from the
sample composition and have been fixed for the fitting process.
Among them, the volume fraction of scattering objects has been
set at 0.05, reflecting the SL mass concentration of 50 mg/mL
(80 mM) used for all samples.
The core and solvent SLD’s have been fixed and calculated

using eq 2:

ρ =
∑ Zr

V
i
j

i e

M (2)

where Zi is the atomic number of the ith of j atoms in a
molecule of molecular volume VM and re is the classical electron
radius or Thomson scattering length (2.8179 × 10−15 m).
Sophorolipids are mainly composed of a C18 aliphatic chain
with one unsaturated CC bond (position C9,10), one COOH
group (position C1), the CH in position C17 covalently bonded
to sophorose, and a CH3 in position C18 (Figure 1).
Considering the fact that C17 and C18 atoms are located at
the sophorose/aliphatic frontier, it is a difficult choice to decide
which is their exact location. For this reason, we simplify our
model and make the assumption that the hydrophobic core
starts at the C16 carbon, neglecting the contribution of the C17
and C18 positions. Under these conditions, we define the
molecular volume, VM, of the hydrocarbon chain to be 13
VCH2,mic

+ 2VCH, where VCH2,mic
is the volume of one CH2 group

inside a micelle, 27.5 Å3, and VCH is the volume of a CH group,
22.0 Å3.46 These estimations provide a SLD core value,
constant for all fitting procedures in this study, of 8.3 × 10−6

Å−2 (294 e−/nm3). The solvent SLD has been calculated taking
into account the salt or base concentration influencing the
molecular volume.47 The resulting SLD values are very close
and lie between 9.4 and 9.5 × 10−6 Å−2, (334 and 337 e−/nm3,
see full list in Table S1 in the Supporting Information). For

Table 1. List of Samples Studied in This Worka

sample compound [Sr2+] mM [Rb+] mM

1 RbCl - 10
2 RbCl - 50
3 RbCl - 100
4 RbOH - 40
5 RbOH - 80
6 SrCl2 5 -
7 SrCl2 25 -
8 SrCl2 50 -
9 Sr(OH)2 10 -
10 Sr(OH)2 20 -

aSophorolipid concentration is constant (80 mM) for all samples.
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core−shell models, the shell SLD is always a variable parameter.
We make the hypothesis that the shell is most likely composed
of hydrated sophorose; in this case, the shell SLD value should
lie between the solvent and hydrated sophorose SLD values,
roughly between 1.0 and 1.2 × 10−5 Å−2, (355 to 425 e−/nm3).
As a result, the electron density profile from the center of the
micelle to the solvent can be drawn as a hat-like shape, in which
the shell SLD is the highest value. The choice of the form factor
has been determined by comparing the best fits on the basis of
the lowest χ2/Npts among different model functions, as
critically discussed on Page S2 in the Supporting Information
and shown in Figure S1. We find that a core−shell prolate
ellipsoid of revolution, schematized in Figure 2, best describes
our SAXS data.
Structure Factor. The structure factor, S(q), which

quantifies the intermicellar interactions/correlations, is in-
cluded in our fitting process using the “Hayter-MSA-Structure”
model displayed in the SASview software. This accounts for a
repulsive screened Coulombic intermicellar interaction poten-
tial,48,49 as previously used on similar systems.33 S(q) has only
been used for samples containing RbOH (samples 4,5) and
Sr(OH)2 (samples 9,10) according to the previously discussed
assumption that deprotonation of the COOH introduces
negative charges at the micellar/solvent palisade,33 thus being
responsible of the broad interaction peak observed in small-
angle neutron scattering spectra and reproduced in this work.
S(q) has been set equal to 1 for base-free samples only
containing salts (samples 1−3 and samples 6−8 in Table 1). Six
parameters are needed to compute the Hayter and Penfold
structure factor: the dielectric constant, the volume fraction, the
effective radius of interacting objects, the temperature, the
surface charge of the micelle, and the salt concentration, used to
calculate the ionic strength of the solution, which in turn is used
to compute the Debye screening length. As this model is made
for monovalent ions, we modified the salt concentration
parameter of the samples, otherwise fixed and equal to the
experimental concentration, with divalent ions so that the
resulting Debye length is correct. The volume fraction of the
scatterers is calculated from Vmic and nmic (η = Vmicnmic), defined
more precisely later on in this same section, and inserted in the
Hayter-MSA-Structure routine with RE, effective radius of
interacting objects (RE = (1/2) ((6η/πηmic))

1/3, see ref 48) as
fixed parameters. The temperature, dielectric constant, and salt
concentration are also fixed parameters so that the micelle
charge is the only refinable parameter for the calculation of
S(q).
Fit Strategy Using a Core−Shell Prolate Ellipsoid of

Revolution Model and a Hayter-MSA Structure Factor.
In order to reduce the number of parameters used for the fitting
process, we used a customized version of the core−shell prolate
ellipsoid form factor proposed in the 3.0.0 version of SASview.
In particular, we introduce some molecular constraints inspired
by the work of Hayter and Penfold.4 By making some
assumptions described thereafter, only five fitting parameters
are needed: Nagg (aggregation number), RC (equatorial core
radius, see Figure 2), ρS (scattering length density of the shell,
see Figure 2), XC (axial core ratio, see Figure 2) and z, the
surface charge of the micelle. A small background correction
(<0.005 cm−1) has also been applied. In the Hayter and
Penfold model, if Nagg is greater than the one expected to
accommodate a sphere, the radius of which is RC = lc (length of
the fully extended hydrocarbon chain of the surfactant), then
the object is allowed to become elliptical so to accommodate

the molecular excess. This model has been adapted to the
sophorolipid surfactants as follows. For a given Nagg, the
spherical hard core micelle radius Rhc is defined as

π
=

+⎡
⎣
⎢⎢

⎤
⎦
⎥⎥R

N V V3 (13 2 )

4hc
agg CH CH

1/3
2,mic

(3)

If Rhc > lc, RC is set to lc, and a parameter α is introduced,
defined as the fraction of CH2 inserted in the dry core of the
micelle:

α = −V V
N V

2
13

C CH

agg CH2,mic (4)

with VC = (4/3) πRC
3. If Rhc < lc, RC is set to Rhc and α = 1.

Sophorolipids are bolaform amphiphiles with two different
polar heads (carboxylic acid and sophorose sugar moiety)
connected to a 18:1 carbons lipid chain (Figure 1), which
reduces to a C16:1 chain if one makes the hypothesis that C17
(CH) and C18 (CH3) do not contribute to lc, which in this case
can be estimated to be around 10 Å, half the length of the 16
carbons chain. We first try to use this value of lc as Rtest, but the
results obtained were not reliable, leading to high χ2/Npts
values, so we let this constraint to relax, and RC and XC have
been set as refinable parameters. Recently, Penfold et al.36 have
made the same choice when analyzing the SANS profiles of
sophorolipid micelles, arguing that the particular alkyl chain
geometry of the sophorolipid introduces some uncertainty into
what value to which the inner radius should be constrained.
Once α is known, the number of water molecules per

sophorolipid in the shell, nw/SL, and consequently the
composition of the shell, can be calculated using the shell
scattering length density ρs as a refinable parameter, assuming
that the shell hydration should not be a fixed parameter,
because it depends on many effects like the number of hydrated
CH2 or the micelle surface charge. From eq 5, we calculate the
molar volume, Vm,hg, and hence the SLD, ρhg, of the total dry
headgroup. Composition of the dry headgroup is not easy to
estimate; it certainly includes sophorose, as stated earlier, and
most likely the COOH group, but it can also include the C17
(CH) and C18 (CH3) atoms, previously excluded from the core
region of the micelle, as well as the fraction of the CH2 aliphatic
chain excluded by the α parameter presented in eq 4. This is
not surprising as hydration of the CH2 groups close to the
hydrophilic head was reported before both experimentally50,51

and predicted theoretically using MD simulation.52 In all cases,
the ionic species coming from the added salts or bases are
neglected. The general expressions for the headgroup volume
and SLD are then:

∑ α= + −V V V13(1 )
i

im,hg CH2,w
(5)

ρ
ρ α ρ

=
∑ + −V V

V

13(1 )i i i

hg
CH CH

m,hg

2,w 2,w

(6)

where i denotes the sophorose, carboxylate and the aliphatic
moieties, CH, CH3 and possibly CH2 groups. VCH2,w

is the molar

volume of hydrated CH2 smaller than VCH2,mic
, taken as 26.7

Å3,53 while ρCH2,w
is the SLD of the hydrated CH2. The volume

fraction of water in the shell xv,w and the number of water
molecules per sophorolipid in the shell nw/SL are obtained by
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considering the fraction of water molecules (nw/SL) needed to
equalize the calculated ρhg eq 6 and the experimental ρshell
(obtained from the fit). This is summarized in eq 7 and eq 8:

ρ ρ
ρ ρ

=
−

−
xv,w

shell hg

w hg (7)

=
−

n
x V

x V(1 )w/SL
v,w m,hg

v,w m,w (8)

with Vm,w the molar volume of water (29.9 Å3) and ρw the water
SLD taken as 9.4 × 10−6 Å−2. As it did not seem straightforward
to evaluate the ionic composition and concentration within the
shell, the presence of ions coming from added salts, acid or base
has been neglected. However, the same fitting process applied
using ρsolv instead of ρw in eq 7 did not show a deep impact of
the ionic composition of the shell on the results (results not
shown).
The total micelle volume Vmic is then calculated as the sum of

all the components in the core and in the shell:

α= + + +V N V V V n V(13 2 )mic agg CH ,mic CH m,hg w/SL m,w2 (9)

As Vmic can also be defined as the volume of an ellipsoid
described by the equatorial core radius RC, the axial core ratio
XC, the axial shell ratio XS (see Figure 2), and the equatorial
shell radius RS [Vmic = (4/3) πRS

2(RCXC + (RS − RC)XS), see
Figure 2], the latter geometric parameter can then be obtained
as the real root of this polynomial equation:

π
+ − − =X R R X X R

V
( ) 3

4
0S S

3
C C S S

2 mic

(10)

The core−shell prolate ellipsoid form factor is finally calculated
by

∫ μ= | | μ +P q n F q( ) ( , ) d backgroundmic
0

1
2

μ ρ ρ ρ ρ= − + −
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2
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μ = μ + − μx q q R X R( , ) ( (1 ))S S
2

C
2 2
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2 2

(14)

The intensity scattered by interacting micelles defined as I(q) =
nmicP(q)S(q) can be calculated by relating the micelle density
nmic to the known sophorolipid surfactant concentration [SL]
(80 mM) and the refinable aggregation parameter Nagg, with Na
being the Avogadro’s number:

=n
N

N
[SL]

mic
a

agg (15)

Anomalous Small Angle X-ray Scattering (ASAXS).
Elements of Theory. Extraction of the counterion scattering
contribution around sophorolipid micelles was done via
recording the anomalous scattering contribution of rubidium
and strontium cations. The anomalous effect is measured when
the energy of the X-ray beam approaches the absorption edge
of a given element. In this case, the scattering factor becomes a

complex function and it is no more a constant. The
contribution of the scattering factor far from the absorption
edge is

ρ= −f f Vion 0 m ion (16)

where f 0 equals the atomic number of the element, ρm is the
electron density of water and Vion is the volume of the
counterion. Upon approaching of the edge, f ion becomes

ρ= − + ′ + ″f f V f E if E( ) ( )ion 0 m ion (17)

where f ′(E) and f″(E) are, respectively, the real and imaginary
part of the energy-dependent scattering vector. Values for f ′(E)
and f″(E) are tabulated,54,55 but they can also be calculated
from the experimental absorption spectrum.56 When approach-
ing the absorption edge by tuning the synchrotron incident
beam energy, f ion is neither constant nor negligible anymore
and the scattered intensity must take that into account. The
resulting general expression for the scattering intensity then
becomes

= + ′ + ⌊ ′ + ″ ⌋I q E F q f E F q v q f E f E v q( , ) ( ) 2 ( ) ( ) ( ) ( ) ( ) ( )0 0
2

0
2 2 2

(18)

where F0
2(q) is the nonresonant intensity of the macroion (=

micelle, polymer, etc.) measured far from the absorption edge;
F0(q) and v(q) are the nonresonant and resonant amplitudes
respectively of the macroion and the counterion; v2(q) is the
pure resonant contribution of the counterion measured at the
absorption edge. A constant term due to fluorescence, affecting
the intensity above the absorption edge, has been omitted. For
a more extended discussion on the SAXS theory near the
absorption edge of a given element, one can refer to refs
57−59. From eq 18, one is generally interested in extracting the
pure resonant curve v2(q), which gives the scattering profile of
the counterion alone. Because I0(q,E) contains three
independent variables, one cannot extract directly v2(q). Two
complementary methods are proposed in the literature to
operate in such a way. In all cases, one must record the I0(q,E)
at various values of the incident beam energy, far and close to
the absorption edge. The classical SAXS experiment described
in the previous section must then be repeated by changing the
value of E. The first method, called the “matrix” method,
consists of a numerical solution of I0(q,E) needing at least three
different energy values.60 The second approach, called the “fit”
(or “Ballauf”) method,61 consists of neglecting the f″(E) term
before the absorption edge and performing a quadratic
interpolation of I0(E) for each value of the scattering vector.
For a detailed discussion on the problem of solving I0(q,E), one
can refer to refs 60−63. The experimental approach and data
treatment used to treat our ASAXS experiments is detailed on
Page S6 in the Supporting Information.

Contrast Matching Small-Angle Neutron Scattering
(SANS). These experiments have been performed to look at
the contribution of the micellar core only, thus matching the
scattering of the sophorose headgroup (molecular formula:
C12H21O11, molar mass: 341.30 g/mol) in the simple ion-free
sophorolipid micellar system at 80 mM. For the SLD
calculations, we used the bulk sophorose density (1.68 g/
mL),64 and we considered the fact that labile COH groups
could be exchange into COD. The estimated SLD for
sophorose under these conditions is ∼2.6 × 10−6 Å−2,
corresponding to a ∼46:54 = D2O:H2O mixture. These values
are to be considered as an approximation because the exact
sophorose density in sophorolipid is not exactly known. Two
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samples have then been prepared at concentration of the
sophorolipid of 50 mg/mL: (a) in fully deuterated water (100:0
= D2O:H2O) and (b) in 46:54 = D2O:H2O mixture.
SANS experiments have been performed on the PACE

beamline at the Laboratoire León Brillouin (LLB) facilities at
CEA-Saclay (France). Quartz cells (1 nm) have been used as
sample holder. The low-q portion of the data was recorded
using a sample-to-detector distance of 4565.95 mm and
wavelength of 6 Å, whereas the high-q portion was recorded
using 866.14 mm and 6 Å. The scattering intensity is obtained
from the determination of the number of neutrons in the
incident beam and the detector cell solid angle. Data were
corrected for the ambient background, empty cell scattering,
neutron beam transmission and detector efficiency and
normalized to the neutron beam flux to get the scattered
intensity I(q) in absolute units according to ref 65. Incoherent
signal was substracted by measuring the background value at
high-q values for both, sample-free, 100:0 = D2O:H2O and
46:54 = D2O:H2O mixtures. All data have been treated using
the Pasinet 2 software66 provided at the beamline free of
charge. Pair distribution function analysis, P(r), was done using
the SASView software package44 using estimated Dmax values
of 40 and 140 Å, respectively, for the 46:54 and 100:0 =
D2O:H2O mixtures.
Molecular Dynamics Simulations. All the MD simu-

lations discussed in this paper were carried out with
GROMACS (v4.6.6)67,68 and with the protonated acidic
sophorolipid (SL) molecule presented in Figure 1. Because

the SL ionization degree is found to be <5% (see the
Experimental Section) and similar to Prasad et al.,69 we only
simulated the protoned form of the SL and without ions. As in
a previous work69 to model the surfactant, we used an “united-
atom” force field based on the GROMOS53A6.70 In particular,
the parameters of the sophorose group were taken from the
GROMOS53A6 force field for carbohydrates (56A6CARBO)
developed by Hansen et al.71 Concerning the alkyl chain (with
the double bond) and the COOH groups, the parameters were
taken from Kukol72 and the glutamic acid parameters available
in the GROMOS53A670 force field, respectively. To be
consistent with the GROMOS force field, we used the simple
charge water model (SPC)73 to model water with the SETTLE
algorithm74 to keep its geometry rigid.
We have to mention that by not taking into account in the

simulation the effects of the pH and presence of the ions in the
solution, our simulations may have some limitations. However,
as we will see further, the simulation results are consistent with
the reported experimental data, and we think they provide a
good model basis of the micelle as a function of their
aggregation numbers. To have a large overview of the micelle
characteristics as a function of the SL aggregation number, Nagg,
we carried out six MD simulations with different SL Nagg values
(Table 2). Specifically, we chose 28 and 37, values obtained by
Penfold et al.36 for a mixture of sophorolipids (sample S4 in ref
36: 52.2% non acetylated, 39% monoacetylated, and 8.5%
diacetylated), respectively, at 5 mM and 30 mM; 56 and 68
adapted from the SAXS data in this work (Table 3, RbCl
system). In addition to these simulations, we also performed
two more simulations with Nagg = 80 and 112, to examine the
effect of high Nagg values of the SL aggregate structure. These
two Nagg values correspond to an intermediary point between
56 and 68 and a value estimated by Penfold.36 The effective
concentrations of the simulated systems are in a range of 110
mM and 456 mM (given SL mass fraction, SL wt % of 6.2−
12.6%), larger than the experimental concentration (80 mM) to
reduce the number of water molecules and, consequently, the
computational cost of the simulations. To construct the system
for simulation, we used a self-assembled approach, where the
corresponding number of sophorolipids with a random
orientation was inserted in a SPC water cubic box. All the
systems were minimized, equilibrated and finally simulated at
ambient conditions (P = 1.015 bar and T = 303 K). Specifically,
the temperature and the pressure were controlled with the
Bussi et al.75 thermostat (τT = 0.1 ps) and the Parrinello−
Rahman76,77 barostat (τp = 3.0 ps and with a compressibility of
45 × 10−6 bar−1). During the equilibration stages, the SL
molecules were harmonically restrained with a force constant of
1000 kJ mol·nm−1 to equilibrate the solvent around the

Figure 1. Acidic sophorolipid surfactant with the atom-numbering
scheme and part used in the work (see main text for details).

Table 2. Overview of the Simulated Systemsa

MD no. Nagg nH2O natom nWater/SL SL wt % [SL] M Lbox (Å) tsim (ns)

MD1 28 13600 42228 485.7 6.6 0.114 76.3 112
MD2 37 18000 55887 486.5 6.6 0.114 77.7 110
MD3 56 13600 43656 242.9 12.4 0.228 83.7 162
MD4 68 16500 52968 242.6 12.4 0.228 82.9 164
MD5 80 19400 62280 242.5 12.4 0.228 87.5 162
MD6 112 13600 46512 121.4 22.0 0.456 80.4 144

aNagg, nH2O, and natom are the numbers of sophorolipid monomers, water, and atoms composing each systems. nWater/SL, SL wt% [SL], Lbox, and tsim
are the number of water per sophorolipid molecule, the sophorolipid concentration, the total mass fraction, the box size, and the simulation time (in
ns), respectively.
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sophorolipids. SL and water molecules were coupled separately
with two thermostatic baths as a standard rule. To integrate the
equations of motions, we used a time step of 2 fs with the P-
LINCS algorithm78 to restrain bond lengths to their
equilibration values. Electrostatic interactions were treated
with the reaction field approach79 with the nonbonded
interactions evaluated with a twin range cutoff scheme, with a
short- and long-range cutoff distances of 8 and 14 Å,
respectively, and an update frequency of two timesteps for
the short-range pair list. To correct the truncation of

electrostatic interactions outside the cutoff of 14 Å, a reaction
field term79 corresponding to a relative dielectric permittivity of
the SPC water (61)80 was added. Finally, the production
simulations were performed during 110−162 ns with the
atomic data collected every 2 ps for subsequent analysis

■ RESULTS AND DISCUSSION

Description of the “Coffee Bean”-Like Prolate
Ellipsoid of Revolution Model. As critically discussed on
Page S2 in Supporting Information, the best shape model to fit

Table 3. Fit Parametersa Obtained from the Core−Shell Ellipsoid of Revolution Form Factor Using XS = 0 (Defined in Figure
2)

sample Nagg RC (Å) XC TS (Å) ρS × 10−5 (Å−2) α z

RbCl-10 mM 55 8.0 6.5 12.0 1.0741 0.70
RbCl-50 mM 64 8.0 7.7 11.7 1.0768 0.72
RbCl-100 mM 69 7.9 8.1 11.5 1.0829 0.69
SrCl2-5 mM 52 7.7 6.9 12.4 1.0608 0.71
SrCl2-25 mM 72 7.7 9.4 12.3 1.0611 0.72
SrCl2-50 mM 73 7.8 8.9 11.8 1.0751 0.69
RbOH-40 mM 34 6.6 5.5 12.3 1.0618 0.55 6.8
RbOH-80 mM 24 6.1 4.7 11.0 1.0707 0.53 9.9
Sr(OH)2-10 mM 50 7.2 6.8 12.6 1.0632 0.59 4.6
Sr(OH)2-20 mM 41 7.0 5.4 12.3 1.0785 0.52 5.0

aNagg = aggregation number; RC = equatorial core radius; XC = axial core ratio; TS = equatorial shell thickness; ρs = scattering length density of the
shell; α = fraction of CH2 inserted in the dry core of the micelle eq 4; z = charge per micelle.

Figure 2. Core−shell prolate ellipsoid of revolution model chosen to fit the SAXS data.

Figure 3. SAXS curve recorded on the SrCl2-25 mM system: influence of XS (polar shell ratio) value on the calculated curves obtained with a core−
shell ellipsoid of revolution form factor. Best fit is given in red.
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SAXS data is the core−shell prolate ellipsoid of revolution
function, which gives good χ2/Npts values below 15. The
geometric parameters of this model are the equatorial core
radius, RC, the axial core ratio XC (XC > 1 for prolate micelles),
the equatorial shell thickness, TS, and the polar shell ratio in the
axial direction, XS (see Figure 2).
For a constant shell thickness, XS = 1, the fit gives a χ2/Npts

value around 13. However, the best fit (χ2/Npts = 6.7) is
obtained for a slightly negative XS value (XS ∼ −0.2)
corresponding to a small and negative polar shell thickness in
the axial direction, TP, of the core−shell ellipsoid of revolution
model.
In Figure 3, we report a typical SAXS curve recorded on

sample 7 (SrCl2-25 mM), which shows a series of fits using the
same core−shell prolate ellipsoid of revolution form factor
model and a variable XS, allowed to vary between 0 and 1. It can
be clearly seen that the bottom of the first minimum is best
fitted with a negative XS value, a fact which has no clear physical
meaning, as it supposes that there is a small part of the
hydrocarbon core which is in close contact with the aqueous
solvent at the end-tips of the ellipsoid in the axial direction.
However, as the best fit is always obtained for XS < 0, we
impose XS = 0 for all samples’ profiles. We interpret this
assumption as follows: the end-tips in the axial direction of the
sophorolipid aggregates are somewhat difficult to describe and
may consist of a quite disorganized assembly, containing
COOH groups, sophorose, salt, water, and part of the aliphatic
chain.
It is important to note that whatever the absolute value of XS,

the trends obtained for the other variables is unchanged, as it
can be seen from the comparison between the fit parameters for
XS = 0 presented in Table 3 (discussed later in more detail) and
the fit parameters obtained for XS = 0.3, shown in Table S2/
Table S3 in the Supporting Information. Except the surprising
feature of XS = 0, all other variable parameters give realistic
values: the equatorial core radius and shell thickness are around
7.7 and 12.3 Å, respectively, and the shell SLD is 1.1 × 10−5 Å−2

(387 e−/nm3), corresponding roughly to 73% v/v of water in a
simple water−sophorose composition of the shell (Table 4).
The XC ratio of 9.4 characterizing the elongation of the
ellipsoid is slightly high, if compared with previous results,33

and will be discussed thereafter.
The resulting shape that best describes the sophorolipid

micelles is very close to a “coffee bean”-like, with a variable shell
thickness from TS to 0, which is quite atypical with respect to
the majority of ionic, nonionic, and bolaform16 surfactant
systems, generally described by core−shell form factors with a
homogeneous shell thickness.19−21 Nevertheless, this peculiar
shape is the best suited to fit at best all systems described in this
work and a large number of complementary other systems.
All SAXS measurements were made at the same sophorolipid

concentration, 80 mM, and at concentrations of salt and/or
base in the range from 5 to 100 mM. Table 3 shows the model
parameters (Nagg, RC, XC, z, ρs) for core−shell ellipsoidal
micelles of the sophorolipids with either salt or a base at various
concentrations, but also the calculated shell thickness (TS) and
volume fraction of CH2 in the dry core (α). Table 4 presents
the volume fraction of water (xv,w), and number of water
molecules per sophorolipid (nw/SL) in the shell; these have been
indicated for three possible headgroup (hg) scenarios: hg_1
considers only sophorose and COOH (or COO−); hg_2
includes the hg_1 hypothesis and the C17 and C18 atoms; hg_3
considers the hg_2 scenario as well as the contribution of CH2

groups from the aliphatic chain excluded from the core (13(1-
α), where α has been defined in eq 4 and experimental values
given in Table 3).
First of all, the results show that the equatorial core radius

RC, which corresponds to the dry part of the micelle, is
relatively small, between 6.0 and 8.0 Å, a value which is the
lower limit of what is acceptable for the model. In return, the
thickness of the shell, between 11.0 and 12.5 Å, is quite large if
this value is compared with those reported in the literature for
similar systems studied by SANS (∼8 Å, ∼ 3 Å),33,36 a
discrepancy that may be explained by the different contrasts
inherent in each technique. At the same time, the value of α is
contained in the range between 0.52 and 0.72 depending on the
system, and it mainly indicates that a significant proportion of
the hydrocarbon chain is in an aqueous environment, which is
the counterpart of the small core and large shell of these
aggregates. This is expected for a bolaamphiphile, as
quantitatively demonstrated here below.

Shell Hydration vs Ion Condensation. nw/SL gives an
estimate of the number of water molecules per sophorolipid in
the shell. As shown in Table 4, this parameter strongly depends
on the supposed composition of the dry headgroup. If one only
considers the sophorose and COOH groups to be part of the
shell (hg_1 hypothesis in Table 4), nw/SL varies between 29 and
37. In the hg_2 scenario (hg_1 plus CH and CH3), nw/SL does
not vary much, as the value is between 26 and 34, indicating
that inclusion of CH and CH3 in the headgroup does not have a
substantial impact on the shell hydration. Finally, if one
includes the fraction of CH2 not included in the core (13(1-
α)), hg_3 hypothesis in Table 4, the hydration is sensibly lower
and nw/SL now varies between 18 and 28. As a first comment,
we must state that these estimations should be taken with
caution, because our SAXS model does not include the
presence of ions in the shell, which can also be responsible for
the variation of the shell SLD. The proportion of ions in the
shell could be controlled in the fit through, for example, an
adjustable parameter k = number of cations per sophorolipid in
the shell. However, k cannot be determined without fixing the
number of water molecules per sophorolipid, both parameters
influencing the value of ρS in opposite ways: ionic species
increase the value of ρS, whereas water molecules decrease it.

Table 4. xv,w = Volume Fraction of Water in the Shell (eq 7)
and nw/SL = Number of Water Molecules Per Sophorolipida

(See eq 8)

sample

xv,w nw/SL

hg_1 hg_2 hg_3 hg_1 hg_2 hg_3

RbCl-10 mM 0.70 0.65 0.54 32 29 23
RbCl-50 mM 0.69 0.64 0.54 31 28 22
RbCl-100 mM 0.68 0.63 0.51 29 26 20
SrCl2-5 mM 0.73 0.68 0.59 37 34 28
SrCl2-25 mM 0.73 0.68 0.59 37 34 28
SrCl2-50 mM 0.70 0.65 0.54 32 29 22
RbOH-40 mM 0.73 0.68 0.53 37 34 24
RbOH-80 mM 0.71 0.66 0.49 33 30 21
Sr(OH)2-10 mM 0.72 0.68 0.54 36 33 24
Sr(OH)2-20 mM 0.69 0.64 0.46 31 28 18

aSeveral compositions of the headgroup are considered: headgroup 1,
hg_1 = sophorose + COOH; headgroup 2, hg_2 = sophorose +
COOH + CH (C17) + CH3 (C18); headgroup 3, hg_3 = sophorose +
COOH + CH (C17) + CH3 (C18) + 13(1-α)CH2. hg_3 hypothesis
best describes our system (refer to text for discussion).
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By neglecting the influence of ion concentration, the number of
water molecules per sophorolipid is adjusted to account for
both effects, so that an increase of ρS leads to a decrease of
nw/SL, even if it can come, in reality, from an increase of the ion
condensation. As a result, the number of water molecules per
sophorolipid reported in this case can be interpreted as
minimum values, even if the space filling requirement may also
have an influence. This approximation will be confirmed by the
ASAXS experiments, which will show that the amount of
counterions in the shell is practically negligible, unless their
concentration becomes important.
Second, values of nw/SL above ∼25 are higher than expected

from the literature about glycolipids and disaccharides. It is
well-known that hydration properties of disaccharides with the
same chemical formula as sophorose (maltose, sucrose, and
trehalose, C12H22O11) but different structures are different,
depending on the solute-water interactions.81,82 Effects coming
from the linkage type between the two glucose unit (sophorose
is a glucose β(1,2) disaccharide), the position of hydroxyl
groups, the number of hydrogen bonds may influence the
hydration properties of disaccharides and have been extensively
studied. For example, the headgroup hydration number of
maltoside surfactants is reported to be 8 in the case of SAXS
studies83 and in Abel et al.84 with MD simulations. For the
trehalose, which is known as being slightly more hydrated than
maltose,81,82 Lupi et al.85 report values taken from literature
that lie between 4 and 18. It is well-known that hydration
numbers reported depend on the experimental method and/or
assumption adopted. Ultrasonic measurements give values
among the highest, and MD simulations for which the
hydration number is defined as the number of H-bound
water leads to similar values (around 15 to 18), suggesting that
these experimental hydration numbers mainly refer to water
molecules directly involved in H-bonds with the solute. In
contrast, in their study on hydration and mobility of trehalose
in aqueous solution, Revsbech Winther et al.86 used a geometric
hydration number, identified as the number of water molecules
required to cover the solute with one layer (47 water molecules
per trehalose).
The values obtained in this work are for a micellar shell

composed of a sophorose group, that is, a disaccharide and the
hydration properties of which, if they are reasonably expected
to differ from maltose and trehalose, should still not be
excessively high. For this reason, the hg_3 hypothesis provided
in Table 4 is most likely to be real, as reasonable values are
certainly the ones including the COO− (or COOH), the CH
and CH3 groups but also 13(1-α)CH2 groups and an unknown,
and variable, number of ions, depending on the sample
composition. More than reasonable, the hg_3 hypothesis is
actually expected: if hydration numbers of COOH, CH2, and
CH3 are reported to be small, 1.153, 0.999, and 0.586,
respectively,87 it is expected the aliphatic chain portion close to
the headgroup to be hydrated. Typical estimations (both
experimental and theoretical) for alkylammonium salt and SDS
surfactants are that up to 3 CH2 groups from the polar head can
be hydrated.50−52 In this work, we find between 4 and 7
hydrated CH2 groups per sophorolipid (calculated as 13(1-
α)CH2, where α is given in Table 3); these values can be
reasonably expected for a system containing two polar
headgroups. On the other hand, hydration number of ions is
higher, and depending on the ionic concentration, it can
influence the SLD of the shell quite heavily: reported hydration
numbers lie between 6 and 8 for Rb+, between 4 and 8 for

Na+,88 and between 7.3 to 10.3 for Sr2+.89 According to the
ASAXS experiments reported in the next section and showing a
negligible amount of counterions in the shell, one can consider
the amount of hydration water to be also negligible.
If the contribution to the hydration from all species can

reasonably explain the experimental values of nw/SL found here,
one should still take these values with caution, given the wide
range of variation of the theoretical values. Moreover, there is
no indication that the micelle shell does not contain free water
that is not accounted for in the hydration numbers reported.
The shell hydration may also be strongly related to the
conformation of sophorolipids within the micelle, depending
on the molecular structure of the sophorolipid and its impacts
on the micellar structure.
As we can see from Table 3, the shell thicknesses reported

here are always greater than 10.5 Å and usually between 11.0
and 12.5 Å, a range of values which seems to be high compared
to the size of the sophorose alone, estimated to be below 10
Å,32 7.3 Å in poly sophorolipids,90 or 9 Å for trehalose.86 The
shell thickness of SL micelles determined by SANS was also
reported to be around 8 Å.33 The quite thick shell found here
may take into account the “roughness”,4 confirmed by the MD
simulation in the next sections, of the apolar core and hydrated
shell interface coming from the presence of CH2 in the
hydrated shell environment. We can estimate the typical
separation distance between sophorose molecules in the shell
from the sophorose molar concentration (0.93−1.34 mol·L−1.)
to be around 3.5−5.1 Å, by using molecular parameters of
trehalose (see ref 86). This space, filled by the other
components of the shell, can accommodate one water layer,
and even if there are some alkyl groups in close contact with the
sophorose, with respect to the geometric hydration number of
47 for trehalose in water, the number of water molecules per
sophorolipid in the shell presented here, which lie from 20 to
30, in the hg_3 hypothesis, does not seem outrageous.

Area per Sophorolipid. Another interesting piece of
information is given by the analysis of the area per sophorolipid
at the micelle/solvent interface (Amic,w/SL), and at the dry core/
hydrated shell interface (AC,S/SL, see Table 5). These are
calculated using the classical formula for the surface area of a
prolate ellipsoid divided by Nagg; the values of the semiaxes, as
defined in Figure 2, are given in Table 3. Micellar structure of
dodecyl maltoside has been described by Cecutti et al.91

showing that ellipticity of the micelle comes from the bulky

Table 5. Area Parametersa

sample AC,S/SL (Å) Aalkyl/sopho (Å) Amic,w/SL (Å) L (Å)

RbCl-10 mM 75 104 196 3.76
RbCl-50 mM 76 103 194 3.69
RbCl-100 mM 74 102 187 3.49
SrCl2-5 mM 78 108 213 4.21
SrCl2-25 mM 79 106 208 4.19
SrCl2-50 mM 75 103 193 3.72
RbOH-40 mM 71 124 219 4.04
RbOH-80 mM 75 141 231 3.72
Sr(OH)2-10 mM 70 111 204 4.03
Sr(OH)2-20 mM 64 112 190 3.48

aAmic,w/SL = area per sophorolipid at the micelle/solvent interface;
AC,S/SL = dry core/hydrated shell interface; Aalkyl/sopho = area per
sophorolipid between the alkyl chain and the sugar/carboxylate
headgroup; L = average length between the headgroups.
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hydrated maltose headgroups and their perpendicular con-
formation to the interface. Area per dodecyl maltoside at the
micelle/solvent interface and at hydrophobic core/sugar
headgroup interface are 87 and 50 Å2, respectively. In the
case of sophorolipids, however, one must keep in mind that
there is one alkyl chain and two different polar heads per
surfactant, leading to values lying from 187 to 230 Å2 per
sophorolipid at the micelle/water interface and from 64 to 79
Å2 per SL at the core/shell interface, depending on the sample
composition. Another point to consider is that the core/shell
interface in our case is located quite far from the sugar
headgroup, considering the α value lying around 0.52−0.72. If
the alkyl chains are perpendicular to the core/shell interface, we
can estimate the area per sophorolipid between the alkyl chain
and the sugar/carboxylate headgroup Aalkyl/sopho to be the
surface per SL of an ellipsoid of equatorial radius RC + 6.5(1-
α)1.265 and axial radius RCXC + 6.5(1-α)1.265 (noticing that
this surface may be slightly overestimated as the influence of
the XS parameter is neglected). In this case, areas reported lie
between 102 to 141 Å2 for the most ionized micelles,
comparable to that reported by Chen et al.92 for SL at the
air−water interface (104 Å2).
Ionic and Basic Effects. According to the results in Table

3, some general observations can be made regarding the effect
of salts on sophorolipids micelles. First, the salts cause an
elongation of the micellar aggregates and subsequent increase
of the aggregation number, while the diameter of the core
remains constant. For instance, increasing RbCl from 10 mM to
100 mM, it produces an increase of XC from 6.5 to 8.1, whereas
RC is practically 8 Å. However, it appears that the elongation
due to the presence of salt has a limit; this is observed through
Nagg and XC values, which increase rapidly between 10 and 50
mM of RbCl (5 and 25 mM of SrCl2) and then seem to reach a
plateau at higher concentration, around 73 for Nagg and 8.5−9.0
for XC. Another fairly clear effect of adding salt is the slight shell
shrinkage and the concomitant dehydration observed through
the shell thickness (TS), the volume fraction of water in the
shell (xv,w), and the decreasing number of water molecules per
sophorolipid (nw/SL).

The shell SLD, ρS, is in the range between 1.06 and 1.09 ×
10−5 Å−2, where the smaller value is systematically observed for
the SrCl2 salt system. Small differences between the two salts is
also observed on the values of RC, TS, xv,w, and nw/SL. The
sophorolipids micelles in the presence of SrCl2 have slightly
smaller cores, a shell slightly thicker and hydrated than in the
presence of RbCl. These differences have no impact on the
value of α that remains constant for all the salt systems and
quite high (around 0.69−0.72). The aggregation number Nagg is
slightly smaller for SrCl2 at low salt concentration (52 vs 55),
while at higher concentration the elongation of sophorolipids
micelles is more pronounced with SrCl2 than with RbCl (XC

reached a value of 8.9 for SrCl2 and 8.1 only for RbCl). Areas
per sophorolipid and the average length between the
headgroups, L, reflect these small differences, being slightly
higher for SrCl2 than for RbCl (Table 5).
Adding a base to sophorolipids micelles’ solutions consid-

erably changes the physicochemical parameters. First of all, one
observes the appearance of intermicellar interactions, accounted
here with the introduction of a structure factor described with a
repulsive screened Coulombic intermicellar interaction poten-
tial. This is consistent with what it was previously reported.33 In
terms of micellar size, the equatorial core radius is dramatically
reduced, from 7.2 Å for the less basic system (Sr(OH)2 − 10
mM) to 6.1 Å for the most basic system (80 mM RbOH), while
the XC ratio is much smaller than those reported above,
decreasing to values smaller than 6 for all [OH−] higher than
40 mM. The aggregation number follows this trend, decreasing
to 24 for RbOH 80 mM. α also undergoes a fall, reaching values
around 0.52, which indicates that in basic medium, half of the
total amount of CH2 are located in an aqueous environment.
These trends are consistent with an increase of the micelle
curvature due to the increased electrostatic repulsion taking
place between more ionized headgroups. The shell thickness is
practically invariable (12.3 Å) for the less basic samples
(RbOH-40 mM and Sr(OH)2-20 mM) and substantially
decreases (11.0 Å) at high concentration of RbOH. Finally,
Figure 4 shows the typical SAXS profiles of sophorolipids in the
presence of SrCl2 and Sr(OH)2, showing the experimentally

Figure 4. SAXS spectra of sophorolipids in the presence of SrCl2 and Sr(OH)2. The pictures represent the ellipsoidal nature of the micelle with a XS
= 0, as commented before. The difference in longitudinal dimension among the ellipsoids is based on the data obtained from the best fits and
presented in Table 3.
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found spectral differences and a pictorial imaging of the salt and
base effect on the micellar size.
Counterion Distribution in the Salt Systems Studied

by ASAXS. ASAXS is a powerful method to put in evidence
the distribution of counterions in soft matter and in particular
around polyelectrolytes and micelles.57−62 It was employed to
describe the charge distribution around charged polymers,58,61

DNA and RNA93 and CTAB micelles.60,62 In this study, ASAXS
is employed with the goal of revealing indirectly the distribution
of the COO− groups, if one assumes that its negative charge is
neutralized by a counterion upon increasing the solution pH. In
this case, the SAXS spectrum shows a broad scattering hump,
which can be nicely fitted using a Screened Coulomb potential,
as it was previously done in SANS experiments.33 The resulting
negative charge of the micelles settles between −5 and −10
(Table 3), and it clearly increases upon increasing the amount
of base for both Rb+ and Sr2+. ASAXS can be used both in a
qualitative and quantitative way.62,63 If the former tells about

the space distribution of counterions, the latter provides data
on the amount of counterion in the proximity of charged
macroions and even their binding degree. However, the
quantification process can be very delicate,60,61,94 and it was
mainly used so far on either polyelectrolytes or robust micellar
systems.
Figure 5 shows the typical scattering profile, I(q), recorded

for the RbCl (10, 100 mM) and RbOH (40, 80 mM) systems at
the incident energy E = 14599, 14999, 15179, 15195, 15199,
15201, 15203 eV, corresponding to the ΔERb+ = −600, −200,
−20, −4, 0, + 2, + 4 eV (treatment of background is shown in
Figure S2 in the Supporting Information). The ASAXS results
are only shown for the RbCl system but very similar
conclusions can be drawn for the SrCl2-containing samples,
and for this reason, they will not be reported here. As explained
in the Experimental Section, fluorescence contribution has been
subtracted for all spectra. At a first glance, spectra are very close
to each other, but a closer look in the inset of Figure 5a,c, for

Figure 5. (a, c, e, g) Energy-dependent SAXS spectra for the sophorolipid − RbCl (10, 100 mM) and RbOH (40, 80 mM) systems. The energies at
which the spectra have been recorded are indicated in the figure. (b, d, f, h) F2(q) and v2(q) scattering profile of the cation (Rb+ and Sr2+), as
obtained from the ASAXS treatment of the spectra. More experimental details are presented on Page S6 in the Supporting Information.
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instance, indicate that I(q) appreciably (with respect to the
error bars) increases with increasing energy (color sequence:
black, red, green, blue···) for both the RbCl 10 mM and 100
mM systems. This effect is expected in the case of an
anomalous effect upon varying energy through the edge, and it
demonstrates that Rb+ ions decorate the micellar outer surface.
Nevertheless, variation in I(q,E) is very mild; at 100 mM RbCl
(Figure 5c), a concentration in counterions at which the
anomalous effect was reported to be very important for
polyelectrolytes and ionic surfactants systems,62,63 I(q,E) only
varies by a factor 1.04 when measured far below and at the
absorption edge [I(0.03,14599) = 0.47 cm−1 compared to
I(0.03,15199) = 0.49 cm−1 at the Rb+ edge], while expected
variations should not be less than a factor 2. This is further
demonstrated by the splitting of I(q) into the F0

2(q) and v2(q)
components, respectively, the nonresonant intensity of the
macro-ion and the pure resonant contribution of the counter-
ion, shown in Figure 5b,d. The splitting shows no noticeable
effect on the 10 mM system using both the matrix and fit
methods, as well as a mild anomalous effect on the 100 mM
system, but only employing the matrix method. This last result
is coherent with the higher salt amount present in this system,
thus indicating that part of the Rb+ cation in solution decorates
the micellar shell. This result helps better understand the
evolution of the shell SLD (ρs) commented in the SAXS
section (Table 3). One can now affirm that the amount of salt
in the shell is below the limit of detection of the ASAXS
technique, which can reasonably be settled in the mM range.
This shows that the very small increase in the ρs, found for the
RbCl, but also the SrCl2 systems, is most likely due to a true
variation in the number of water molecules per sophorolipid.
However, for the higher RbCl concentrations (e.g., 100 mM),
one cannot exclude the presence of larger amounts of salt in the
shell, a fact which may also, as commented before, account for
the mild increase in ρs. Interestingly, in the presence of salt
alone, the equilibrium pH of a sophorolipid solution is slightly
below 5. The corresponding experimental ionization degree
((⌊COO−⌋/([COOH] + [COO−]))), calculated from the
titration curve (Figure S3 in the Supporting Information), is
below 5%. This means that at high salt content, counterions
decorate the hydrophilic shell independently from the presence
of carboxylate groups. In terms of quantification, the mild
anomalous effect recorded does not allow a reasonable
quantification of the amount of counterions-per-sophorolipid.
Upon addition of RbOH, carboxylic groups deprotonate into

carboxylates, which carry their respective counterions, our
hypothesis33 being that the negative charges are settled at the
micellar/water palisade. Under these assumptions, this effect
should be detectable by ASAXS at a larger extent with respect
to the base-free medium. The corresponding experiments in
Figure 5e,g show, on the contrary, that I(q) undergoes no
sensible evolution with the incident energy, as all curves
practically lie within a small range represented by the error bars.
The poor anomalous scattering effect is confirmed by the signal
splitting using both the fit and matrix methods (Figure 5f,h),
which do not provide a significant v2(q) component. Because
similar results are obtained with Sr(OH)2, these will not be
discussed further. How should this result be interpreted? One
of the main results so far is the fact that the bolaform
morphology of sophorolipids promotes the formation of “non-
standard” micelles. By this we intend a micelle that does not
have a homogeneous hydrophobic core well-separated from the
hydrophilic corona with constant thickness. The size of micelles

and the aggregation number sensibly decrease upon addition of
a base (Table 3), and a partial solubilization of sophorolipids in
solution should not be excluded. Such a scenario could suggest
that not all COO− groups do actually settle in a narrow region
at the micellar/water interface, but they could be randomly
distributed in the thick shell region, being closer to the
hydrophobic core. If resonant species (the counterions)
penetrate deeper inside the micelle, the difference in terms of
core−shell SLD at the element absorption edge will be
attenuated, and one can expect the ASAXS signal to be
attenuated. This scenario could be suggested by the larger
number of hydrated CH2 (about six per sophorolipid, for an α
parameter close to 0.5, Table 3) and not excluded with respect
to old works on ionic/neutral bolaamphiphiles22,23 and
according to which water can penetrate deep inside a bola’s
micelle. However, a comparison with previous ASAXS studies is
difficult because all of them have been carried out on either
polyelectrolytes or micellar surfactant systems with a well-
defined core−(charged)shell interface (e.g., CTAB). In both
cases, there are no doubts about the localization of the
counterions. Even if fluctuations in the counterion distribution
is probably amplified in the case of sophorolipids due to a
redistribution of the carboxylate groups away from the outer
micellar layer, this phenomenon has been already reported to
potentially affect ASAXS measurements on other systems. In
micellar systems (TTAB), fluctuation of the counterion cloud
was shown to affect the scattering intensity of the macroion
(TTA+) at q > 0.2 Å−1.95 In a rod-like polyelectrolyte, it was
shown that longitudinal fluctuations of the number density of
the counterions affect SAXS data at q > 0.3 Å−1, and they can
actually be measured experimentally.59,61 Finally, fluctuations
due to the polydispersity of the number of acrylic acid (PAA)
chains on polystyrene (PS) was also shown to affect the pure
resonant curve v2(q) at q > 0.04 Å−1. According to these works,
it seems possible that, if fluctuations of the COO− distribution
occurs in sophorolipid micelles upon addition of a base, the
corresponding v2(q) profile will inevitably be affected. It seems
that in all systems where the macroion (polyelectrolyte,
micelle) charge density is well-defined and located at the
surface, only the counterions number density fluctuations at the
macroion surface should be considered. In this case, the v2(q)
profiles will be affected at (relatively) large q values above 0.2
Å−1, which, in the case of sophorolipid micelles, may not play
an important role afterall. On the contrary, if fluctuations of the
macroion charge distribution are experienced, as seen in the
case of PAA−PS system, the affected q-range may be much
larger, starting at q < 0.1 Å−1. In this specific case, the effect on
the v2(q) profile for sophorolipid micelles may not be
negligible. We then expect that if the COO− distribution will
occur at the micellar surface only, the v2(q) will be enhanced,
while if the COO− distribution will occur in the interior of the
micelle, the v2(q) will be reduced. We believe that the second
scenario does occur in the sophorolipid-based system upon
addition of a base.

Contrast Matching by Small-Angle Neutron Scatter-
ing. In the SAXS section, we have shown that sophorolipid
micelles at 80 mM adopt a nonconventional “coffee bean”-like
structure, the length of which is slightly influenced by the
amount of salt or base. By “coffee bean”-like structure, we have
intended the fact that the composition at the extremities in the
axial direction of the micelle is hard to describe with a simple
core−shell model, and they are most-likely constituted by a
mixture of aliphatic chain, sophorose, and COOH groups.
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According to the ASAXS experiments, we could also put in
evidence that the distribution of the COO− groups is not only
confined at the micellar surface but it is probably random in the
thick hydrophilic region. Unravelling the distribution of the
sophorolipid molecule inside a micelle can be approached
through a direct experiment which consists of “visualizing” the
distribution of the oleic acid, or the sophorose group by means
of contrast-variation SANS. This experiment consists into
matching the SLD of a given section of a particle, or molecule,
via a well-chosen mixture of deuterated and hydrogenated
solvent, the SLD of which can be tuned by playing on the
relative ratio between the two. In the case of SL micelles, it is
possible to look at the scattering of the oleic acid, or sophorose,
alone by choosing the correct proportion of D2O and H2O.
Sophorose headgroups can be matched with a 46% D2O, while
oleic acid can be matched with 8% D2O. Here, we prefer the
first approach because experiments with large amounts of H2O
will suffer from the strong incoherent diffusion of hydrogen,
inherent to the technique, and which are responsible for a
critical increase in the background level. A complete match
between the solvent and sophorose will give an idea of the
spatial distribution of the pure aliphatic-containing core.
Figure 6 shows the typical SANS curve of a salt-free 80 mM

solution of acidic SL in pure D2O, the description of which is
given elsewhere33 and the geometry of which we now assume
to be “coffee bean”-like, as largely commented above. Without
going into a further model-based analysis, we simply display the
corresponding Indirect Fourier Transformation method (IFT),
from which it is possible to evaluate the shape of an aggregate
from the corresponding pair distribution function, P(r).96 The
P(r) of a 80 mM solution of SL in D2O (Figure 6b) of course
reflects the I(q) data, and it is typical for a highly elongated
object, in agreement with the SAXS data presented above and
previous data recorded on a similar system.32 If the hypothesis
of a homogeneous core−shell ellipsoid (the shell being of
constant thickness and homogeneously composed of sophorose
and water only) is correct, then one should expect, after
matching the contrast between sophorose and the solvent, a
SANS profile describing an ellipsoidal micelle being smaller in
size (only the core will contribute). The SANS scattering
profile of the contrast-matched (46% D2O) SL solution is
shown in Figure 6a (blue circles), and it presents two
interesting features. First of all, the low-q intensity is decreased
by a factor 100 with respect to the fully deuterated medium;
this is a direct proof that the experiment was successful. In fact,
according to eq 1, the intensity is directly proportional to the
contrast between the object and the solvent. By matching the
SLD between the sophorose and the solvent, the contrast only
occurs between the core and the solvent, and it is reduced, thus

contributing to decrease the scattered intensity. The second
point concerns the micellar shape and size after contrast
matching. The P(r) function at 46% D2O (Figure 6b) is typical
of a much less elongated morphology, closer to a spheroid, if
compared to the fully deuterated system. This suggests that a
pure aliphatic core is mainly concentrated in a spheroidal
region located at the center of the micelle.
This experiment gives credit to, and it actually refines, the

sophorolipid micelle model deduced from SAXS analysis. At
the equilibrium pH (<5) and at 80 mM, the sophorolipid
micelle should be considered as a prolate ellipsoid divided into
three regions, as identified in Figure 7: Region I is composed of

a fully aliphatic core and the morphology of which is practically
spherical; Region II constitutes the end-tips in the axial
direction of the ellipsoid, and it is a less defined region
composed of aliphatic, sophorose, and COOH groups. Region I
is directly identified by contrast-matching SANS experiments
while region II is deduced by the fitting SAXS data using a
“coffee bean” like model. Finally, Region III is identified as
being the outer shell composed of sophorose, COOH groups,
water, and possibly counterions. Contribution from vicinal CHx
groups should not be excluded, as detailed in the headgroup,
hg_3, hypothesis of Table 4. As commented before, the
contribution of salt plays a role on the ellipticity of the micelle
only, but it does not play a role on its diameter or its
configuration. Furthermore, the ASAXS data show that the
amount of salt in the sophorose surrounding is most likely
negligible at least up to 100 mM. The orientation of the
sophorolipid molecule within the micelle is sketched in Figure
7. Considering the typical micellar dimension with respect to
the sophorolipid size, it seems highly probable that molecules
can either cross the micelle from one end to the other, or bend
in such a way that the COOH and sophorose groups belonging

Figure 6. (a) SANS curves recorded on a 80 mM system of SL in 100/0 D2O/H2O (red squares) and 46/54 D2O/H2O (blue circles); (b) Pair
distribution function, P(r), issued from data in (a).

Figure 7. Tentative model structure of an acidic sophorolpid micelle at
its equilibrium pH (<5). Region I = full aliphatic; Region II = mixed
sophorose/water/COOH/aliphatic; Region III = sophorose/water/
COOH. At 5 < pH < 7, the boundaries between the three regions are
probably less defined, and the COO− groups occupy a broader volume
in the hydrophilic region.
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to the same molecule both lie in the same side of Region III.
The addition of small amounts of base (pH range comprised
between 5 and 7) promotes electrostatic repulsion among
micelles induced by the deprotonation of the COOH into
COO−. According to the ASAXS data showing a nonexisting
anomalous effect in the presence of both Rb+ and Sr2+, we
believe that in the intermicellar interaction regime, the negative
COO− groups and their respective counterions do not seem to
be distributed only at the external micellar-water palisade, as we
previously hypothesized,32,33 but most likely to occupy the
entire hydrophilic shell region.
Several authors have tried to study the structure of bolaform

amphiphiles and, in particular, the one of glucose-containing
units. The group of Vill has published several works on the
micellar formation of bolaform glycolipids, mainly symmetric18

and/or in mixture with anionic or glycolipid surfactants,97,98

and they concluded that slightly ellipsoidal micelles could form,
without going in detail in terms of the molecular distribution
within the micelles. If similar works exist on other types of
bolaform amphiphiles,10,14 the precise description of molecular
distribution is always a challenging task. Nagarajan,21 basing his
line of thought on geometrical considerations only, predicted
the self-assembly behavior of bola amphiphiles, mainly
indicating the formation of spherical, cylindrical, and vesicular
objects. Interestingly, for spherical micelles, he predicted a
micellar radius equal to, or smaller, than half the full length of
the hydrophobic chain. He also predicted interpenetration of
the molecules and, for cylindrical micelles, local disorder at the
end-tips in the axial direction of the cylinder. All these features,
especially the disordered Region II shown in Figure 7, nicely
confirm Nagarajan’s models. Caponetti et al.16 are the only
ones who deeply discussed the distribution of N-azo-18-crown-
6 ethers in micelles. Even if they did not provide a tentative
image of their system, they discussed some interesting
parameters. They used a core−shell ellipsoid of revolution
form factor and used a homogeneous shell to fit their data.
They found that between 15 and 20 water molecules are
contained (bound and free) the hydrophilic headgroup but
none enters the core. They also found that addition of salt had

no major effect on the core radius and shell thickness, even if
some differences are found between LiCl and NaCl due to the
respective difference in terms for complexation by the crown
ether macrocycle. More insight on the structure of
bolaamphiphile micelles, including molecular conformation,
was also provided by Davey19 and Shinde,20 who worked on
asymmetric bolaamphiphiles, alcohol derivatives of alkylammo-
nium and oleate salts, which are ionic/neutral bolas analogous
in structure to sophorolipids in the neutral pH regime.
Interestingly, both authors agreed on the fact that micelles
are spherical/ellipsoidal objects and on the fact that both
hydrophilic headgroups come in contact with the solvent at the
micelle outer palisade, in contrast with older claims according
to which only the ionic headgroup is located at the micelle/
solvent frontier while the nonionic group is settled in the
micelle interior, into which water easily penetrates. However,
they do not agree on the molecular arrangements: Davey
proposes an elongated cross-micellar conformation, while
Shinde proposes a bent configuration. If compared to the
studies presented above, our more complex “coffee bean”-like
model presented in Figure 7 could be considered as a
confluence of Nagarajan’s,21 Davey’s,19 and Shinde’s20 models
together, in which the end-caps in the axial direction of the
micelle are less defined and where the bolaamphiphile can
adopt more than one configuration according to several
parameters, such as its position in the micelle itself, the
aggregation number, the presence of salt, the ionic/neutral
nature of one of the end-groups, the shell hydration state, and
so on. In order to verify the micellar model and sophorolipid
distribution shown in Figure 7, we have used molecular
dynamics simulations shown in the next section.

Molecular Modeling by Molecular Dynamics. In the
following sections, we computed representative parameters
(e.g., size, shape, surface properties, SL headgroup hydration,
and surfactant alkyl chain conformation) to characterize the
micelle structure as a function of the SL aggregation number.

I. Aggregation Process of the SL Monomers into Micelle.
In Figure 8, we depict the SL aggregation process into a single
aggregate for the MD2 simulation with 37 sophorolipids. The

Figure 8. Representative aggregation process of 37 SL monomers into a micelle vs time for the MD2 run. The outermost and innermost glucose are
colored in yellow and red, respectively, whereas the alkyl chain, double bonds, and COOH groups are in gray, cyan and blue colors, respectively.
Water is not shown for visual clarity. The black line shows the box limits. The figures were drawn with PyMol.100
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simulations results show that, in general, the aggregation
process of the SL monomers into a single and stable micelle is
relatively fast (∼10−60 ns), and further analysis (not shown)
also suggests that it occurs with two different time scales: one
“fast” (tsim < 10 ns) and one “slow” (tsim = 10−60 ns),
depending on the system size as previously observed for others
micellar systems (see, for instance, ref 99 and references
therein). For instance, in the case of the MD2 simulation
(Figure 8), it takes ∼10 ns for all SL monomers to form small
clusters with various sizes and shapes and ∼55 ns for the
clusters to form a single and stable aggregate. In the other
systems, the aggregation time depends on the SL numbers and
varies between 20−80 ns for the system with 27 and 68 SL,
respectively. The stability of the aggregates can be also
estimated by obtaining a constant radius of gyration, Rg, values
of the aggregate (see next section) and agree with these values.
II. Micelle Shapes and Sizes. In Figure S4 in the Supporting

Information, we depicted the final structure of the aggregate as
a function of the SL aggregation numbers obtained from the
simulations. With the increase of the Nagg value, we observe a
(quasi)sphere-to−(elongated) ellipsoid transition of the micelle
shapes. At high Nagg value (i.e., MD6 system), the SL
monomers form a spheroidal rod, and this result does not
depend on the SL concentration, since we found a similar shape
with another simulation (not shown) where SL concentration
was set 2 times lower. The micelle shape transition is actually in
very good agreement with SANS data obtained on acidic
sophorolipids in water as a function of concentration.101

To estimate more precisely the micelle shape changes during
the course of the MD1−5 simulations, we employ a three-axis
ellipsoid of revolution shape to model the micelles. The
ellipsoid of mass MT is identified by three semiaxis aM, bM and
cM (aM > bM > cM) parameters, and the following equations:102
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where I1, I2, and I3 (with I1 > I2 > I3) are the principal moments
of inertia of the micelle. Please note that, with respect to the
ellipsoid model in Figure 2 used to fit SAXS data, aM is
associated with the axial (XCRC+TP) and bM, cM to the
equatorial RS dimensions.

The ratio between the major (aM) and minor (cM) semiaxis
for the complete 28−80 SL micelle (aM, bM, cM and (a/c)M) are
reported in the sixth column of Table 6. The computed micelle
aM, bM, and cM values confirm that at low Nagg the micelle is
nearly spherical and that the micelle changes to a (pronounced)
triaxial ellipsoid with the increase of Nagg. At Nagg = 112, the
aggregate forms a rod shape oriented along the y axis, and we
may consider that the upper limit to have micelle is around 80
SL. Moreover, as noted previously84 for similar micellar systems
and in agreement with our crude “coffee bean”-like model, the
shape of the micellar hydrophobic core is always significantly
more ellipsoidal that the overall micelle ((a/c)HC and (a/c)M in
range of 1.48−3.22 and 1.30−2.33, respectively).
By subtracting the semiaxis lengths of the aggregate

hydrophobic core from those of the whole micelle, one can
also obtain an estimation of the average thickness of the polar
outer layer, lpl (including the sophorose and the COOH groups,
see last column of Table 6), which is nearly equivalent to the
shell thickness (TS) estimated from the SAXS data (Figure 2).
We have to say that the estimation of the lpl values from the
semiaxis is quite rough and strongly depends on the presence of
alkyl chain carbon atoms at the aggregate surface (and aM, bM,
and cM values) that can underestimate the lpl calculations. The
average polar layer thickness, lpl, values change a little with the
micelle shape and are in range of 4.9−5.1 Å for the aggregates
with 28−80 SL monomers. In case of the aggregate with Nagg =
112, we estimate a lpl value of 3.3 Å with only the bM and cM
semiaxis. The computed lpl values here are much smaller than
the shell thickness values, TS, obtained from the SAXS fit
(>11.0 Å, see Table 3). The lpl value reflects the average shell
thickness, which, according to SAXS data presented above,
seems to be highly anisotropic, because TS varies between ∼11
Å (equatorial) and 0 Å (longitudinal), the average between
these values, <TS>, being in very good agreement with lpl. The
computed lpl values are consistent with those obtained
previously for N-dodecyl-β-maltoside (DDM) micelles,84

where we found an average thickness for the α-maltose group
(linear β(1 → 4) disaccharide) in the range of 7.2−7.7 Å and
consequently support the simulation results.
To characterize the aggregate sizes, we computed the time

evolution of Rg of the five micellar systems starting from the
beginning of the production runs. As shown in Figure S5, after
large fluctuations of the Rg due to the SL monomers
aggregation processes, the Rg values stabilize after 20−90 ns
depending on the number of SL monomers in the box. We
consider that all the SL monomers form a single and stable
aggregate when the micelle Rg remains constant until the end of

Table 6. Aggregate Size and Shapea

system Rg
M aM bM cM (a/c)M aHC bHC cHC (a/c)HC lpl

MD1 15.5 22.2 19.9 17.6 1.30 17.3 15.0 12.1 1.48 5.1
MD2 17.3 27.3 21.2 17.5 1.56 23.0 16.3 12.0 1.95 4.9
MD3 20.3 34.3 22.2 20.0 1.68 30.9 17.3 14.9 2.09 4.4
MD4 22.3 38.5 24.0 20.5 1.88 35.7 18.5 14.8 2.41 4.7
MD5 24.4 44.7 25.0 19.2 2.33 41.7 20.5 12.9 3.22 4.5
MD6* 23.4 14.7 40.2 12.2 - 11.1 - 10.1 - 3.3

aValues with M and HC subscripts were computed by including all the micelle atoms and those of the hydrophobic core, respectively. The radius of
gyration, Rg

M, and the ellipsoid three semi-axis lengths (in Å) were computed from the inertia tensor (e.g., see ref 102). aM and cM are the lengths and
the radius of the rod. lpl is the average polar layer thickness (including the sophorose and COOH groups) (in Å). The statistical errors (maximum
errors) are always lower than 0.3, 0.5, and 0.2 Å for Rg, semi-axis lengths, and polar layer thickness, respectively. *In the case of the MD6 system, due
to its rod shape, the (a/c)M and (a/c)HC values were not computed, and the radius of gyration was obtained for a cylindrical rod of 2bM length
(equivalent to the box size) and an average radius of (aM+cM)/2.
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the simulation times. In the second column of Table 6, we
reported the average Rg for MD1−5 systems computed from
the last 40 ns of each simulation. The values are found between
15.5−24.4 Å for the aggregates with 28 and 80, respectively.
The values are in relative agreement with data found in this
study (18−30 Å from the geometrical parameters detailed in
Table 3 or computed from the Penfold values,36 according to
which the Rg (where Rg

2 = (1/5)(aM
2 + bM

2 + cM
2)) for an

ellipsoid of revolution, with aM, bM, cM being the semiaxes of the
ellipsoid obtained from the inertia tensor (see below). In case
of the simulation with 112 SL, we obtained a Rg ≈ 23.4 Å from
the expression for a cylindrical rod Rg

2 = ((R2/2) + (Lrod
2 /12)),

where Lrod (here, 2bM) and R are average lengths of the rod and
its radius (i.e., (aM + cM)/2 = 13.85 Å), respectively.
III. Aggregate Surface Contact Properties and Hydration.

As shown in the MD snapshots depicted in Figure S4, different
parts of the surfactant (i.e., sophorose headgroup and alkyl
chain) are in contact with the solvent. To characterize more
precisely the surface contacts shared between the aggregates
and water, we computed the solvent accessible surface area
(SASA) properties with two approaches. In the first one, we
used the whole aggregate semiaxis lengths (aM, bM, and cM)
determined in the previous section, and we calculated the SASA
for an ellipsoid with a planar surface, SASASL

e , with the Knud
Thomsen’s Formula: 4π((aM

p bM
p + aM

p cM
p + bM

p cM
p )/3)(1/p) where

p ≈ 1.6075. Please note that this equation is valid for ellipsoids
with three distinct semiaxes, so in case of the aggregate with
112 SL monomers that has a spherical rod shape, the SASASL

e

was estimated from the expression for an open cylinder (i.e.,
without the lateral areas): 2πRLrod, where R and Lrod are the
characteristic dimensions of the rod defined just above. In the
second approach, we compute the SASA of the SL part in the
aggregate (i.e., the headgroup, the double bond, the alkyl chain,
and COOH) by splitting the SL molecule into six parts namely,
the external and internal glucose (SASAGLA

V and SASAGLB
V ,

respectively), the COOH group (SASACOOH
V ), the C7 alkyl

chains separated by the CC and bonded to the sophorose
and COOH moieties (SASAC7A

V and SASAC7B
V , respectively) and

finally the two carbon atoms involved in the double bond
(SASACC

V ). With these values, one can obtain the total SASA
of each aggregate,SASASL

e with SASAGLA
V + SASAGLB

V +
SASACOOH

V + SASAC7A
V + SASAC7B

V + SASACC
V = 100%

(Table S5). These values were computed with the trjVoronoi
program developed in our group (see ref 99 and references
cited therein). This program uses a Voronoi−Delauney
tessellation103,104 algorithm to estimate the surface shared
between the SL and water atoms (excluding hydrogen).105 In
contrast to the first approach where we assume that aggregate is
a planar triaxial ellipsoid, in the latter calculation, the micelle
surface irregularity is fully taken into account. This is why the
computed SASASL

V values are always greater than SASASL
e ones.

By comparing the SASASL
V and SASASL

e values reported in Table
S5 and by visual inspection of the simulation snapshots in
Figure S4, one can deduce that the aggregate surface is quite
rough, as also estimated by the analysis of the SAXS data above.
To quantify this, we compute the surface rugosity factor ( f rug =
SASASL

V /SASASL
e ), and we found that f rug values are always

greater than 1.8 and slightly increase with SL aggregation
number. For the aggregate with 112 SL monomers, we found a
larger f rug value (3.95) probably because we underestimate the
SASASL

e by considering the aggregate shape as a spherical rod.
For the sake of comparison, the computed f rug values are found

higher than those obtained in DDM micelles with similar size
(1.6−2.0).84
From the SASASL

e values, one can also estimate the area per
sophorolipid at the micelle/solvent interface, ASL

e with the
expression ASL

e = (SASAC7A
V /nSL). We obtained ASL

e values lying
from 177.4 to 132.5 Å2 with SL monomers between 28 and 80
in fair agreement (discrepancy estimated between 10% and
30%) with the experimental estimation given in Table 5. In case
of the aggregate with 112 SL monomers, the ASL

e is significantly
lower (62.5 Å2).
Concerning the SASASL

V of each SL component, the values
for the MD1−6 systems are reported in Table S5, columns 2−
7. The low SASA values for the alkyl chain and the double bond
moieties (∼14 and <1% of the total aggregate surface,
respectively) indicate that these groups are protected from
the solvent by SL headgroup or are buried in the hydrophobic
core of the aggregates. For the sophorose and the COOH
groups, they represent ∼78% and 8−9% of the SASASL

V values
and tend to slightly decrease with the increase of the SL
aggregation number, which is probably the consequence of the
decrease of the micelle curvature and micelle shape changes
leading to a different accessibility of the sophorose and COOH
solvent to water.
To characterize the aggregate hydration, we have also

computed the number of “unique” water (Nw) in the first
shell (with a cutoff <4.0 Å)84 of whole aggregate, the
sophorose, the COOH alkyl chain, and double bond atoms
(Table S6). The number of water molecules per sophorolipid is
found to be ∼27 for the smallest aggregate, and it decreases to
∼17 for the aggregate with 112. These results are in excellent
agreement with the experimental data (nw/SL), varying between
18 and 28 for the headgroup 3, hg_3, hypothesis, reported in
Table 4. Moreover, the Nw values also confirm (as we noted
from the corresponding SASASL

V values), that the hydration of
the sophorolipid is mainly due to the sophorose headgroup (as
also found experimentally in the headgroup 1 hypothesis in
Table 4) and at a less extent to COOH since these groups have
16.9−24.9 and 2.4−4.4 water molecules in their first shells
depending on the aggregate size. If small hydration values
obtained for the alkyl chain and the CC bond (3.1−5.0 and
<1, respectively), confirming the assumption made above about
the accessibility of these groups to water, one should still
observe that Nw for the alkyl chain varies between 3 and 5,
which are very close estimates to what it is experimentally
found in the hg_3 hypothesis presented in Table 4. The slight
decrease of the sophorose headgroup hydration as a function of
the SL aggregation number may be caused by the slight change
of the sophorose headgroup conformation and/or interaction
between adjacent headgroup at the micelle surface.
To obtain a more precise picture of the SL headgroup

hydration as a function of the SL aggregate sizes, we also
computed the average number of nearest waters for each
sophorose and COOH oxygen atoms (Figure 1) or < nOx‑Ow>
from the computed radial pair density functions (g(Ox‑Ow)) of
the sophorose, and COOH (OC1A and OC1B)-oxygen and
water-oxygen (Ow) atoms (Figure S6). To obtain <nOx‑Ow>
values, we integrated the RDF functions until the first
minimum at r ≈ 3.5 Å after the first peak. No defined peaks
at ∼2.5 Å in the (O1A, O1B, O5A, and O5B) RDFs indicate that
these nonhydroxyl oxygen atoms are poorly hydrated by water
in contrast to the sophorose OH oxygen. The computed
<nOx‑Ow> values in Table S7 in the Supporting Information
corroborate these observations. More specifically, the RDFs
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show that water molecules solvate primarily the hydroxyl
oxygen (i.e., O2A, O3A, O4A, O6A, O3B, O4B, and O6B) of the
sophorose headgroup and the COOH oxygen atoms (OC1A

and OC1B). The only differences in RDFs between the different
systems are for the amplitude of the first peak indicating
variations of the number of hydration water molecules in the
vicinity these oxygen atoms. The <nOx‑Ow> values for the
sophorose hydroxyl oxygen atoms are close (1.8−2.4) between
the six aggregates in contrast to the carboxyl ones, where we
observe a slight decrease of the <nOx‑Ow> values with the
aggregate size (1.8−1.2 and 1.0−0.7). The hydrations of the
ring oxygen (O5A and O5B) of the glucose are around 0.3 and
0.1, respectively. This is close to the value found previously84

for the same atoms in maltose (∼0.3 water). Finally, concerning
the oxygen atoms involved in the glycosidic bond (O1A) and
the link between the headgroup and alkyl chain (O1B), the
<nOx‑Ow> values (0.6) indicate these atoms are shielded from
the solvent by the headgroup, as noted previously.84

IV. Conformation of the SL Alkyl Chain in the Aggregates.
Finally, we also examined the conformation of the sophorolipid
as a function of the SL aggregation numbers by computing the
distribution of the end-to-end distance between the first C1 and
the C17 atoms, P(dC1−C17), of the SL alkyl chain (Figure 1 and
Figure S7 in the Supporting Information). The figure shows a
wide distribution of the C1−C17 end-to-end distances (10.5−
13.5 Å) with the micelle size indicating a wide different
conformation of the SL alkyl chain in the aggregates. The
dC1−C17 is smaller than the extended oleic acid chain length
estimated to be below 26 Å in the “extended” conforma-
tion,106,107 indicating that the SL alkyl chain are bent with the
COOH pointing toward the sophorose headgroup or slightly
extended in the micelles. Similar observation was found by
Prasad et al.69 with acidic (three double bonds) linoleic acid
sophorolipids.
To illustrate this, we highlighted some representative

conformations of the sophorolipids in each aggregate (Figure
9) according to their conformations and localizations and the

Figure 9. Representative conformation of the sophorolipids in the aggregates with (a): 28, (b) 37, (c) 56, (d) 68 and (e) 80, (f) 112 monomers. Red,
blue, green, and yellow colors corresponds to the surfactant conformations where the sophorose and the COOH headgroups are located at the
micelle surface with the rest of the surfactant in the hydrophobic core (red), the sophorolipid reside entirely at the micelle surface (blue), alkyl chain
is extended and cross the hydrophobic core and with the sophorose and headgroups at the surface (magenta), where COOH in the hydrophobic
core (green), where the overall sophorolipid are deeply buried in the hydrophobic core (yellow). The figures were drawn with PyMol.100
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model depicted in Figure 7. The figures clearly show that the
sophorolipid molecules adopt different conformations and
localizations in the micelles depending on their sizes. In
particular, in the smallest micelle (Nagg = 28), which has a more
spherical shape, there is only one conformation (red-high-
lighted molecule in Figure 9a−f and region I in Figure 7) for
the sophorolipid: the sophorose and the COOH headgroups
are located at the micelle surface with the rest of the surfactant
partially folded in the hydrophobic core. With the increase of
the micelle size, the SL adopt other conformations, for instance,
where the all the sophorolipid reside entirely at the micelle
surface (blue-highlighted molecule in Figure 9b−f and region II
in Figure 7), with the COOH in the hydrophobic core (green-
highlighted molecule in Figure 9) or where the alkyl chain in an
extended conformation that crosses the hydrophobic core and
with the sophorose and headgroups at the surface (magenta-
highlighted molecule in Figure 9c−f and region 3 in Figure 7)).
In the aggregates with Nagg = 68, 80, and 112, we also see that
one sophorolipid where the overall sophorolipid is buried in the
hydrophobic core (yellow-highlighted molecule in Figure 9d−
f). Taken together, the simulation results show that for
spherical micelles, the bent conformation of SL is predominant,
but as soon as the shape turns into an ellipsoid, various
conformations can coexist. These results also put in evidence
the fact that the micelle is not constituted by a homogeneous
arrangement of sophorose at the surface and oleic acid in the
core, but rather a more complex distribution of these chemical
groups, which is in agreement with the model picture proposed
in Figure 7, deduced from experimental data. In particular,
simulation data, both conformational and statistical, support the
idea of a disordered region, which was identified as region II in
Figure 7, in which molecular conformation and water
interpenetration occur, thus explaining the complexity of fitting
SAXS data using a standard core−shell model and justifying
SANS contrast-matching data showing that a pure aliphatic
core only exists in the inner micellar center.

■ CONCLUSION
This work shows a detailed analysis of the micellar structure
composed of sophorolipids, an asymmetric bolaform glycolipid
containing a pH-sensitive COOH group. If the micellar
structure was previously reported to be of prolate ellipsoidal
shape, we show here how the asymmetric bolaform compound
settles within the micelle itself. Detailed modeling of SAXS
spectra show an uneven distribution of matter within the
ellipsoid. We find that the core−shell model is by far the most
adapted to describe the micelle; however, if the hydrophobic
core, the size of which is about 8 × 55 Å, actually corresponds
to an ellipsoidal shape, the hydrophilic shell has a nonzero
thickness (about 12 Å) only in the equatorial region of the
micelle. The actual micellar model rather corresponds to a
“coffee bean”-like shape than an actual homogeneous ellipsoid.
Contrast matching SANS was used to probe the actual
distribution of the hydrophobic components of the micelle.
The experiment was run at 100% D2O, and at 46% D2O, at
which one expects sophorose to be fully contrasted.
Interestingly, the hydrophobic core has rather a globular
morphology, rather than an elongated ellipsoid. Combining
both SAXS and SANS experiments, we make the hypothesis
that the ellipsoid of revolution can be divided into three
regions: Region I, defining a fully aliphatic core in the micellar
center; a less-defined Region II in the axial direction of the
ellipsoid and composed of aliphatic, sophorose, and COOH

groups; Region III, identifying the outer shell composed of
sophorose, COOH groups, water and possibly counterions and
in which contribution from vicinal CHx groups should not be
excluded. To account for such a complex structure, one must
make the hypothesis that several configurations of sopho-
rolipids are actually found within the micelle: both bent and
elongated in the peripheral region but also crossing through the
micelle itself. This picture is compatible with both the double
polar nature of sophorolipids and the bent conformation of its
oleic acid aliphatic chain.
To verify this model issued from experimental data, we

carried out explicit MD simulations with 28, 37, 56, 68, 80, and
112 sophorolipid monomers. The simulation results show, in
agreement with scattering experiments, that the micelle shape
changes from a (quasi)sphere to an elongated ellipsoid with the
increase of the Nagg value. At high Nagg value (here, Nagg = 112
SL), the aggregate forms a cylindrical rod, as previously
reported in the literature for higher volume fractions.
Moreover, all the aggregates present a rough surface with the
sophorose and COOH headgroups in direct contact with the
solvent leading to a larger hydration of these groups compared
to the alkyl chain moiety. Examination of the sophorolipid
conformations also shows that when the micelle is small and
nearly spherical (here with Nagg = 28), the bent conformation of
SL is predominant where the headgroup, the sophorose, and
the COOH are located at the micelle surface with the alkyl
chain partially folded in the hydrophobic core. With the
increase of the micelle size, others SL conformations in the
aggregate can coexist leading to a complex distribution of
sophorolipids in the micelle surface and in a hydrophobic core,
also in the agreement with the model of structure deduced from
the scattering experiments.
Finally, we have also investigated the sophorolipid

configuration upon small increase in pH (<7), when repulsive
intermicellar interactions, due to the formation of COO−

groups, characterize the small-angle scattering spectra and,
consequently, the micellar network. To do so, we have
employed anomalous SAXS, consisting of analyzing the sample
using an X-ray incident energy close to the X-ray absorption
edge of a given element, in this case Rb+ (up to 100 mM) and
Sr2+ (up to 20 mM) counterions, used to neutralize the
negative COO− charges. Contrary to our expectations, the
ASAXS effect near the edge was very mild at concentrations in
counterions at which it is supposed to be very strong, if we
compare the values to ionic surfactant systems. We interpret
these results by making the hypothesis that the negatively
charged COO− groups do not preferably distribute at the outer
micellar/water palisade but rather throughout the micellar
hydrophilic shell volume, thus reducing the scattering effect of
the counterions alone.
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Table S1: Solvent SLD calculated for all salt compositions 

Solvent

RbCl-10mM 9.4091
RbCl-50mM 9.4343
RbCl-100mM 9.4656

SrCl2-5mM 9.4083
SrCl2-10mM 9.4301
SrCl2-20mM 9.4572

RbOH-40mM 9.4357
RbOH-80mM 9.4646

9.4325
9.4581

ρ solv (10-6 Å-2)

Sr(OH)2-10mM
Sr(OH)2-20mM
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Critical determination of the best fit model 

Figure S1 in the Supporting Information shows χ2/Npts value obtained from the fitting of 

the SAXS profile corresponding to sample 7 (SrCl2-25 mM), chosen as a typical example. First of 

all, four different morphologies without polydispersity have been tested using the corresponding 

models proposed in the SASview software: sphere, ellipsoid, cylinder and bicelle, with a single core 

and core-shell (referred to with C.S. in Figure S1) SLD levels. As it was expected, single core 

models give poor results with high χ2/Npts values and they have been immediately discarded. 

According to our hypothesis, these models cannot account for the structure of sophorolipids 

micelles, which have to be described by a core-shell model, with an apolar core formed by the oleic 

acid hydrocarbon moiety and a hydrated shell formed by the hydrophilic sophorose headgroup. 
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Figure S1 - Evolution of the χ2/Npts for the system SrCl2-25mM as a function of the form factor, P(q). 

 

The sphere model always gives high χ2/Npts values even for the core shell and core double 

shell models (χ2/Npts = 141 and 46 respectively). Best χ2/Npts values are obtained for core-shell 

cylinder, ellipsoid and bicelle models (23.8, 13.6 and 6.2 respectively), for a homogeneous shell 

thickness in the cylinder and ellipsoid models, and two homogeneous shell thicknesses for the 

bicelle model (face-shell and rim-shell). 

 The bicelle model seems to provide the best fit, but a closer look to the results shows that the 

face-shell SLD, a variable parameter of the fitting procedure, is similar, or even higher, than the 

theoretical pure and dehydrated sophorose SLD (~ 1.4 x 10-5 Å-2, or 514 e-/nm3). This value has no 

physical meaning since the shell contains sophorose and possibly the carboxylic headgroups with 
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their hydration sphere; the shell may also contain the methyl group (excluded from the model but 

present in reality) and, possibly, some hydrated CH2 groups, as also found by Caponetti.1 In this 

scenario, the expected SLD values for the shell are lower than what it is found from the fitting 

process. Moreover, if the fitted face-shell thickness is correct and corresponds to a realistic value 

(around 11 Å) the rim-shell thickness is 53 Å, a very high value that cannot be explained with 

convincing arguments, especially if one considers the very low fitted rim-shell SLD, around 9.6 x 

10-6 Å-2, close to the solvent SLD. Finally, the core thickness of the bicelle, around 10 Å, seems too 

low if we compare this value to the “extended” oleic hydrocarbon chain length (26 Å).2 This value 

is probably slightly lower (22-24 Å)3 due to the bended configuration induced to the cis-double 

bond but, even if one considers that 3 or 4 methylenes are located in the shell, the core thickness 

cannot be lower than 12-14 Å. For these reasons and after many trials on various sample scattering 

profiles without better results, we decided to discard this model. 

 The core-shell cylinder model gives more realistic sizes and SLD values: the core radius, the 

shell thickness and the shell SLD are respectively estimated by the fitting procedure as 7.5 Å, 12.3 

Å and 1.1 x 10-5 Å-2, or 383 e-/nm3. The latter value corresponds roughly to 75 % v/v of water in the 

shell, by neglecting any contribution other than water and sophorose. However, in spite of many 

trials involving polydispersity for different sample profiles, the fit with a core-shell form factor 

cannot describe properly the bottom of the first oscillation, and the χ2/Npts values obtained are 

always higher than 20, so that this model has been discarded, too. 

                                                 
1 Caponetti, E.; Chillura-Martino, D.; La Mesa, C.; Muzzalupo, R.; Pedone, L. Structural and Transport Properties of Bola C-16 
Micelles in Water and in Aqueous Electrolyte Solutions, J. Phys. Chem. B 2004, 108, 1214-1223 
2 Kaibara, K.; Iwata, E.; Eguchi, Y.; Suzuki, M.; Maeda, H. Dispersion Behavior of Oleic Acid in Aqueous Media: from Micelles to 
Emulsions, Colloid Polym. Sci 1997, 275, 777-783 
3 Garland, E. R.; Rosen, E. P.; Clarke, L. I.; Baer, T. Structure of Submonolayer Oleic Acid Coverages on Inorganic Aerosol Particles: 
Evidence of Island Formation, Phys. Chem. Chem. Phys. 2008, 10, 3156-3161 
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Table S2: Fit parameters obtained for XS= 0.3 using the core-shell ellipsoid of revolution model presented in the 
main text. For the significance of the symbols, please refer to Figure 2 and to the legends of Table 3 and Table 4 

in the main text. 

Sample NAgg RC (Å) XC TS (Å) ρS x 10-5 (Å-2) α xv,w 
hg_3 

n w/SL  
hg_3 z 

RbCl-10mM 55 8.2 5.7 11.7 1.0763 0.67 0.53 22  
RbCl-50mM 64 8.2 6.9 11.5 1.0787 0.69 0.53 21  
RbCl-100mM 68 8.1 7.4 11.3 1.0850 0.67 0.50 19  

          
SrCl2-5mM 52 7.9 6.1 12.1 1.0623 0.68 0.58 27  

SrCl2-25mM 71 7.9 8.6 12.2 1.0620 0.68 0.58 27  
SrCl2-50mM 73 8.0 8.2 11.7 1.0763 0.67 0.52 22  

          
RbOH-40mM 34 7.0 4.7 11.8 1.0638 0.55 0.53 23 7.0 
RbOH-80mM 24 6.4 4.0 10.6 1.0736 0.50 0.47 19 10.2 

          
Sr(OH)2-10mM 50 7.4 6.1 12.4 1.0644 0.57 0.53 23 4.8 
Sr(OH)2-20mM 41 7.2 4.6 12.0 1.0797 0.49 0.44 17 5.2 
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Table S3: Molecular area values obtained for XS= 0.3 using the core-shell ellipsoid of revolution model presented 
in the main text. Symbols are explained in the legend of Table 5 in the main text 

 
 

Sample AC,S/SL (Å) Aalkyl/sopho (Å) Amic,w/SL (Å) L (Å) 
RbCl-10mM 70 100 192 3.67 
RbCl-50mM 72 102 191 3.62 
RbCl-100mM 71 101 184 3.42 

     
SrCl2-5mM 73 107 209 4.13 
SrCl2-25mM 74 105 205 4.15 
SrCl2-50mM 71 102 190 3.67 

     
RbOH-40mM 68 122 217 3.96 
RbOH-80mM 69 140 226 3.61 

     
Sr(OH)2-10mM 66 110 201 3.96 
Sr(OH)2-20mM 59 111 187 3.42 
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Experimental approach and data treatment in ASAXS experiments 

ASAXS measurements in this work have been done using the same experimental apparatus 

described in the SAXS section above. In addition to that, we have verified the following in order to 

optimize observation of the anomalous effect: 1) we verified that sophorolipids micelles did not 

undergo beam damage over about 2 minutes of continuous irradiation, as this is the maximum 

irradiation time per sample; 2) we averaged three measurements (total acquisition time per 

measurement is equal to 2 s) per sample; 3) the fluorescence problem was dealt with in two 

independent ways. In the first method, for each measured energy, the same background level was 

recorded always using a solution with the exact ion concentration used for a given sample. In 

practice, a given ion solution is always split in two shares, one is used for background analysis, 

while the sample is dispersed in the second share for measurement. After background subtraction, 

there is no residual energy-dependent fluorescence. In the second method, we followed a more 

classical approach described in the literature (see section III.B2 in Ref. 4). We subtracted to all 

energies the background (capillary + solvent) recorded far from the adsorption edge, where 

fluorescence is neglected and verified the presence of fluorescence as a function of the incident 

energy (Figure S2a in the Supplementary Information). Then, by considering that any shift in the 

background level close to the edge is solely due to the presence of fluorescence, we subtract it from 

each spectrum (Figure S2b). Both methods provide equivalent results. 4) We calculated f′(E) and 

f′′(E) directly from the experimental absorption curve measured for standard RbCl (0.5 M) and 

SrCl2 (0.25 M) water solutions. To do so, we have used the CHOOCH software package5 directly on 

our data and interpolated the values using the instrumental resolution (ΔE/E= 1.3 x 10-4); 5) we 

rescaled the experimental absorption edge for both Rb+ and Sr2+ to their theoretical values (ERb= 

15199 eV; ESr= 16105 eV). The measured edge was shifted by a value of approximately 34 eV due 

small shift of the monochromator main angle, which is a classical, largely documented, effect;6 6) 

we measured I0(q,E) for eight energy values, shown in Table S4 along with the ΔE, difference 

between the given energy with respect to the value at the edge, and the corresponding f′ and f′′. The 

treatment of I0(q,E) scattering curves was done using the ASAXS utility in the SAXSUtilities 

software,7 available free of charge on the developer’s website.8 This software proposes both the 

                                                 
4 Dingenouts, N.; Patel, M.; Rosenfeldt, S.; Pontoni, D.; Narayanan, T.; Ballauff, M. Counterion Distribution around a 
Spherical Polyelectrolyte Brush Probed by Anomalous Small-Angle X-ray Scattering, Macromolecules 2004, 37, 8152-
8159 
5 Evans, G.; Pettifer, R. F. CHOOCH: a Program for Deriving Anomalous-Scattering Factors From X-Ray Fluorescence 
Spectra, J. Appl. Cryst. 2001, 34, 82-86 
6 Ballauff, M.; Jusufi, A. Anomalous Small-Angle X-Ray Scattering: Analyzing Correlations and Fluctuations In Polyelectrolytes, 
Colloid Polym Sci, 2006, 284, 1303–1311 
7 Sztucki, M.; Di Cola, E.; Narayanan, T. Instrumental Developments for Anomalous Small-Angle X-Ray Scattering from Soft Matter 
Systems, J. Appl. Cryst. 2010, 43, 1479–1487 
8 http://www.sztucki.de/SAXSutilities 
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“matrix” and the “fit” methods to extract the pure resonant curve v2(q) profile. In Table S4 we show 

the energies at which I0(q) values were recorded and which were used to extract the v2(q) scattering 

profiles.  

 

Table S4 – Energy values of the X-ray beam at which SAXS data have been recorded for each system presented 
in Table 1 in the main text. ΔE indicates the difference between the given energy and the absorption energy of a 
given cation. f’ and f’’ are the real and imaginary part of the energy-dependent scattering vector (please refer to 

Eq. 17 in the main text).  

ΔE (eV) ERb+ (eV) f' f'' ΔE (eV) ESr2+ (eV) f' f'' 
-600 14599 -2.7320 0.5513 -600 15505 -2.7636 0.5616
-200 14999 -3.7932 0.5248 -200 15905 -3.8286 0.5360
-20 15179 -6.0708 0.6575 -8 16097 -7.9670 0.8747
-4 15195 -7.9606 1.6529 -4 16101 -8.8549 1.9580
0 15199 -8.1150 3.4633 0 16105 -8.9079 3.9241
2 15201 -7.4691 4.0922 2 16107 -8.3326 4.8877
4 15203 -6.9082 4.1870 4 16109 -7.4539 5.5104

 

 
 
 

 
 

Figure S2 – Illustration of the fluorescence background as a function of the incident energy for the sample SL 
80mM and RbCl 10 mM. In a), all spectra have been corrected for the background (capillary, water, RbCl 
10mM) recorded at E= 14599 eV. The increasing background as a function of energy (more pronounced at 

energy values close and above the edge) shows a classical fluorescence effect. In b), we applied the correction 
described by Dingenouts et al. (section III.B2 in N. Dingenouts, M. Patel, S. Rosenfeldt, D. Pontoni, T. 

Narayanan, M. Ballauff, Macromolecules 2004, 37, 8152-8159).  
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Experimental determination of the ionization degree. 
A 80 mM sophorolipid solution is titrated using micromolar amounts of a RbOH 1M solution (5 μL 

to 20 μL) from the equilibrium pH to pH= 11: 

 

COOH + RbOH   →  COO-Rb+ + H2O       Eq. S1 

 

From the titration curve, one can determine the pKa of sphorolipids as pKa= pH(Veq/2), where Veq/2 

is half the equivalent volume at which all COOH are titrated. Then, from Eq. S1, the evolution of 

the [ ]
[ ]COOH
COO−

ratio with pH is given by: 

 

[ ]
[ ] k10
COOH
COO pHpKa == −−

−
)(          Eq. S2 

 

The ionization degree, [ ]
[ ] [ ]−

−

+ COOCOOH
COO , is obtained from a simple rearrangement of Eq. S2: 

 

[ ]
[ ] [ ] 1k

11
COOCOOH

COO
+

−=
+ −

−

         Eq. S3 

 

where k has been defined in Eq.S2.   

 

At the equilibrium pH of SL in water, which lies between 4.5 and 5 according to concentration, one 

expects, from the titration curve of SL in water using RbOH (Figure S3), an amount of COO- 

groups below 5% of the total carbonyl content. Upon addition of RbOH, the amount of COO- in 

solution is expected to increase, as shown by the evolution of the ionization degree with pH (Figure 

S3).  
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Figure S3 – Titration curve (black squares) of a 80 mM solution of acidic sophorolipids using RbOH. The 

ionization degree (blue empty circles) is calculated from the titration curve according to Eq. S3. 
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Additional data obtained from molecular modelling by Molecular Dynamics. 
 

 
Figure S4:  Final snapshots of the simulations obtained for (a) MD1 (with 28 SL at tsim = 112 ns), (b) MD2 (with 

37 SL at tsim = 110 ns), (c) MD3 (with 56 SL at tsim = 162 ns), MD4 (with 68 SL at tsim = 164 ns), MD5 (with 80 SL at 
tsim = 162ns) and MD6 (tsim = 171 ns). The outermost and innermost glucose are colored in yellow and red, 
respectively, whereas the alkyl chain, double bonds and COOH groups are in grey, cyan and blue colors, 

respectively. The black line shows the box limits. Water is not shown for visual clarity. The figures were drawn 
with PyMol.9 

 

                                                 
9 Schrodinger, L. The PyMOL Molecular Graphics System. DeLano Scientific San Carlos CA, 2010 
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Table S5: Aggregate surface properties. V
GLASASA , V

GLBSASA , V
ACSASA 7

, V
CCSASA =

,  V
BCSASA 7  and V

COOHSASA   
are the average normalized surface area (in %) of the 6 parts of the sophorolipid molecule and total surface (in 

Å2) computed with the Voronoi polyhedron construction (see main). 
e
SLSASA  is the total surface areas computed 

with the Knud Thomsen's Formula, excepted MD6, where we used the formula for a closed cylinder 
( boxRLπ2 see main text for more information). e

SLA  is the surface per sophorolipid (Å2) and the frug the rugosity 
factor. The statistical errors (maximum errors) are always lower than 3.0 and 0.2% for the SASA and the 

rugosity factor, respectively. 

 

#MD V
GLASASA  V

GLBSASA  V
ACSASA 7
 V

CCSASA =
 V

BCSASA 7
 V

COOHSASA  V
SLSASA  e

SLSASA  e
SLA  frug 

MD1 42.6 33.3 8.2 1.2 5.7 9.0 9116.7 4969.0 177.4 1.83 
MD2 44.2 33.6 7.4 0.9 4.9 8.9 11401.2 6034.0 163.1 1.89 
MD3 45.4 34.1 7.1 0.8 4.4 8.3 15960.3 8024.4 143.4 1.99 
MD4 46.3 34.5 6.6 0.6 3.9 8.0 18765.9 9407.5 138.1 2.00
MD5 45.8 34.6 6.3 0.6 3.2 7.9 21820.6 10597.6 132.5 2.05
MD6 47.9 34.7 6.3 0.6 3.2 7.2 27665.6 6996.4 62.5 3.95
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Figure S5: Time evolutions of the SL micelle radius of gyration. 
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Table S6: Hydration Numbers. Nw/SL, Nw/soph, Nw/COOH, Nw/C=C and Nw/Alkyl give the average number of 
water molecules at 4.0 Å of the whole aggregate, the sophorose headgroup, the COOH.10 The statistical errors 

(maximum errors) are always lower than 0.1%. 

 

System MD1 MD2 MD3 MD4 MD5 MD6 
Nw/SL 26.6 24.2 21.7 20.9 17.8 17.2 

Nw/soph 24.9 23.1 20.8 20.2 17.2 16.9 
Nw/COOH 4.4 3.9 3.4 3.2 2.7 2.4 

Nw/C=C 0.6 0.4 0.4 0.2 0.2 0.2 
Nw/Alkyl 5.0 4.0 3.6 3.1 2.7 2.5 

 
 
 
 
 

 
 

                                                 
10 S. Abel, F-Y Dupradeau, E. P. Raman, A. D. MacKerell Jr., and M. Marchi, J Phys Chem B., 2011, 115, 487–499 
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Figure S6: Average radial density functions g(OX−OW) between oxygens of water and the sophorolipid for the 28 
(black), 37 (red line), 56 (green), 68 (blue), 80 (orange) and 112 (magenta) monomers. See Figure 1 in the main 

text for the positions of the oxygen atoms in the SL molecule.  
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Table S7 : Average numbers of water in the first hydration shell ‹nOx-Ow› of the sophorolipid oxygen atoms 28 
(MD1), 37 (MD2), 56 (MD3), 68 (MD4), 80 (MD5) and 112 (MD6) monomers (see Figure S4). The sophorolipid 

oxygen atoms are labeled as follows: O1A and O1B are the acetalic oxygens, OC1A and OC1B are the COOH 
oxygens O5A and O5B are the sophorose ring oxygens, and all the remaining are hydroxyl oxygens. Values have 

been obtained by integrating the pair correlation functions g(OX−OW) up its first minimum at ~3.5 Å (See Figure 
S6). 

 
 

 MD1 MD2 MD3 MD4 MD5 MD6 ۄnOx-Owۃ

O1A 0.6 0.6 0.6 0.6 0.6 0.5 
O2A 2.0 1.9 1.9 2.0 1.8 1.7 
O3A 2.4 2.3 2.2 2.3 2.2 2.1 
O4A 2.1 2.2 2.0 2.0 1.9 1.9 
O5A 0.2 0.3 0.3 0.2 0.2 0.2 
O6A 1.9 1.8 1.8 1.7 1.7 1.6 
O1B 0.6 0.5 0.5 0.5 0.4 0.4 
O3B 2.4 2.3 2.3 2.3 2.2 2.0 
O4B 2.2 2.2 2.1 2.0 2 1.9 
O5B 0.1 0.1 0.1 0.1 0.2 0.1 
O6B 1.8 1.7 1.5 1.4 1.4 1.3 

OC1A 1.8 1.8 1.5 1.5 1.3 1.2 
OC1B 1.0 1.0 0.9 0.8 0.7 0.7 

 



 S16

 

 
Figure S7: Distribution of the end-to-end distance P(dC1-17) between the first and the last carbon of the alkyl of 
the sophorolipid for the aggregates with 28 (black), 37 (red line), 56 (green), 68 (blue), 68 (orange) and 112 
(magenta) monomers 
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Abstract 

The structure and dynamics of phospholipid reverse micelles are studied by molecular dy-

namics. We report all-atom unconstrained simulations of 1,2-dioleoyl-sn-phosphatidylcholine 

(DOPC) reverse micelles in benzene of increasing sizes, with water to surfactant number ra-

tios ranging from Wo = 1 to 16. The aggregation number, i.e., the number of DOPC mole-

cules per reverse micelle, is determined to fit experimental light-scattering measurements of 

the reverse micelle diameter. The simulated reverse micelles are found to be approximately 

spherical. Larger reverse micelles (Wo > 4) exhibit a layered structure with a water core and 

the hydration structure of DOPC phosphate headgroups is similar to that found in phospholip-

id membranes. In contrast, the structure of smaller reverse micelles (Wo ≤ 4) cannot be de-

scribed as a series of concentric layers successively containing water, surfactant headgroups, 

and surfactant tails, and the headgroups are only partly hydrated and frequently present in the 

core. The dynamics of water molecules within the phospholipid reverse micelles slow down 

as the reverse micelle size decreases, in agreement with prior studies on AOT and Igepal re-

verse micelles. However, the average water reorientation dynamics in DOPC reverse micelles 

is found to be much slower than in AOT and Igepal reverse micelles with the same Wo ratio. 

This is explained by the smaller water pool and by the stronger interactions between water 

and the charged headgroups, as confirmed by the redshift of the computed infrared lineshape 

with decreasing Wo. 
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1. Introduction 

Reverse micelles (RMs) consist of water droplets sequestered from an organic (i.e., oil) phase 

by a layer of surfactant molecules. These versatile systems are employed in a broad range of 

technological applications. They can, for example, serve as vehicles for drug delivery, be 

used as chemical nanoreactors1, and be applied to the controlled synthesis of materials and 

nanoparticles1,2. In addition, RMs are paradigm systems to investigate the effects of 

nanoscale confinement, for example, on the structural and dynamical properties of water 3,4 

and on the protein folding and unfolding equilibrium5-8. They have been studied with a broad 

range of techniques, including NMR9-11, SAXS, SANS 
12,13, ultrafast infrared spectroscopy14-

19
, and numerical simulations20-30. This has, for example, lead to a detailed characterization of 

the progressive slowdown of water dynamics with decreasing RM sizes and of the specific 

effects of the surfactant headgroup. 

While most of these studies have focused on AOT (dioctyl sodium sulfosuccinate) as a sur-

factant because of its ability to form stable and monodisperse RMs, phospholipids are another 

family of surfactants that can form RMs. These RMs are of particular interest because phos-

pholipids are ubiquitous in biochemical systems, as they are the major constituent of cellular 

membranes. They have also been suggested to have potential functional roles in biological 

membranes 
5
. 

Among phospholipids, phosphocholine lipids are amphiphilic molecules with a hydrophobic 

moiety made of two fatty acid chains covalently bonded to a glycerol molecule, and a hydro-

philic, zwitterionic headgroup composed of a phosphate anion covalently bonded to a choline 

cation. Natural phospholipids include lecithin which is a mixture of phosphatidylcholine li-

pids with acyl chains of various lengths and degrees of saturation, and which is widely used 

in the pharmaceutical, food and agricultural industries (see, e.g., Refs. 31,32). Recent series of 

ultrafast infrared spectroscopy studies
33-38

 have focused on the dynamics of water confined in 
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RMs of DOPC (1,2-dioleoyl-sn-phosphatidylcholine, see Scheme 1). These pioneering stud-

ies revealed the great similarity between the dynamics of water next to the DOPC phosphate 

headgroups and the dynamics of water molecules in the vicinity of the phosphate backbone in 

a DNA double helix. 

 
 

Scheme 1: Chemical structure of the 1,2-dioleoyl-sn-phosphatidylcholine (DOPC) phospho-

lipid. Colors are used to highlight atoms discussed in the text (phosphate oxygen in red, 

phosphate ether oxygen in blue, glycerol carboxyl oxygen in green, glycerol ester oxygen in 

orange). 

In order to characterize the structure of phospholipid RMs and the dynamics of the confined 

water molecules, we performed all-atom molecular dynamics (MD) simulations of DOPC 

RMs in benzene over a broad range of water-to-surfactant, W0, ratios, from 1 to 16. We de-

termined their structural properties (including their size, shape, and internal structure) and 

characterized the dynamics of the confined water molecules. We compare our results to exist-

ing experimental data on lecithin-based RMs and to other ionic and non-ionic RMs, including 

the extensively characterized AOT system. 

The outline of the remainder of this paper is as follows. In section 2, we describe the con-

struction of the RM systems and the simulation methodology. In section 3, we examine the 

structure of the RM. In section 4, we compare the water dynamics and infrared spectra ob-

tained from our simulations with the available experimental results. We finally offer some 

concluding remarks in section 5. 
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2. Methodology 

2.1 Construction of the Reverse Micelle Models  

Each RM is characterized by its water-to-surfactant number ratio, W0. All of the simulated 

systems have compositions that correspond to locations in the phase diagram where RMs are 

the most stable structures; RMs thus form spontaneously under these conditions. However, 

this self-assembling process is complex and too slow to be described with explicit MD simu-

lations at a specific W0 value (see Ref. 
28

). Following prior work
29,30

, we therefore adopted a 

preassembling approach. For this study, we constructed a series of RMs with increasing W0 

ratios from 1 to 16. Details about their composition are given in Tables 1 and S2. The RM 

models are constructed in three steps. First, a spherical water cluster containing nH2O water 

molecules is prepared with an initial density chosen to be slightly larger than that of bulk 

water; this accounts for the fact that some of the water molecules will hydrate the DOPC po-

lar headgroups. Second, nDOPC DOPC molecules are arranged around this water sphere with 

the fatty acid tails pointing outward in an extended conformation. Third, the RM is inserted in 

a cubic box of benzene. The number of benzene molecules, nbenz, is determined from the leci-

thin/water/benzene phase diagram in order to be in the L2 phase region
1
, i.e., with a benzene 

weight fraction %wtbenz = mbenz/(mbenz+mDOPC+mH2O) greater than 80% where mbenz, mDOPC , 

and mH2O are the total masses of benzene, DOPC, and water in the box, respectively. If neces-

sary, nbenz is increased to ensure there is more than 15 Å between the outer RM surface and 

the edges of the simulation box to avoid artifacts due to periodic boundary conditions. The 

resulting %wtbenz values are between 86.7 and 95.0%, and the effective DOPC concentrations 

lie between ~0.05 and 0.15 M; the latter values are slightly below the experimental 0.25 M 

concentration used in Refs. 
34-38

). 
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 Table 1: Compositions of the simulated RM systems (see additional systems in Table S2), 

with the water-to-surfactant ratio W0, the numbers of DOPC, water, and benzene molecules 

(nDOPC, nH2O, nbenz), the benzene mass fraction (%wtbenzene), the size of the simulation box 

(Lbox) and the production simulation time (tsim). 

A further comparison is provided by the simulation of a fully hydrated DOPC bilayer in the 

liquid disordered (Lα) phase, with 128 DOPC molecules (64 per leaflet) and 40 water mole-

cules per lipid (see details in the SI). 

2.2 Molecular Dynamics Simulations 

The MD simulations were performed with GROMACS (v4.6.6)39-41. DOPC is described with 

the CHARMM36 force field42, benzene with the CHARMM General Force Field 

(CGenFF)43, and water with the SPC/E potential44. Each micellar system was minimized with 

the steepest descent algorithm with an energy tolerance of 1000 kJ mol
-1

. A first constant-

temperature equilibration is performed at 300 K for 300 ps with the v-scale thermostat 
45

 

(coupling constant T = 0.2 ps) with the RM (i.e., DOPC and water) and the benzene solvent 

coupled to two distinct thermostats. An additional equilibration is done in the NPT ensemble 

Wo Composition nDOPC nH2O nbenzene %wtbenz Lbox (Å) tsim (ns) 

1 Fixed 56 56 4000 87.4 88.0 55 

1 Optimized 15 15 2939 95.0 77.7 90 

2 Fixed 65 130 4500 86.7 91.7 60 

2 Optimized 17 34 3404 95.0 81.6 90 

4 Fixed 86 344 6100 86.5 101.6 80 

4 Optimized 22 88 4234 95.0 87.1 90 

8 Optimized 34 272 7704 95.0 106.6 90 

12 Optimized 69 828 16843 95.0 139.2 100 

16 Optimized 87 1392 22763 95.0 153.9 110 
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at T = 300 K and P = 1.015 bar with the same thermostat and the Berendsen
46

 barostat with a 

relaxation time of 3.0 ps, and a compressibility of 4510
-6

 bar
-1

. During equilibration, the 

phospholipid and water molecules are harmonically restrained with a 1000 kJ mol
 -1

 nm
-1

 

force constant. Periodic boundary conditions are applied and long-range electrostatic interac-

tions are evaluated with the particle mesh Ewald method
47

. A switching function for the van 

der Waals interactions is used between 8.0 Å and 12 Å. Bonds involving hydrogen atoms are 

constrained with the P-LINCS algorithm
48

. The production runs are propagated at constant 

temperature and pressure, with the same thermostat as during the equilibration, and the 

Parrinello-Rahman barostat
49,50

. We stress that no harmonic restraining potential is applied on 

the RM, so that the RM shape is exclusively determined by the force field. The RM structural 

properties are calculated from 55 to 110 ns-long NPT trajectories with configurations saved 

every 2 ps. The dynamical properties are determined from shorter, 0.5 to 6 ns-long, NVT runs 

at 300 K using the same thermostat as in the NPT runs and with configurations saved every 1 

fs. 

We note that a recent simulation study29 of phosphatidylcholine RMs suggested that the 

CHARMM36 lipid force field employed here underestimates the lipid tail-apolar solvent in-

teractions, leading to distorted RM structures. However, we stress that the aggregation num-

ber that was chosen for the only DOPC RM in that study is considerably larger than the opti-

mized aggregation number that we find here (78 for W0=7 in ref. 29
 vs. 34 for W0 = 8 here; 

see Table 1) and that lower aggregation number – as will be shown below – is required to 

yield RM sizes in agreement with experimental measurements. In addition, the main issue 

with the CHARMM36 force field discussed in ref. 
29

 was the very limited penetration of the 

apolar solvent between the lipid tails, whereas, as we will show, our present simulations do 

not suffer from this problem and a clear solvent penetration is observed. 
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3. Results and Discussion 

3.1 Structure of the Reverse Micelles 

3.1.1 Reverse Micelle Size 

In experimental studies, only the W0 water-to-surfactant ratio is controlled and the aggrega-

tion number, i.e., the number of DOPC molecules per RM, is not. Here we assume that for a 

given W0 ratio, all RMs have the same aggregation number, i.e., that the system is 

monodisperse (the polydispersity of a DOPC/water/benzene solution, to our knowledge, has 

not been measured), and we determine this aggregation number to fit the results of dynamic 

light scattering (DLS) experiments which measured the RM size. DLS measurements on 

DOPC RMs
34

 suggest that the RM hydrodynamic diameter   
    (in Å) scales linearly with 

W0 as  

  
                          .                                       (1) 

To determine the aggregation number at every W0 value, we have used two different strate-

gies. First, following the suggestion of Ref. 
34

, we calculated the number of DOPC molecules 

per RM by dividing the RM surface area (assumed to be an ideal sphere) by the surface area 

of a single DOPC molecule,      
   

 = 70 Å2, estimated from 
the area-per-lipid in mem-

branes
51-53

. The numbers of DOPC and water molecules in an individual RM are then given 

by 

          
     

          
 

     
   

                     
 .   (2) 

Following this approach, we constructed and simulated three RM systems at W0 = 1, 2, and 4. 

These RMs are identified has having a "fixed" aggregation number in Tables 1-2. We then 

compared their sizes with experimental DLS measurements.
34

 DLS probes the decay of the 

scattered intensity time-correlation function and is thus sensitive to the particle hydrodynamic 

radius. The hydrodynamic radius, RH, is calculated from the measured translational diffusion 
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coefficient and the Stokes-Einstein equation, assuming that the particle is spherical
54

. For 

non-spherical particles, it yields the apparent hydrodynamic radius, i.e., the radius of the 

equivalent sphere having the same volume. This apparent radius is a very good approxima-

tion to the hydrodynamic radius for moderately distorted spheres, as is the case for the RMs 

studied here 
55,56

. In our simulations, we estimate the RM apparent hydrodynamic diameter 

  
     from the radius of gyration, Rg. For spherical RMs with a uniform density, the radius of 

gyration is defined to be 

    
         

  

 

       
  

 

 

 
  

  
 

 
   

where RH is the hydrodynamic radius, and therefore 

  
       

      .     (3) 

As shown in Fig. 1 and in Table 2, the diameters of these RMs constructed with the aggrega-

tion number determined from Eq. 2 are significantly larger than those determined by DLS. 

This shows that the aggregation number given by Eq. 2 is overestimated. As discussed below, 

because of curvature effects, the surface area per DOPC molecule in RMs cannot be assumed 

to be independent of W0 and equal to its value in membranes.  
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Figure 1: Reverse micelle hydrodynamic diameters DH versus W0, respectively from DLS 

measurements
34

 (black), from the simulated RMs constructed with the aggregation number 

Eq. 2 assuming a fixed headgroup surface area (red), and from our trial-and-error optimized 

construction (in green our intermediate attempts, in blue the optimized systems). Each system 

is shown by a dot, and the solid lines are linear regressions for each set. The nDOPC value for 

each simulated RM is given in parentheses. 

We therefore determined the nDOPC aggregation numbers with a second approach, using an 

iterative trial-and-error procedure to fit the experimental hydrodynamic diameter. We con-

structed 14 RM systems with W0 ratios of 1, 2, 4, 8, 12, and 16. The compositions and appar-

ent hydrodynamic diameters, Eq. 3, of the optimized systems are listed in Tables 1-2, where 

they are identified as having an “optimized” aggregation number. 
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W0               
     

    
      

      
    dTail      

           
      

1 Optimized 15.2 7.2 39.3 
35.4 

8.8 10.9 323.5 64.9 

1 Fixed 21.4 9.6 55.0 11.7 15.8 170.0 30.7 

2 Optimized 15.6 8.2 40.5 
38.2 

10.1 10.1 302.80 75.4 

2 Fixed 22.1 11.2 56.9 13.9 14.6 156.7 37.3 

4 Optimized 16.4 9.3 42.3 
42.8 

11.7 9.5 255.7 78.2 

4 Fixed 24.4 15.3 62.9 18.2 13.3 144.6 48.4 

8 Optimized 21.1 12.5 55.3 55.8 15.9 11.3 272.7 93.4 

12 Optimized 25.4 16.3 65.4 66.2 20.8 11.9 191.9 78.8 

16 Optimized 28.9 19.2 74.7 77.4 24.7 12.7 250.4 88.1 

Table 2: Structural properties of the simulated RM systems for increasing water/surfactant 

W0 ratio and for an aggregation number either fixed to the value given by Eq. 2 or optimized 

to reproduce the DLS measurements: radii of gyration of the entire RM (including DOPC and 

water) and of the water core (Rg
RM

 and Rg
W

), apparent hydrodynamic diameter from our sim-

ulations, Eq. 3, (DH
sim

), and from the DLS experiments
34

 (DH
exp

), radius of the water core 

RW
sim

, thickness of the DOPC acyl chain layer dTail, and surface areas per surfactant at the 

DOPC/benzene outer interface SDOPC
outer

 (determined from DH
sim

) and at the DOPC/water 

inner interface SDOPC
inner

 (from RW
sim

). Distances are in Å, areas in Å2, and relative standard 

deviations are less than 2%. 

As shown in Fig. 1, the   
    hydrodynamic diameters of these optimized RMs are all within 

experimental error (estimated to be ± 1.5 Å for RM with W0 = 5.534) of the values obtained 

by DLS34. In addition, our results correctly reproduce the linear dependence of the RM size 

with the water-surfactant-ratio. 

Our results in Table 2 also reveal the reason why the aggregation number cannot be deduced 

from the surface area per DOPC molecule in a membrane (Eq. 2). In every RM, because of 

the interfacial curvature, the surface area occupied by each DOPC molecule is extremely dif-
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and used in Ref. 34 

is close to the value found at the inner 

interface of optimized RMs. However, since the hydrodynamic radius is related to the outer 

interface, what is needed to determine the aggregation number is the surface area at the outer 

interface, which is much greater than the value in a membrane.

3.1.2 Reverse Micelle Shape 

In the remainder of this paper, we will exclusively discuss the RMs with optimized aggrega-

tion numbers that match the experimental hydrodynamic radii. We first analyze the shapes of 

these RMs. Figure 2 shows typical conformations of these RMs.  

 
Figure 2: Typical RM configurations from our MD simulations. DOPC molecules are repre-

sented as green sticks, water oxygen and hydrogen atoms are shown as red and white spheres, 

respectively. 
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To characterize the shape of each RM (including water), we approximate the RM by an ellip-

soid of uniform density, whose three semi-axis lengths, a, b, and c can be determined from 

the principal moments of inertia as
20

 

   
 

 
           

   
 

 
           

   
 

 
           

                                                  (4) 

where MT, I1, I2, and I3 (with I1>I2>I3) are the RM total mass (including water and DOPC 

molecules) and the principal moments of inertia of the overall RM. For a sphere a = b = c, 

while for an oblate ellipsoid a=b > c and for a prolate one a > b=c. We find that for each RM, 

the RM is approximately spherical and the fluctuations of the semi-axis lengths are very lim-

ited during the tens of nanoseconds of our simulations (Fig. S7). For an ellipsoid with three 

different semi-axes, i.e., when there is no symmetry of revolution, the distortion from the 

ideal spherical geometry can be measured by the eccentricity e defined here as 
27,29,58

 

     
  

  
      (5) 

where e ranges from 0 for a sphere to 1 for a rod or a disk (we note that other definitions have 

been used
59

, which would lead here to the same conclusions). Our results in Fig. 3 indicate 

that the larger (i.e., W0 > 4) RMs are more spherical than the smaller RMs, in agreement with 

the trend measured experimentally for lecithin RMs
60

. The RMs do not exhibit a clear sym-

metry of revolution and cannot be characterized as either prolate or oblate. 
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Figure 3: Length of the three RM semi-axes, respectively a (black), b (red), and c (green), 

Eq. 4, (left axis) and eccentricity, Eq. 5, (blue, right axis) for increasing W0 (standard devia-

tions are less 0.2 Å for the semi-axis lengths and 0.05 for the eccentricity). 

We have also investigated how the shape and the volume of the RMs fluctuate with time. 

Figure 4 shows the time-correlation functions of the eccentricity eq. 5 and RM volume (de-

fined as (4/3)abc) fluctuations with respect to their average value for each RM. The struc-

tural fluctuations are found to occur on a slow, nanosecond timescale. While no clear trend is 

visible with the RM size, very small and very large RMs seem to exhibit slower structural 

relaxation. 
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Figure 4: Time-correlation functions of the RM a) eccentricity eq 5 and b) volume fluctua-

tions with respect to their average values (Wo=1 in black, 2 in red, 4 in green, 8 in blue, 12 in 

orange and 16 in violet). 

3.1.3 Deviations from the Ideal Layered Structure 

We now turn our attention to the study of the RM internal structure. In particular, we exam-

ine the extent to which the RMs differ from the simplified ideal picture of a spherical water 

core sequestered from the apolar solvent by a shell of surfactant molecules. Figure 5 shows 

the mean radial mass density profiles along the distance to the RM center-of-mass, for the 
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different system components, i.e., the water molecules, the DOPC choline (N
+
(CH3)3(CH2)2) 

and phosphate (PO4
-
) moieties, the DOPC glycerol and acyl chains, and the benzene solvent 

molecules. As discussed in previous reports (e.g., Refs. 
20,23,61

), the non-spherical nature of 

RMs, particularly RMs with W0 ≤ 8, may affect the interpretation of such density profiles, 

which are most meaningful for systems with spherical (or near-spherical) symmetry. The 

results in Fig. 5 show that the cartoon picture of concentric and separate spherical layers con-

taining successively the water core, the DOPC molecules, and the benzene solvent is too 

simplified. We find a considerable overlap between the water, DOPC, and benzene compo-

nents for all W0 values, whose extent changes with W0.  

 

Figure 5: Average radial density profiles, (r), along the distance from the RM center-of-

mass for the series of RMs with increasing W0, for water (blue), choline (green), phosphate 

(orange), glycerol (red), acyl chains (violet), and benzene (black). The arrows in the plots for 

the RMs with W0 ≥ 8 are approximate indications of the bulk-water core radius, rw. 
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First, the benzene and water regions exhibit a very limited overlap, but the benzene solvent 

does penetrate between the DOPC glycerol and fatty acid chains in agreement with experi-

ments
62-66

 and previous MD simulations
29,61. This can be quantitatively measured via the sol-

vent accessible surface areas (SASA) between the different DOPC groups (i.e., choline, 

phosphate, glycerol, and acyl chains) and water and benzene. Benzene molecules penetrate 

deeply in the RM shell and enter in contact with the choline, phosphate, and glycerol groups 

(Table S4); these contact areas decrease with increasing W0, and hence with the amount of 

water inside the RM. We note that at large distances from the RM, the benzene density 

reaches its bulk value of ~0.88 g cm
-3

,
67

 close to the experimental
68

 value of 0.92 g cm
-3

. 

Regarding the arrangement of DOPC headgroups, the radial distributions in Fig. 4 indicate 

that the choline groups are always further inside the RM than the phosphate groups. For the 

smallest RMs (Wo ≤ 4), the broad and irregular headgroup distributions suggest a disordered 

arrangement, while in the larger systems (W0 ≥ 8), a layered structure appears more clearly. 

In the latter case, the thickness of the headgroup region is estimated to be ~10.0 Å, in good 

agreement with our membrane reference simulation and with experiments (8.0 ± 1.5 Å)
53,69,70

.  

The confined water radial density profile changes dramatically with the RM size. In the 

smaller RMs (W0 ≤ 4) no well-defined water core can be seen and a large overlap is found 

between the density distribution of water and those of the phosphate, choline, and glycerol 

groups. In contrast, in the larger RMs (W0 ≥ 8) the water density reaches a value close to that 

of bulk water in the center of the RM, and other RM components are absent from this region. 

The radius of the water pool can be estimated from the radius rw where the water density de-

creases below its bulk value. As shown in Fig. S8, this radius decreases approximately linear-

ly with the Wo ratio as rW(W0) ≈ 1.12 (± 0.03) W0 - 5.33 (± 3.60) Å, from ~12 Å for the larg-

est RM (W0=16), to the disappearance of the water core around W0 = 4, as suggested in ex-

periments
1,62,71,72

. Water molecules are confined within the center of the RM and escape into 
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the oil phase (i.e., the DOPC tails and benzene) very exceptionally; we registered only a few 

isolated events for the W0 = 8 and W0 = 16 trajectories and did not consider these isolated 

water molecules in the calculation of average water properties. In the following, we discuss 

in more detail the structural properties of the water core, including the water-DOPC 

headgroup interactions in Section 3.2, and their dynamics in Section 4. 

 

3.2 Properties of the RM Water Core 

3.2.1 Water Core Structure 

The radial densities in Fig. 5 show that the DOPC headgroups become increasingly hydrated 

when the number of water molecules per surfactant increases, and we now characterize this 

progressive hydration. We analyze both the contact area between water and the different 

moieties of the DOPC surfactants, and the hydration number of key DOPC sites. The contact 

area between the different components of the systems is calculated by computing the solvent-

accessible surface area (SASA) with the trjVoronoi tool73 and we compare the contact areas 

normalized by the number of DOPC molecules in each RM (aggregation number nDOPC in 

Table 1). We note that the SASA values computed in this way take into account the corruga-

tion of the RM surface and of the water core caused by the penetration of the water and 

apolar solvents between the DOPC headgroups and alkyl chains. They are therefore signifi-

cantly larger than the SASA that can be deduced from the description of the RM as an ideal 

sphere. 

The hydration numbers are determined by integrating the first peak of the water oxygen radi-

al distribution function centered on the DOPC site of interest (Table S5). The contact areas 

and the hydration numbers plotted in Fig. 6 show that the hydration of DOPC occurs in two 

main steps when Wo is increased. 
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Figure 6: a) Surface area normalized by the number of DOPC molecules between water and 

phosphate groups (black), water and choline groups (red), water and glycerol (green), water 

and alkyl chains (blue), water and benzene (orange), and for the contacts between benzene 

and the phosphate and choline groups (violet) (see Table S4). b) Hydration number for the 

phosphate oxygen atoms (black), phosphate ester oxygen atoms (green), choline nitrogen 

atom (red), glycerol carboxyl oxygen atoms (blue), and glycerol ester oxygen atoms (orange) 

(see Table S5). 

 

First, in smaller RMs (W0 ≤ 4), water molecules solvate mostly the polar headgroups (phos-

phate, choline, glycerol), while the apolar benzene solvent penetrates far between the DOPC 

chains as shown by the benzene-headgroup contacts. A closer inspection reveals that the 

phosphate oxygen atoms (red in Scheme 1) are more hydrated than the phosphate ether oxy-

gen sites (blue in Scheme 1), and similarly the glycerol carboxyl oxygen sites (green in 

Scheme 1) have more contacts with water than the glycerol ester oxygens (orange in Scheme 

1) as shown in Fig. 6b. 

When Wo increases, the water-headgroup contacts and the phosphate and choline hydration 

numbers strongly increase, while the headgroup-benzene contacts decrease markedly. For W0 

= 8 the phosphate groups are fully hydrated, and both their contact area with water and their 

hydration number reach a plateau value (with a total hydration number of the phosphate 
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group of ~5; see Table S5), in agreement with prior linear infrared spectroscopy results62 on 

lecithin RMs. This shows that at W0 = 8, the phosphate hydration shell already resembles that 

found in phospholipid membranes. 

For larger RMs (W0 > 8), the additional water molecules mostly go in the water core (Fig. 5) 

and a small fraction contributes to a further increase in the hydration of the choline and glyc-

erol groups, although more slowly than for the smaller RMs. A concomitant decrease of the 

benzene penetration between the RM chains is found. Both the contact areas between water 

and the DOPC headgroups and the hydration numbers tend towards their values in mem-

branes. We note, however, that the hydration structure of the DOPC molecules in the largest 

W0 = 16 RM studied here still differs slightly from that in membranes. The hydration num-

bers of the headgroups (5.6 ± 0.1 and 16.6 ± 0.1 for the phosphate and choline groups) re-

main slightly below the values found in our membrane simulation (5.8 ± 0.1 and 18.6 ± 0.1 

respectively, see Fig. 6 and Table S5) but close to the values in experiments on a model 

phosphatidylcholine headgroup in aqueous solution (choline hydration number of 20.0 – 

23.0)
74

 and for phosphate in a phospholipid membrane (6.0 with FTIR
75

). 

However, when one focuses specifically on the oxygen atoms within the phosphate group, the 

hydration number in the W0 = 16 RM (2.0 ± 0.2 per phosphate oxygen and 0.7 ± 0.2 per 

phosphate ether oxygen) is in good agreement with the value in the membrane (2.1 ± 0.2 per 

phosphate oxygen and 0.7 ± 0.1 per ether oxygen), and in phosphatidylcholine surfactants in 

micelles (0.8)
4
. Finally, the hydration number of 1.0 for each glycerol carboxyl site for 

Wo=16 and in the membrane is in agreement with previous results for fully hydrated phos-

pholipids in solution and in a membrane.
6,7

 We note that similar conclusions can be drawn 

from the analysis of hydrogen bonds in Fig. S12 which is also consistent with recent simula-

tions
30

 on RMs of a similar DSPC phospholipid. This suggests that the trends observed for 

the phosphate headgroup hydration are fairly robust and independent of the nature of the al-
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kyl chain and of the apolar solvent, and that in large RMs the headgroup hydration structure 

and conformation resemble those found in membranes (see SI section S2.3 and Figs. S9-

S11). 

We now study the reorientation dynamics of the confined water molecules, together with the 

water OH stretch infrared vibrational spectrum, and connect our results to available experi-

mental data (future work will address the details of the hydrogen-bond (H-bond) dynamics 

and of the nonlinear vibrational spectra). 

We first calculate the water reorientation time-correlation function (tcf) 

 ,    (6) 

where P2 is the second-order Legendre polynomial and uOH(t) is the unit vector along a water 

OH bond at time t. The tcfs for the series of RMs and for the DOPC bilayer are shown in 

Fig. 7.  

 

Figure 7: Reorientation time correlation functions (Eq. 6) for water OH bonds in DOPC re-

verse micelles of increasing sizes, a) on a linear scale and b) on a semi-log scale, from our 

simulations (solid lines) and from ultrafast infrared spectroscopy measurements76 on AOT 

RMs (dots: Wo = 2 (blue), 5 (pink), 10 (brown), and bulk water (black)).  



 22 

 

Consistent with prior experimental
4,10,19,21,76,77

 and simulation
19,21,23,24,27

 studies on several 

RMs, the water reorientational dynamics slows down as the RM size decreases. In addition, 

our computed tcfs exhibit a pronounced non-exponential relaxation, indicative of a wide het-

erogeneity in the environments experienced by water molecules. Values for the water reorien-

tation time are estimated by numerical integration of C2(t) up to a finite time t* and by ap-

proximating the residual decay through an exponential fit on the last 10 ps before t*. Figure 8 

shows the resulting water reorientation times, together with the water reorientation times 

measured by ultrafast anisotropy decay in AOT RMs
24

 since no experimental data on DOPC 

RMs are available for comparison. We find that, for similar W0 ratios, water reorientation 

dynamics is much slower in DOPC RMs than in corresponding AOT and Igepal RMs. This 

can be ascribed both to the smaller size of the water pool in the DOPC RM (as shown by the 

comparison of our distributions in Fig. 5 with the results in Ref. 
24

 for AOT RMs) and to the 

stronger interaction of water with the DOPC headgroup than with the AOT sulfonate 

headgroup and than with the uncharged Igepal headgroup. This latter point is illustrated by 

the comparison of the water OH stretch vibrational spectra, now described. 
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Figure 8: Average water reorientation time               
 

 
 from our DOPC RM simula-

tions (black dots) and from experimental anisotropy decays
17

 in AOT (red triangles) and 

Igepal (blue square) RMs. 

3.3.2 Water Infrared Spectrum 

The water infrared absorption lineshape is calculated as
78

 

             

 
                        

 
            (7) 

where  is the frequency,       is the transition dipole moment between the ground and excit-

ed OH stretch vibrational states at time t, 10(t) is the transition frequency, and T1 is the vi-

brational lifetime. The spectra are computed from classical MD NVT trajectories using the 

quadratic frequency map described in Ref. 
78

 in which the transition dipole and frequency are 

obtained from the electric field exerted on the water hydrogen atom by the other atoms in the 

system. While our simulations are performed with neat H2O in the RM, our calculation as-

sumes that each water OH stretch is decoupled from the other stretch modes, which is ob-

tained experimentally by isotopic dilution and considering a dilute HOD in D2O
76

. 

 

Figure 9: Infrared lineshapes (Eq. 7) in our series of DOPC RMs for W0 = 1 (violet), 2 

(blue), 4 (cyan), 8 (green), 12 (orange), 16 (red), and in the bulk (black). 
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The computed lineshapes are shown in Fig. 9. They exhibit a shift to the red (lower frequen-

cy) as W0 decreases and the fraction of interfacial waters increases. This suggests that inter-

facial water molecules have a redshifted frequency distribution, i.e., that water OHs donate 

stronger hydrogen bonds to acceptors in the DOPC headgroups than to other waters. This 

redshift is not visible in the experimental lineshapes for neat H2O in DOPC RMs which only 

exhibit a narrowing with decreasing W0.
36

 The comparison with the measured lineshapes 

necessarily include the effects in H2O due to resonant vibrational coupling that are not pre-

sent in our simulations of dilute HOD in D2O. However, both our simulations and these ex-

periments suggest that the water IR lineshape does not exhibit the blueshift seen in AOT RMs 

for decreasing W0. This is consistent with the stronger hydrogen-bond interaction between 

water and the DOPC phosphate headgroup than between water and the AOT sulfonate 

headgroup. 

4. Concluding Remarks 

We have presented a detailed molecular dynamics simulation study of the structural and dy-

namical properties of DOPC phospholipid reverse micelles. We report the first all-atom simu-

lations of DOPC reverse micelles in benzene over a broad range of W0 ratios (from 1 to 16). 

We showed that the aggregation number cannot be directly determined from the surface area 

per lipid in a membrane arrangement and we determined its value by fitting the reverse mi-

celle sizes measured by dynamic light scattering. Our simulations suggest that all investigated 

reverse micelles are approximately spherical. Smaller reverse micelles (W0 ≤ 4) exhibit a 

disordered core where the headgroups are not fully hydrated. Larger reverse micelles (Wo > 

4) exhibit a layered structure with a distinct water core.  

The dynamics of water molecules within the DOPC reverse micelles slow down as the re-

verse micelle size decreases, in agreement with prior studies on AOT and Igepal reverse mi-

celles. However, for a given W0 ratio, the average water reorientation dynamics in DOPC 
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reverse micelles are found to be much slower than in these other reverse micelles. This is 

explained by the smaller water pool and by the stronger interaction between water and the 

charged headgroups in the DOPC reverse micelles. Our calculations of the infrared lineshape 

for the water OH stretch vibration exhibit a redshift with decreasing W0, consistent with the 

strong water-headgroup interaction.  

Future work will investigate the water hydrogen-bond dynamics in these DOPC reverse mi-

celles, assess whether they can be described with a two-state core-shell model and connect 

the results to experimentally accessible two-dimensional infrared spectra. 
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S1 Construction and simulation of the DOPC bilayer. 

The simulations of the bilayer membrane were performed with the GROMACS (v4.6.6) 

package1-3. As for the RM systems, production runs in the NPT and NVT ensembles were 

propagated to examine the structural and dynamical properties, respectively. The initial 

conformation of the DOPC bilayer with 128 lipids (64 per leaflet) was constructed with the 

CHARMM-GUI4,5 membrane generator module6-8. A total of 5120 SPC/E water molecules (40 

per DOPC molecule) were added in the box to model a fully hydrated bilayer. A cutoff of 12 Å 

was used for the pairwise interactions and the neighbor list. Lennard-Jones interactions were 

smoothly damped to zero between 8.0 and 12 Å, while the electrostatic interactions were 

truncated at 12 Å with the longer-range interactions treated using the PME method 
9
. A time step 

of 2 fs (resp. 1 fs) was used to integrate the equations of motion with neighbor list updates every 

10 fs (resp. 5 fs) in the NPT (resp. NVT) simulations. The covalent bonds involving hydrogen 

atoms were constrained using the LINCS algorithm 
10

. 

It was shown previously (see, e.g., refs. 11,12) that the choice of simulation parameters is crucial 

to obtain correct membrane properties. In the main text, we compare several structural and 

dynamical properties of DOPC reverse micelles (RM) and membrane modeled with the SPC/E 

water potential. This water model provides a much better description of the water dynamics (see, 

e.g., 
13,14

), but it differs from the TIP3P potential used to parameterize the CHARMM36 lipid 

force field 
15

. As we will show below, our results on the membrane structure are in good 

agreement with prior CHARMM36/TIP3P simulations. 

To prepare the membrane, we first minimized the membrane-water system obtained with the 

CHARMM-GUI with the steepest descent algorithm and an energy tolerance of 1000 kJ.mol
-1

. 

The membrane system was then equilibrated in the NVT ensemble at 303 K for 300 ps with the 
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v-scale algorithm 
16

 and a coupling constant T of 0.2 ps; DOPC and water were coupled to 

distinct thermostatic baths. The resulting configuration was then equilibrated in the NPT 

ensemble at T = 303 K and P = 1.015 bar by carrying out a long simulation (100 ns) with the 

semi-isotropic coupling scheme using the Bussi et al.
16

 and the Parrinello-Rahman
17,18

 

algorithms; the values for T, p, and the compressibility were 0.2 ps, 5.0 ps, and 4510
-6

 bar
-1

, 

respectively. Finally, the resulting system was subject to another long (155 ns) simulation at 303 

K with the same temperature parameters and the pressure maintained anisotropically at 1.015 bar 

with the Parrinello-Rahman
17,18

 barostat using p and compressibility values of 5.0 ps and 4510
-

6
 bar

-1
, respectively. The data for structural and dynamical analysis were collected every 2 ps and 

1 fs, respectively from the NPT and NVT production runs (500 ps). A snapshot of the DOPC 

membrane system taken from the NPT run, is depicted in Fig. S1. As shown in this figure our 

simulation parameters and the water model give a disordered membrane structure consistent with 

a Lα phase.  

 

 

Figure S1: Snapshot of the membrane obtained at the end of the NPT simulation. The headgroup 

phosphorous, nitrogen, carbon, oxygen and hydrogen atoms are colored in yellow, blue, grey, red 

and white, respectively, while the acyl chain atoms are in green. The picture was rendered with 

PyMol. 
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S2 Structural properties of the membrane  

S2.1 Area per lipid, lipid volume, and area compressibity modulus 

To examine the stability of the membrane during the course of the NPT simulation, we computed 

the time evolution of the area per lipid, APL:  

    
    

     
                                                                  (1)  

where LX, LY and nDOPC = 64 are the box x and y vector lengths and the number of lipids per 

leaflet, respectively. 

 

Figure S2: Evolution of area per lipid (APL) during the course of the simulation (black). The 

lines show the average APL values from the last 50 ns of our simulation (red) and from two 

experiments
18,19

 (green and blue).  

 

Figure S2 shows that the APL is stable during the last ~100 ns of the run and fluctuates around 

values of ~62.0 – 70 Å
2
. The average APL value computed from the last 50 ns of the simulation 

is equal to 66.0 ± 1.2 Å
2
, slightly lower than the experimental APL (67.4 - 72.5 Å

2
) 

19-21
 and than 

the APL values obtained by Loubet et al. (67.3 Å
2
) 

22
 and Klauda et al. (69.0 Å

2
) 

15
 with the 

TIP3P/CHARMM force field. We note that with the same simulation parameters and the 

TIP3P/CHARMM force field, we were able to reproduce the APL value obtained of Klauda et 
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al. 
15

 (data not shown). With the simulation box lengths, Lx, Ly, and Lz and the fluctuations of the 

APL, we computed the average volume of one DOPC, VDOPC, and the area compressibility 

modulus, KA, respectively:  

      
      

          
                                                        (2) 

where VH2O is the experimental volume of a water molecule (30.16 Å
3
) obtained from the water 

density at 303K
23

, and  

   
    

          
 
                                                         (3) 

where β = 1/kbT, and nDOPC, and σAPL are the number of DOPC and the variance of the APL, 

respectively. The average values are given in the 6
th

 and 7
th

 rows in Table S1.  

Table S1: Average membrane structural properties obtained from previous experimental and 

simulation studies. DHH and DB are the bilayer and the Luzzati thickness, respectively (see Figure 

S3 and section S2.2) 

 

The average value of VDOPC obtained from the simulation is 1273  6.3 Å3
, which is slightly 

smaller than that obtained from experiment (1303 Å3
) 

20
, but in the range of the values obtained 

Structural Property This work Experiments Simulations 

Lx (Å) 63.2  1.2 - - 

Ly (Å) 66.8  1.7 - - 

Lz (Å) 75.2  1.3 - - 

APL (Å2
) 66.0  1.2 67.4  1

19
– 72.5  1

20
 67.3 – 69.0  1 

15,22,24-29
 

VDOPC (Å3
) 1273  6.3 1303 

20
 1262 - 1343 

24,25,27,30,31
 

KA (mN.m
-1

) 300 184  – 300  256 - 389  

DHH (Å) 38.0 35.3 – 37.1   36.3 – 37.6   

DB (Å) 39.2 35.9 - 38.7  36.8 – 40.4  
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from previous simulations of same system with different force fields (1262 – 1343 Å3
) 

24,25,27,30,31
. Similarly, the KA value obtained from the simulation, 300 mN.m

-1
, compares 

relatively well with previous experimental and simulation studies (for example, 274 mN m
-1

 in 

ref. 
15

). 

S2.2 Electron density profile  

To examine the membrane characteristics, we computed the average electron density profile 

(EDP) of the membrane (Fig. S3). We can then obtain characteristics related to the membrane 

thickness such as the head-head separation, DHH, and the Luzzatti parameter, DB. The latter 

quantity is the distance from the membrane center where the water density is half of its bulk 

value 32 and can be obtained from the lipid volume and the area per lipid from:  

   
      

   
                                                          (4) 
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a 

 
b 

 
Figure S3: a) Electron density of the DOPC bilayer obtained in this work for the whole system 
(Total), water (H2O) and selected components of the lipid (i.e., choline (CHOL), phosphate 

(PHO), glycerol (GLY), carboxyls (COO), carbons associated with the single (CH2), double 

bonds (C=C) and methyl groups (CH3). b) Comparison of the electron density from an 
experimental structural density model19 (red), from prior simulations15 (black) and from our 
simulations (blue). 

 

The DHH and DB values determined from Fig. S3 are listed in Table S1 along with experimental 

19–21,31,35
 and simulation data 23–27,29,30

 from the literature. The DHH and DB values obtained here 

suggest that our simulated membrane has a slightly larger thickness. Specifically, we find that 



 8 

the present DHH values are 2.4 - 7.6% (1.1 - 4.7%) larger than experimental measurements (prior 

simulations); the present DB values fall within the range of the reported measured and simulated 

results. Figure S3b shows that the electron density profiles from our simulations are however in 

good agreement with those from an experimental model
19

 and from prior simulations by Klauda 

et al. 
15

, with a shift of <1 Å. 

S2.3 Conformations of the DOPC acyl chains and headgroups 

The ordering of the two DOPC acyl chains in the membrane was examined by computing the 

deuterium order parameter, SCD, from the simulation trajectory. This quantity measures the 

relative orientation of the C-D bonds relative to the bilayer normal (z):  

    
 

 
                                                                  (5) 

Where  is the angle between the bilayer normal (z) and the C-D bond vector and the bracket 

denotes the average over all lipids and the simulation time. The calculated SCD can be directly 

compared with the value obtained from 
2
H NMR experiments

33
. The average absolute values of 

the deuterium order       for the sn1 and sn2 acyl chains are depicted in Figure S4 with 

experimental value obtained by Warschawski and Devaux
33

. 
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Figure S4: Deuterium order parameter for the DOPC sn1 (filled circles) and sn2 (shaded circles) 

acyl chains obtained from the 50 ns of the NPT run. The experimental results (red squares) 
33

 are 

shown for comparison. 

 

From this figure, it is clear that, in agreement with previous DOPC membrane simulations 

carried out with the CHARMM36 and the TIP3P CHARMM water model
22,29

 or other force 

fields
24,27

, the |SCD| values for the C2 atoms in the sn1 and sn2 acyl chains are markedly different, 

indicating different conformations for these atoms in the bilayer. Moreover, the higher |SCD| 

values for the other carbon atoms relative to experiment indicate that the DOPC chains are 

slightly too ordered in the simulations. This discrepancy was also found in other simulations
22

. 

Finally, we note that the unsaturated chains of the DOPC lipid show a distinctive drop around the 

carbon 10 position due to the cis double bond.  

The relative arrangement of the DOPC headgroup in the membrane was examined by computing 

the normalized probability distribution of the −P-N+ dipole vector with respect to the bilayer 

normal, which is shown in Figure S5.  
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Figure S5: Normalized distribution of angle  between the 
−P-N+ vector and the bilayer normal.  

 

The strong peak in the distribution at ~90o is close to the experimental estimate of 72° obtained 

with 2H- and 31P-NMR experiments by Akutsu et al., 34 and is in accord with previous 

simulations31,35-38 of different phospholipid membranes which obtained values in the range 60-

90o. 

Experiments39 and MD simulations40 have shown that the PL acyl chains and the PL headgroup 

conformations changed significantly with the increase of the W0 value the decrease of the 

penetration of the benzene in the acyl chains see sections 3.1.3 and 3.2). To examine this, we 

first computed the thickness of the shell of DOPC alkyl chains by computing from the average 

end-to-end (de-e) distance41 between the first (C1A and C1B) and last (C18A and C18B) carbons of 

the sn1 and sn2 chains (see Scheme 1). The de-e values averaged over the two acyl chains lies 

between 14 and 15 Å, shorter than the length for an 18:1 extended chain (~18.0 Å computed with 

PyMol and the thickness estimated from X-ray measurements (~17.4 Å)1,42
 but close our 

membrane simulation (~15 Å).  
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A more complete study can be done by examining the conformation changes within the acyl 

chains and the DOPC headgroup by computing the normalized probability distribution for each 

dihedral angle, P(Φ), in the two acyl chains. The dihedral angle is gauche
+-

 where -180° ≤ Φ ≤ -

120° and 120° ≥ Φ ≥ 180°
43

. The results obtained for the two DOPC acyl chains and the 

membrane are depicted in Figs. S10 and S11. The figure shows that the conformations of the two 

chains are approximately equivalent to the conformations found in the membrane and do not 

noticeably change with W0 values. The CCCC dihedrals are mainly trans when they are located 

between the headgroup and the C=C double bounds and at the end of the acyl chains. In case of 

the five dihedral angles involving the C=C double bonds as in the membrane are gauche
+-

 

Regarding the selected dihedral angles within the DOPC headgroup (NC5C6O11, C5C6O11P, 

C6O11PO12, O11PO12C13 and PO12C13C14 see definitions in Scheme 1) the results presented in 

Figure S12 show that the gauche state is extremely dominant. This is the case for the N4C5C6O11 

angle where this conformation is favored by the attractive electrostatic interaction between the 

phosphate and choline groups, and for the two dihedral angles involving the ester oxygen atoms 

(C5C6O11P and C6O11PO12), in agreement with previous observations
34,44-46

. The gauche 

conformation for these dihedrals slightly increases with the RM water loading to tend to the 

values obtained in the membrane. 
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S3 Additional Tables 

MD_id Method W0 
nDOPC nH2O 

nBenz RH2O 
natm 

%wtbenz Lbox sys tsim 

1 Optimized 
1 

15 15 2939 4.0 37383 95.0 77.7 0.85 90.0 

2 Fixed 56 56 4000 6.0 55896 87.4 88.0 0.87 55.0 

3 Optimized 
2 

17 34 3404 4.0 43296 95.0 81.6 0.85 90.0 

4 Fixed 65 130 4500 7.0 63360 86.7 91.7 0.87 60.0 

5 Optimized 
4 

22 88 4234 5.0 54108 95.0 87.1 0.88 90.0 

6 Fixed 86 344 6100 8.0 86100 86.5 101.6 0.87 80.0 

7 Optimized 
8 

34 272 7704 7.0 97956 95.0 106.6 0.87 90.0 

8 Attempt 71 568 5200 10.0 73902 95.0 95.9 0.89 54.0 

9 Attempt 

 

12 

 

51 612 9915 11.0 127854 95.0 116.9 0.86 36.0 

10 Attempt 53 636 12938 11.0 164478 95.0 127.3 0.85 90.0 

11 Optimized 69 828 16843 13.0 214122 95.0 139.2 0.85 100.0 

12 Attempt 85 1020 20749 15.0 263778 95.0 149.1 0.86 19.7 

13 Attempt 
16 

70 1120 18315 17.0 232800 95.0 143.0 0.85 90.0 

14 Optimized 87 1392 22763 18.0 298338 95.0 153.9 0.85 110.0 

 

Table S2: Overview of the simulations carried out in this work. For each simulation the 

following parameters are listed: the water-to-surfactant ratio, W0; the number of DOPC (nDOPC), 

water (nH2O), and benzene (nBenz) molecules; the initial water core radius, RH2O, (in Å) used to 

construct the initial conformation of the RM; the total number of particles in each system, natm; 

the benzene mass fraction, %wtbenz (in %); the average cubic box side length, Lbox (in Å) and the 

system density, sys, (in g.cm-3) after the NPT simulations; and the simulation production time (in 

ns). The “Fixed” systems were constructed with eq. 1 in the main text, while “Attempt” systems 

were constructed with the “trial and error” strategy (see main text for details), leading to 

“Optimized” systems. 
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Table S3: Average shape parameters for the whole RM (i.e., including both DOPC and water). 

The aRM, bRM, and cRM are the overall RM average semi-axis lengths (in Å), whereas aRM/cRM and 

eRM are the ratio between the major (a) and the minor (c) semi-axis and the eccentricity, 

respectively. The standard errors for the semi-axis lengths and of the eccentricity values are not 

greater than 0.2 Å and 0.05, respectively.  

 

 

 

 

MD_id Method W0 a b c a/c e 

1 Optimized 
1 

22.36 19.49 17.41 1.28 0.63 

2 Fixed 29.23 27.71 25.75 1.14 0.47 

3 Optimized 
2 

22.51 20.05 18.37 1.23 0.58 

4 Fixed 31.11 28.31 26.20 1.19 0.54 

5 Optimized 
4 

23.45 20.35 19.85 1.18 0.53 

6 Fixed 34.97 32.52 27.39 1.28 0.62 

7 Optimized 
8 

28.67 27.68 25.25 1.14 0.47 

8 Attempt 36.20 30.70 26.29 1.38 0.69 

9 Attempt 

12 

31.93 29.08 27.53 1.16 0.51 

10 Attempt 32.72 29.56 28.01 1.17 0.52 

11 Optimized 34.25 32.43 31.47 1.09 0.39 

12 Attempt 38.91 35.63 33.52 1.16 0.51 

13 Attempt 
16 

34.43 32.41 30.57 1.13 0.46 

14 Optimized 39.79 37.61 34.82 1.14 0.48 
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Table S4: Average solvent accessible surface area (SASA) in Å
2
 for benzene in contact with 

DOPC and water as well as water in contact with DOPC as a function of the DOPC hydration in 

the RM and membrane. The percent contribution (%SASA) of different kinds of contacts is also 

given, with the contact indicated by the subscript. Standard errors of the values are not greater 

than 0.3 %. 

 

 

 

 

 

W0 1 2 4 8 12 16 Membrane 

Benzene – DOPC/Water 

       
     12277.7 13921.2 17276.5 25473.7 45947.2 56814.2 - 

      
     0.9 1.6 2.7 4.4 4.3 5.2 - 

         
     4.0 3.7 2.9 2.1 1.5 1.3 - 

         
     0.6 0.5 0.3 0.2 0.1 0.1 - 

         
     7.8 7.3 7.0 5.8 5.5 5.4 - 

         
     86.7 86.9 87.1 86.9 88.5 88.0 - 

        
     100.0 - 

Water – DOPC 

       
  605.7 1194.3 2670.3 6261.5 14281.2 19542.4 32937.9 

         
  53.0 52.5 52.7 50.4 51.0 50.6 49.8 

         
  22.2 20.2 18.2 15.7 15.0 14.7 13.8 

         
  17.3 17.9 20.5 23.6 24.3 24.1 24.5 

         
  7.5 9.3 8.6 10.2 9.8 10.5 12.0 

        
  100 
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Table S5: Average hydration numbers for selected atoms of the DOPC headgroup (including the 

glycerol) obtained in the RM and membrane simulations computed from radial pair density 

functions, gX-Ow(r), between the water oxygen, OW, and selected atoms of the DOPC headgroup 

(namely, choline (X = N), phosphate (X = P), 4 oxygen atoms bonded to the phosphorus (X = O9, 

O 10, O11, and O12) and 4 glycerol oxygen atoms (iX = O21, O22, O31, and O32). Values were 

obtained by integrating the radial density functions, gX-Ow, up to their first minimum at 5.9, 4.5 

and ~3.3 Å for nitrogen, phosphate and oxygen, respectively. 

  

W0 1 2 4 8 12 16 Membrane 

N 2.7 5.3 9.1 13.4 15.4 16.6 18.6 

P 1.5 2.5 3.8 4.9 5.2 5.6 5.8 

O9 0.8 1.2 1.6 1.8 1.9 2.0  2.1 

O10 0.7 1.0 1.5 1.8 1.9 2.0 2.1 

O11 ~0.0 0.1 0.4 0.7 0.7 0.7 0.8 

O12 ~0.0 ~0.1 0.3 0.5 0.5 0.8 0.7 

O31 ~0.0 ~0.0 ~0.0 ~0.1 ~0.1 ~0.1 0.1 

O32 0.1 0.2 0.5 0.9 0.9 1.0 1.0 

O21 ~0.0 0.0 0.1 0.2 0.3 0.3 0.4 

O22 ~0.1 0.2 0.5 0.8 0.8 0.9 1.0 
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S4 Additional Figures 

 

Figure S6: Time evolution of the radii of gyration of the reverse micelles (black) and water cores 

(red). See Table S2 for the corresponding RM system. The RMs discussed in the main text 

correspond to the inset number of 1, 3, 5, 7, 11, and 14.  
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Figure S7: Time evolution of the RM semi-axis lengths a (black), b (red), and c (green). 

 
Figure S8: Linear dependence of the RM pool of free water as a function of W0. The water pool 

radii (black circles) were obtained from the radial density profiles depicted in Figure 6 in the 

main text; a linear fit to the data is also shown (black line) and the fit parameters indicated. 
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Figure S9: Fractions of gauche
+-

 conformations for selected CCCC dihedrals of the DOPC sn1 acyl chains for W0 = 1 (brown), 2 (green), 

4 (blue), 8 (magenta), 12 (yellow), and 16 (brown) as well as for a bilayer membrane (black), computed from the second half of each 

trajectory. 
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Figure S10: Same as Figure S9, but the conformation of the dihedral angle involving atoms n-1, n, n+1, n+2 is reported for each carbon 

atom index in the DOPC sn2 acyl chains. 
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Figure S11: Same as Figure S9, but for headgroup dihedral angles defined by the angles listed for each set of data.  
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Figure S12: Average number of hydrogen bonds (HBs) for each DOPC acceptor site as a 
function of the water-to-surfactant ratio. The errors are each less than 0.03.  
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