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RÉSUMÉ 

Cette thèse porte principalement sur l'étude de la structure et de la fonction des 

segments intra- et extracellulaires du canal potassique human ether-à-go-go-related 

gene (bERG) ainsi que sur le développement de membranes modèles pour des 

applications RMN. Dans un premier temps, nous avons étudié la structure, la fonction 

et le rôle d'un segment renfennant le filtre de sélectivité (SF) du bERG qui serait 

impliqué dans le syndrome du QT long acquis (ALQTS) (chapitre II). Caractérisé par 

une prolongation de l' intervalle Q et T sur l'électrocardiogramme, l'ALQTS est un 

effet secondaire de médicaments ou de toxines qui résulte en un blocage du canal 

bERG, ce qui peut mener à des arythmies ou à l' arrêt cardiaque. Étant donné que les 

molécules cadiotoxiques ciblent majoritairement la région du pore, nous avons 

déterminé par RMN en solution et par dichroïsme circulaire que le SF est non 

structuré en solution, ce qui est cohérent avec la flexibilité qu'il requiert pour 

s'adapter aux différents états de conduction ionique. Par RMN en solution et de 1 'état 

solide, nous avons déterminé le rôle potentiel de la membrane dans le ALQTS, car les 

médicaments cardiotoxiques étudiés ont une haute affinité pour celle-ci et 1 'affinité 

du SF pour la membrane est affectée par la présence de ces médicaments. Ces 

résultats suggèrent que la membrane aurait un rôle potentiel dans le ALQTS en 

favorisant l' accès des molécules bERG-actives aux cibles du bERG ou en perturbant 

la synergie lipide-protéine. 

Dans un deuxième temps, nous avons étudié le rôle du segment S4S5 du bERG dans 

le mécanisme d'ouverture et de fermeture de ce canal (chapitre III). Le bERG a un 

mécanisme d'ouverture et de fermeture particulier comparativement aux autres 

canaux Kv. Le segment S4S5 , rejoignant le domaine sensible au voltage (DSV) à 
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celui du pore, est important pour le mécanisme de désactivation. Nous avons employé 

la spectroscopie de RMN pour identifier la surface du segment S4S5 qui se lie à la 

membrane, ainsi que pour démontrer que deux résidus tyrosine (Y542 et Y545), étant 

hautement conservés dans la famille KCNH, sont associés à la membrane. La 

mutagenèse dirigée et les analyses électrophysiologiques ont démontré que la Tyr542 

interagit avec le domaine du pore et le DSV pour stabiliser la conformation active du 

canal, tandis que la Y545 contribue à la cinétique lente de désactivation, 

principalement en stabilisant 1 ' état de transition entre les états actifs et fermés. Les 

deux résidus tyrosines du segment S4S5 jouent un rôle important, mais distinct dans 

la désactivation lente particulière du canal bERG. 

Finalement, nous avons développé un nouveau modèle membranaire pour des 

applications en RMN (chapitre IV). Ce système lipidique est composé d 'un mélange 

de détergent non wmque, le Tween 80 (TW80), et de phospholipides 

phosphatidylcholine (PC). Les membranes modèles PC/TW80 ont été caractérisées 

par RMN de l'état solide du 3 1P et du 2H ainsi que par spectroscopie infrarouge. Les 

bicouches de dimyristoylPC (DMPC) ou de dipalmitoylPC (DPPC) s ' auto-assemblent 

avec le TW80 pour former des structures allongées qui s'orientent dans le champ 

magnétique. Ces structures maintiennent leur orientation sur une gamme étendue de 

ratios molaires et de températures. Le détergent TW80 pounait être exploité afin 

d'extraire de manière efficace des protéines membranaires et d ' améliorer 1 'orientation 

des membranes tout en évitant l' élimination du détergent. 

Mots-clés: hERG, RMN, protéines membranaires, membranes modèles, ALQTS 



CHAPITRE I 

INTRODUCTION 

L'étude des protéines membranaires (PM) est un domaine de recherche fondamental 

considérant leur rôle dans plusieurs processus biochimiques et leur importance en tant 

que cibles thérapeutiques. Les canaux ioniques sont une superfamille de protéines 

transmembranaires qui contrôlent Je potentiel électrique de la membrane en activant 

Je flux d ' ions des environnements intra- et extracellulaires. Ils sont impliqués dans 

plusieurs processus physiologiques, tels que la relaxation musculaire et la régulation 

de la pression sanguine. Dans le génome humain, les canaux ioniques sont nombreux , 

car il s représentent 1 % des 20 000 gènes codants pour des protéines'. Les canaux 

ioniques sont subdivisés en deux fami ll es, la plus grande étant celle des canaux 

ioniques sensibles au voltage, et l'autre, des récepteurs ionotropes qui s'ouvrent en 

fonction de la présence d 'un ligand. 

Les canaux ioniques dépendants du voltage modulent leur ouverture et fermeture en 

fonction du changement de gradients de voltage de la membrane. Ces canaux 

comportent plusieurs classes, dont les canaux calciques (Ca v), les canaux sodiques 

(Nav), et la plus nombreuse étant celle des canaux potassiques (Kv). Leur topologie 

se ressemblent sauf que les quatres domaines des canaux Ca v et Na v sont formés d 'un 

seule chaine polypeptidique, tandis que les canaux KV sont formés de quatre 

domaines indépendants (Fig. 1 ). En 1987, le premier gène d'un canal potassique à 

être cloné est celui du canal Kv Shaker de Drosophila melanogaste/. Le nom de la 

famille « ether-à-go-go » a été employé pour la première fois par Kaplan et Trout en 

1969 où il fait référence aux pattes des drosophiles, qui étaient anesthésiées avec de 
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l'éther, s'agitant de manière semblable aux danseurs à go-go des années 19603
. En 

1994, le gène humain du human ether-à-go-go-related gene (hERG) a été isolé pour 

la première fois4
. Un an plus tard, Sanguinetti et al. démontrent que la protéine 

humaine hERG est responsable de la composante rapide du courant potassique à 

rectification retardée (IKr) et que les médicaments antiarythmiques de classe III 

affectent ce courant potassiqué. Depuis, plusieurs autres médicaments, appartenant à 

toutes les classes pharmacologiques, ont été divulgués, car eux aussi inhibaient les 

canaux I Kr pour engendrer des arythmies cardiaques. 

outside 

inside 

N 

Figure 1.1 Topologie des canaux ioniques dépendants du voltage Nav, Cav et Kv. 

Image adaptée de Pringos et al. avec permission6
. 

1.1 Canal du human ether-à-go-go-related gene (hERG) 

Au sein du coeur, les cardiomyocytes sont des cellules qui modulent les contractions 

cardiaques par leur activité électrique, notamment grâce au flux d ' ions de sodium 

(Na+), de calcium (Ca2+) et de potassium (K+). Pour ce faire, plusieurs canaux 

ioniques dépendants du voltage sont présents dans les membranes afin de maintenir 

l'équilibre délicat des ions . L'activité de ces canaux déclenche le potentiel d 'action 

des cellules (Fig. 1.2, haut) où l'activité électrique du cœur peut être suivie sur 

l'électrocardiogramme (ECG) (Fig. 1.2, bas) . L'afflux des ions Na+ et Ca2+ est 

responsable de 1 'excitation et la contraction des cellules cardiaques tandis que la 

sortie des ions K+ sert à repolariser les cellu les afin d'achever le potentiel d'action, ce 
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qui termine Je tracé sur 1 'ECG. Toute modification au flux d'ions peut mener à des 

arythmies et même à la mort subite d 'origine cardiaque7
. 

Phase 1 
(rep o larisati o n rapide) 

Na• 

Durée d'un potentiel d' action 
Phase 4 (repos) -80 mY 

R 

T 

,Q s 
! 

1 nterva ile QT 

Figure 1.2 Potentiel d'action cardiaque (haut) et tracé d'une unité de répétition d ' un 

ECG (bas) de cardiomyocyte. La phase initiale (phase 0) résulte de l'activation des 

canaux sodiques dépendants du voltage (INa) et est représentée par les intervalles QRS 

sur l'ECO. La forme du potentiel d'action est influencée par l ' activité des canaux 

calciques dépendants du voltage, qui affectent surtout la phase initiale rapide de 

repolarisation (phase 1) et le plateau (repolarisation lente à la phase 2), ainsi que 

l'activité des canaux Kv qui affectent les dernières phases de repolarisation (phases 3 

et 4). L'activité de ces canaux va aussi déterminer 1 ' intervalle QT sur 1 'ECG. 

Le canal potassique hERG, aussi appelé Kvl 1.1 , est codé par Je gène KCNH28
. Il 

appartient à la famille des canaux potassiques dépendants du voltage (Kv) car son 

ouverture et sa fermeture sont contrôlées par Je potentiel de la membrane. Le rôle du 

hERG est de réguler les battements cardiaques, surtout au niveau de la repolarisation 

du potentiel de la membrane (Fig. 1.2, haut) . Comparativement aux autres canaux 
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potassiques, le hERG a un mécanisme d 'ouverture et de fermeture particulier qui fera 

1 'objet de discussions au chapitre IV. Son activation et sa désactivation sont plus 

lentes, tandis que son inactivation est rapide. La désactivation lente du hERG permet 

l'échange suffisant d' ions afin d 'assurer une contraction cardiaque efficace et 

dépourvue d 'arythmies. Lorsque le potentiel de la membrane transite d' une valeur 

négative (-80 rn V) à plus positive- ce qu'on appelle la dépolarisation - le hERG 

adopte une conformation ouverte (activation). Plus la membrane se dépolarise, plus le 

hERG transite vers une conformation inactive (Fig. 1.3). La transition des 

conformations du hERG est inversée lors de la repolarisation de la membrane. Elle 

débute par la réactivation (ouverture) des canaux où les K+ diffusent vers 1 'extérieur 

de la cellule. Le hERG est surtout responsable de la composante rapide du courant 

potassique à rectification retardée (IKr) qui , vers la fin de la repolarisation, reconduit 

et maintient le potentiel de repos de la membrane (-80 mY) lorsque les canaux 

sont fermés. 

Slow 
-----"'­....------

5 10\\ 

Depolar•zat•on 

Fast 

Fast 

•nactivated 

Figure 1.3 Conformations du hERG adoptées selon le potentiel d'action de la 

membrane. L'image a été obtenue de Sanguinetti et al. avec permission9
. 

1.1.1 Le syndrome du QT long (LQTS) 

Le rôle fondamental du canal hERG a été mis en évidence en 1995 lorsque Curran 

et al. ont identifié des mutations héréditaires dans le gène KCNH2, qui seraient 

responsables de la perte de fonction des canaux K v 11.1 10
. Ce dysfonctionnement du 
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canal hERG est associé au LQTS. Il est caractérisé par une prolongation de 

l ' intervalle entre les ondes cardiaques Q et T sur l 'ECO (Fig. 1.2, bas), ce qui 

représente la durée du potentiel d'action - soit une dépolarisation suivie d'une 

repolarisationu . La prolongation de l'intervalle QT peut engendrer des arythmies 

cardiaques, telles que les torsades de pointes (Fig. 1.4 ), qui sont potentiellement 

fatales 12
. Aujourd'hui, plus de 319 mutations à effet putatif ont été découvertes sur le 

gène KCNH2 13
• 

14
. 

TdP 

Figure 1.4 Tracé d 'un électrocardiogramme qui débute avec trois cycles cardiaques 

normaux suivi d'un épisode de torsade de pointes (TdP). 

1.1.2 Le syndrome du QT long acquis (ALQTS) 

En plus d'être inné, le LQTS peut aussi être acqms (ALQTS) lorsque le 

fonctionnement du canal hERG est perturbé par des molécules cardiotoxiques. En 

effet, celui-ci est ciblé par des toxines, telles que ErgTx 1 et BeKm-1 provenant du 

venin de scorpions Centruroides noxius et Buthus eupeus, respectivement15
. Il peut 

également être perturbé, par effet secondaire, par des médicaments ayant des 

structures variées et appartenant à des classes pharmacologiques différentes 

(Tableau 1.1)1
' 

12
· 

15
. Étant donné qu 'une quantité alarmante de composés ont la 

capacité d ' inhiber le hERG, l' Organisation Mondial de la Santé (OMS) maintient une 

base de données sur les médicaments bloquant le hERG causant des effets 

indésirables16
. Lors de la conception de nouveaux médicaments, des tests in vitro sont 

à présent obligatoires afin de vérifier le potentiel de blocage du hERG 17
. C'est ainsi 
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gu 'un grand nombre de médicaments d 'ordonnance ont été retirés du marché et que 

plusieurs autres ne reçoivent pas l' approbation des agences de réglementation lors des 

phases cliniques7
. Le rofécoxib, aussi connu sous son nom commercial Vioxx®, en est 

un exemple célèbre. Ce médicament a été approuvé par l' agence américaine des 

produits alimentaires et médicamenteux (FDA, Food and Drug administration) en 

1999 et retiré du marché en 2004 car une étude menée par la FDA concluait que le 

Vioxx® serait à l'origine de plusieurs milliers de décès aux États-Unis18
. 

Tableau 1.1 Structures et classes pharmacologiques de médicaments qm ont la 

capacité de causer une prolongation de l'intervalle QT ou des torsades de pointe 

sur l ' électrocardiogramme. 

M .d. S Classe 
1 e 1cament tructure h 

1 
• 

p armaco og1que 

Q 
Bépridil Q ,A.. o.).__ Antia rythmique 

"û ' ~ 

Cétirizine J Antihistaminique NÎ O')rOH 

Cl <.,_ N J 0 

d ' N -Dip henhydramine r Antihistaminique 

A 

ProméthaziJ1 e o:s:o N ~ Antihistaminique 
y 
, N, 

Terfenadin e Jo Antihistaminique 
(retiré du marché en 1998) N~ 

0 -

Fluvoxamine F,c~ Antidépresseur 
- N·O 

"'--.,_ 

""' -?1d Agent pro kinétique Cisapride "'" ~D'b-Q-(retiré du ma1r:hé en 2000) 
"' 

gj!~ Rofécox ib (Vioxx®) 
An ti-infla mma toire 

(retiré du mwr:hé en 2004) 
0 
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En comparaison avec les autres canaux Kv, le hERG est particulièrement susceptible 

au blocage par les médicaments vu la taille supérieure de la cavité de son pore et de 

ses sites de liaison uniques. Plusieurs études ont démontré que la plupart des 

molécules hERG-actives interagissent avec le domaine du pore. Notamment, les 

résidus Tyr652 et Phe656 du segment S6 ainsi que la Thr623, la Ser624 et la Val625 

de l' hélice du pore et du SF sont des sites ciblés par les molécules 

hERG-actives 7
• 

9
• 

19
-
21

. Certaines études ont démontré par modélisation in silico que 

les chaînes latérales de ces acides aminés sont orientées vers la cavité centrale du 

pore où il est souvent indispensable d 'avoir des résidus hydrophobes à certaines 

positions (652 et 656) pour accommoder des molécules de tailles et de structures 

différentes 7
• 

9
· 

22
· 

23
. Par l'entremise d 'attractions hydrophobes ou cation-n non 

spécifiques, ces interactions pourraient partiellement expliquer la diversité des 

molécules qui bloquent le canal hERG. En outre, la cavité du pore du hERG est plus 

large que les autres canaux Kv (12 Â) 7
' 

9 ce qui mène à croire qu'il peut aussi 

accommoder une plus grande variété de molécules. D'ailleurs, certaines études 

démontrent que même des flavanoïdes alimentaires, tel que ceux provenant du thé 

vert et des agrumes, peuvent moduler l ' activité du hERG en se liant à la Phe656 du 

domaine S6 et provoquer la prolongation de l'intervalle QT24
-
26

. 

1.1.3 La structure du hERG 

Le hERG est composé de quatre sous-unités monomériques qui contiennent chacune 

six domaines transmembranaires (S1 à S6) (Fig. 1.5). Les quatre premières hélices 

(Sl à S4) constituent le domaine sensible au voltage (DSV) et sont liées au domaine 

du pore (hélices S5 à S6) via le segment intracellulaire S4-S5. Les sous-unités du 

hERG s'assemblent au niveau des domaines du pore pour former un tunnel qui 

coordonne la sortie des ions potassium ainsi qu 'une « pmte » qui contrôle 1 'ouverture 

et la fermeture du canal. Les hélices S5 et S6 du pore se rejoignent grâce au segment 
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extracellulaire qui comprend le segment S5P, l'hélice du pore (Hr) et le filtre de 

sélectivité (SF). Le segment S5P, qui rejoint le domaine transmembranaire S5 à 

l'hélice du pore, est particulièrement long (43 acides aminés) chez le hERG 

comparativement aux autres canaux Kv qui sont de 10 à 19 acides aminés 

(Fig. 1.6)27
' 

28
. Une étude RMN a été réalisé sur ce segment, dont j'ai participée mais 

qui ne sera pas présentée dans cette thèse (Annexe A). De plus, il comporte un SF 

ayant une séquence unique (SVGFG) au lieu du motif TVGYG étant hautement 

conservé parmi plusieurs canaux K+2 1
' 

29
. La structure du bERG n'a jamais été 

entièrement cristallisée, car l' expression et la purification du canal entier sont très 

ardues. Le domaine du pore du bERG contient plusieurs sites de modifications post­

traductionnelles, tels que les sites de glycosylation sur Asn598 et Asn629, ainsi que la 

phosphorylation de la Tyr611 30
• 

3 1
. Toutefois, Gong et al. ont démontré que la 

glycosylation n'était pas nécessaire pour exprimer des canaux bERG fonctionnels à la 

surface de la cellule32
. La structure du bERG est alors principalement prédite par 

bornologie de séquence avec des canaux K+ similaires dont les structures ont été 

déterminées, tel que le domaine du pore des canaux potassiques bactériens KcsA en 

confonnation fennée et celui du canal MthK en conformation ouverte33
-
36

. Un modèle 

d'homologie construit à partir de la structure du canal MthK mais qui contient le 

domaine S6 et l' hélice du pore du bERG révèle l'alignement de deux rangées de 

quatre chaînes latérales dans la cavité du pore, dont celles des acides aminés Tyr652 

et Phe656 7
. 
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DSV Pore DSV 

Figure 1.5 Schéma de la vue latérale de la topologie du canal bERG stabilisé dans 

une bicouche lipidique (rectangle gris pâle) . Le domaine sensible au voltage (DSV) 

comporte les hélices transmembranaires S 1 à S4, tandis que S5 à S6 constituent le 

domaine du pore. Le segment intracellulaire S4S5 relie ces deux domaines . Le filtre 

de sélectivité (SF) est représenté en pointillé et coordonne le passage des ions 

potassium (K+). Les domaines intracellulaires N-terminal et C-terminal incluent le 

domaine PAS et CNBHD respectivement. Seuls deux des quatres sous-unités du 

canal sont représentées . 

Le domaine N-terminal est la seule région du hERG dont la structure a été obtenue 

par cristallographie à rayons X 37
-
40

. Il contient le domaine PAS (Per. Arnt. Sim.) 

constituant cinq feuillets-P antiparallèles superposés d'une hélice 3 10 et ayant deux 

hélices-a de chaque côté37
. Récemment, des études de résonance magnétique 

nucléaire (RMN) ont confirmé la structure cristallographique du domaine PAS et ont 

démontré que la queue N-terminale de ce domaine se structurait en hélice de 11 

acides aminés38
-
40

. 
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Kv l.4 EADEPTTH ... .. .. . . . . ........... . .. .... FQSIPD 

Ky2. 1 EKDEDDTK ... . . . .... . . ....... . .... .... . FKS I PA 

Kv3. 1 ERIGAQPN .............. . ..... DPSASEHTHFKNIPI 

Kv4.3 EKGSSASK ... . ........................ . FTSIPA 

Kv ll . l IGNMEQPHMDSRIGWLHNLGDQIGKPYNSSGLGGPSIKDKYVT 
(hERG) .... "' 

~ ~ 

Figure 1.6 Alignement des séquences du segment S5P de plusieurs canaux Kv. Les 

numéros en bas de la figure représentent les positions dans la séquence du hERG41
. 

La structure du hERG se distingue à plusieurs niveaux si on la compare aux autres 

canaux Kv. Le domaine du pore comprend plusieurs acides aminés étant conservés 

chez les canaux Kv mais qui ne le sont pas chez le hERG. De ces résidus, certains 

sont proposés comme des sites ALQTS-actifs chez le hERG, tels que la Tyr652 et la 

Phe656, qui sont occupés par une Ile et une Val respectivement dans d 'autres 

canaux 7
· 

9
. De plus, chez les autres canaux Kv, une proline est retrouvée à une ou aux 

deux positions adjacentes à la Phe656, ce qui a mené à suggérer que la présence de 

proline occasionnerait un coude au niveau du S6 réduisant 1 'espace à 1' intérieur de la 

cavité du pore. Ceci aiderait à expliquer la raison pour laquelle la cavité interne du 

canal hERG est plus grande (12 Â) 7
· 

9
. 

Le but de cette thèse est d'aider à avancer dans la compréhension de la structure et du 

fonctionnement du hERG à l'aide de la RMN. En biologie structurale, la RMN et la 

cristallographie à rayons X sont deux techniques complémentaires qui sont utilisées 

pour déterminer la structure de molécules, ou de complexes moléculaires, à l'échelle 

atomique. Chacune de ces techniques comporte ses avantages et inconvénients. La 

cristallographie étudie l 'état cristallin d 'une molécule, donc de manière périodique, 

où elle n 'est pas limitée par la taille moléculaire. La cristallogenèse, n 'étant pas 

évidente pour les macromolécules biologiques, constitue souvent l' étape limitante 

pour l 'utilisation de la cristallographie, où elle se fait souvent par méthode d 'essais­

erreurs. La RMN est une technique non destructive qui permet d'étudier les protéines 
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en solution, donc à l'état naturellement dynamique et faisant jusqu'à environ une 

centaine de kilodaltons, tandis qu 'à l' état solide, elle n 'est pas limitée au poids 

moléculaire. La RMN a aussi l ' avantage de permettre d'étudier les interactions entre 

molécules, comme celles d ' une protéine et d'un ligand étant très utilisée en 

pharmacologie pour étudier les médicaments. 

De manière générale, l'étude des protéines membranaires (PM) est complexe, car leur 

nature hydrophobe entraîne souvent des problèmes de solubilité dans un milieu 

aqueux42
. Jusqu 'à présent, seulement 3 % des structures protéiques de la Protein Data 

Bank (PDB) sont des PM, malgré le fait que les PM constituent 30 % des protéines 

exprimées chez 1 'humain. Parmi ces structures de PM, 5 % ont été déterminées par 

RMN43
-
45

. Considérant que la plupart des PM ne peuvent être cristallisées ou étudiées 

par RMN des solutions vu leur taille et leur solubilité - c 'est le cas du canal hERG 

dont la structure n ' est toujours pas résolue - il est toutefois possible d 'obtenir de 

l'information sur leur structure, leur orientation et leur localisation dans la membrane 

en étudiant des peptides dérivés de protéines dans des membranes modèles. 

Étudier des peptides correspondant à différentes régions d'une PM s'avère une 

stratégie utile pour nous aider à résoudre sa structure entière. D 'ailleurs, plusieurs 

études de RMN ont été faites sur des fragments peptidiques du bERG, dont l'hélice 

S5, le segment S5P, le Hp, le segment PS6, ainsi que le SF, afin de déterminer leur 

structure et fonction. Le premier segment transmembranaire du domaine du pore, le 

S5, se structure en hélice-a de 20 acides aminés d 'après des expériences de RMN en 

solution du 1H à deux dimensions, soit total correlation sp ectroscopy (TOCSY) et 

nuclear overhauser enhancement spectroscopy (NOESY) 46
. Ces expériences sont 

décrites dans les sections 2.3.1 et 2.3.2 de cette thèse. Du côté C-terminal du S5, se 

trouve le segment S5P (Fig. 1.6) qui relie le S5 au Hp (Fig. 1.5). Le S5P se structure 

en hélice amphiphile dans le hERG et aurait le rôle de réguler l' inactivation27
• 

41
• 

47
. 

Le Hp se situe après le SSP et se structure en hélice-a46
. Les structures des segments 
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S5P et Hr ont été détenninées avec des expériences de double quantum filtered 

correlated spectroscopy (DQF-COSY), TOCSY et NOESY48
-
50

. 

Le SF, constituant le motif d'acides aminés SVGFG dans le hERG, se trouve 

directement après le Hr et a le rôle de coordonner le passage des ions potassium vers 

1 ' extérieur de la cellule lorsque le canal est actif. Plusieurs études ayant obtenu des 

structures de canaux Kv par simulations de dynamique moléculaire et par 

cristallographie de rayons X, comme pour les canaux KcsA et Kir Bac 1.1 , démontrent 

que le SF doit être flexible pour adopter différentes confonnations lors de l'activation 

et de la désactivation51
-
56

. Les oxygènes des carbonyls du squelette peptidique du SF 

orchestrent les mouvements des ions K+ déshydratés vers l' extérieur de la cellule. Par 

exemple, à l' état conductif du canal KirBacl.l , ces oxygènes pointent vers le centre 

du pore, tandis qu 'à l' état non conductif, seuls ceux de la valine restent orientés vers 

le pore (Fig. 1.7)54
. 
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Figure 1.7 Simulation de dynamique moléculaire de la translocation d ' ions K+ 

(sphères mauves) et de molécules d 'eau (sphères rouges et blanches) au travers la 

membrane par 1 'entremise du canal procaryote KirBacl.l. Les changements de 

structure du filtre de sélectivité (SF) sont associés aux différents états : non conductif 

(a) et conductif (b). Les hélices-a pour chaque monomère (colorés) sont entourées 

d'une bicouche de dioleoylphosphocholine (gris) . L' image est reprise de Domene 

et al. avec permission54
. 

Considérant son motif unique, sa prédisposition à être ciblé par des molécules hERG­

actives et sa structure qui est toujours matière à débat, il est important de raffiner le 

modèle structural du SF du hERG en étudiant sa structure et ses interactions avec des 

médicaments cardiotoxiques ainsi qu 'avec la membrane afin de mieux comprendre la 

fonction et le rôle du hERG dans le ALQTS. Dans cette thèse, 1 'étude de la structure 

et de la fonction d 'un peptide qui correspond au SF et au fragment qui rejoint ce 

dernier au segment transmembranaire S6 est présentée au chapitre If1
. 

En plus de la boucle extracellulaire du domaine du pore, la boucle intracellulaire qui 

relie le DSV et le domaine du pore, la séquence Asp540 à Val549 qu'on appelle 
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S4S5, a aussi été étudiée par RMN afin de connaître sa structure. Cette boucle se 

trouve entre les domaines transmembranaires S4 et S5, et se structure sous forme 

d 'hélice-a de 10 acides aminés57
. La structure cristalline du canal Kv 1.233 ainsi que 

celle de la chimère Kv 1.2/2.1 58 révèle que le segment S4S5 se structure en hélice-a 

amphi phi le parallèle à 1 ' interface cytoplasmique de la membrane où un côté de 

l' hélice interagirait avec des lipides de la membrane et sera en proximité avec 

l'extrémité C-terminale du domaine transmembranaire S634
· 

59
. Au chapitre III , le rôle 

important du segment S4S5 est mit en évidence en identifiant deux résidus, Y542 et 

Y545 , qui interagissent avec la membrane et certains domaines du hERG pour 

stabiliser la conformation ouverte du canal lors de la désactivation. 

1.1.4 Mécanisme d 'ouverture et de fermeture du hERG 

Les mécanismes d'activation et de désactivation du canal hERG diffèrent des autres 

canaux Kv et ne sont toujours pas bien compris . Ils ne suivent pas nécessairement des 

processus réciproques, car ils impliquent plusieurs mouvements et sites d ' interactions 

qui ne sont pas obligatoirement les mêmes en conformations ouverte et fermée60
. 

L'activation et la désactivation lentes du canal hERG pourraient être en partie dues 

aux mouvements lents du DSV, ou à une transmission lente des mouvements du DSV 

au domaine du poré 1
· 
62

. 

La dépolarisation de la membrane entraîne le mouvement du domaine S4 du côté 

cytosolique vers la surface cytoplasmique de la membrane au moyen des nombreux 

acides aminés chargés positivement qui sont sensibles au voltagé3
-
65

. Plusieurs 

auteurs pensent que le segment S4S5 serait essentiel pour transmettre les 

changements conformationnels du DSV au domaine du pore puisque celui-ci les 

relie57
· 

59
· 
66

-
71

. Le S4S5 est tiré par les déplacements du S4 et transmet ses 

mouvements à la porte d 'activation pour mener à l'ouverture du canal (Fig. 1.8). La 

porte d 'activation comporte les quatre régions C-terminales des domaines S6 (C-S6) 
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qui se croisent à l'interface cytoplasmique de la membrane36
· 
58

. Lors de l'activation, 

le S6 subirait des mouvements de rotation et de fléchissement où des interactions 

électrostatiques entre 1 'Asp540 du segment S4S5 et de 1 'Arg665 (C-S6) entreraient en 

jeu67
. Il y aurait aussi possiblement des interactions avec la Gly546 du S4S5 et le 

domaine cytoplasmique N-terrninal pour maintenir 1 'ouverture du poré9
. 

Fermé Ouvert 

Figure 1.8 Mouvements des domaines du hERG suite à l'ouverture et la fermeture 

du canal. Le domaine sensible au voltage (DSV) est en bleu, le domaine du pore en 

rouge, le segment S4S5 en vert et les ions K+ sont en noir. 

Plusieurs groupes se penchent sur le rôle important du S4S5 lors de la 

déactivation57
· 

67
· 

70
• D'après les études électrophysio logiques sur une chimère du 

hERG, il est proposé que le S4S5 agirait comme levier en appliquant une force 

mécanique sur la porte d 'activation tout en repositionnant l'Asp540 (S4S5) près de la 

Leu666 (C-S6) ce qui rétrécirait l' ouverture de la porte d 'activation et la 

maintiendrait fermée3
3. 

34
· 

59
. 

Il est important d'étudier le rôle et la fonction du S4S5 afin de mieux comprendre le 

mécanisme d'ouverture et de fermeture particulier du hERG qui pourrait expliquer 

son rôle dans le LQTS. Dans cette thèse, une étude portant sur l' identification des 

résidus du segment S4S5 qui sont importants pour stabi li ser la conformation ouverte 

du canal hERG sera présentée au chapitre III. 
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1.1.5 Environnement membranaire du hERG 

La membrane plasmique des cardiomyocytes est aussi appelée le sarcolemme. Celle­

ci agit comme barrière semi-perméable qui permet le passage d'ions afin de réguler la 

contraction et le relâchement des cellules musculaires du cœur. Le sarcolemme est 

composé de lipides, de protéines, et de glucides. Les lipides du sarcolemme sont 

majoritairement des phospholipides et du cholestérol (Tableau 1 .2). Parmi les 

phospholipides, les plus abondants sont les phosphatidylcholines (PC) et les 

phosphatidyléthanolamines (PE) qui représentent 42% et 30 % des phospholipides 

totaux, respectivement. La sphingomyéline (Sph) est un constituant lipidique retrouvé 

en grande majorité dans les membranes de cellules nerveuses où elle sert d'isolant, 

mais elle se retrouve aussi en faible quantité dans le sarcolemme à 11 %. Les lipides 

chargés, tels que la phosphatidylsérine (PS) et le phosphatidylinositol (PI) 

représentent environ 9 % des phospholipides totaux du sarcolemme72
. 

Tableau 1.2 Composition lipidique du sarcolemme des cardiomyocytes exprimé en 

pourcentage par rapport à la quantité totale de phospholipides. Les données sont 

recueillies de plusieurs études73
-
79 et la moyenne est présentée. 

Composition(%) 
Lipides . 

Mo~enne Ecart l)·pe 

PC 

PE 

PS et Pl 

Sph 

Choi/PL (mol/mol ) 

42 

30 

9 

Il 

0,5 

6 

4 

3 

5 

0,1 

PC: phosphatidylcholinc. PE: phosphatidy léthanolam inc. PS: phosphat idy lsérine. Pl : 
phosphati dylinosito l. Sph : spingomyélinc. Chol: cholestéro l. PL: phospholipides. 

Les phospholipides sont composés de deux chaînes d 'acides gras liées à un glycérol 

par deux de ses groupements hydroxyles. Le troisième groupement hydroxyle du 

glycérol est fixé à un phosphate qui est lié à un groupement polaire (Fig. 1.9). Dans 

les membranes biologiques, comme le sarcolemme, les phospholipides se structurent 
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sous forme de bi couches où les têtes polaires pointent vers 1 'extérieur et sont 

exposées au liquide interstitiel ou au cytoplasme, tandis que les chaînes acyles qui 

sont non polaires se trouvent au centre de la bicouche, dans le cœur 

hydrophobe (Fig. 1.9). 

Têle polaire 
(hydrophile) 

C holine 

Phos phate 

Glycéro l 

Queue non polaire Chaînes 
(hydrophobe) d ' acide gras 

r--------
: -V PC 

< 0.,.? 

~~, 0 

Sarcolemme 

0 

C ardiomyocytes 

·--------

Figure 1.9 La membrane des cardiomyocytes, appelée sarcolemme, est 

majoritairement faite de phospholipides. PC : phosphatidylcholine. 

1.2 Membranes modèles 

La complexité de la membrane native est souvent problématique pour l'étude de 

protéines membranaires par des méthodes spectroscopiques. Les modèles lipidiques 

simplifiés ont une composition et une structure similaires aux biomembranes et 

permettent d 'étudier la structure des protéines membranaires et leur interaction avec 

la membrane. Dans cette thèse, l'utilisation de membranes modèles a permis d'étudier 

le SF et le segment S4S5 du canal potassique hERG, qui seront discutés davantage 

dans les chapitres III et IV respectivement. Par la suite, nous avons développé un 

système membranaire modèle qui permettra d'étudier les protéines membranaires par 
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RMN, tout en simplifiant les étapes de purification des protéines (chapitre V). La 

théorie sur les méthodes RMN sera présentée au prochain chapitre (chapitre Il). 

1.2.1 Composition 

Un modèle membranaire doit bien représenter la composition lipidique native des 

protéines membranaires afin de maintenir certaines propriétés physiques, telles que la 

morphologie, la courbure et l'épaisseur de la membrane. JI existe une grande diversité 

de lipides dans les cellules eucaryotes pour lesquels varient le groupement polaire et 

la longueur des chaînes acyles (14 à 24 carbones) qui peuvent contenir, ou non, des 

insaturations80
. Les têtes polaires des phospholipides déterminent la charge globale 

du lipide. Les lipides zwitterioniques comme la PC et la PE ont à la fois une charge 

négative et positive donc leur charge globale est neutre, tandis que celle des PI et PS 

est négative. Les membranes biologiques eucaryotes, incluant celle du sarcolemme, 

sont principalement composées de phospholipides, plus spécifiquement de PC 

(Tableau 1.2), alors celle-ci est souvent employée dans les membranes modèles. 

1.2.2 Propriétés physiques et organisation des lipides 

La manière dont les lipides s'organisent en solution dépend de la nature du lipide en 

question - ses chaînes acyles et sa tête polaire - ainsi que du solvant, du pH, de la 

force ionique et de la température81
. Les lipides sont des molécules amphiphiles qui 

regroupent leurs domaines hydrophobes et exposent leurs domaines polaires au 

solvant aqueux. La forme d ' un lipide au niveau moléculaire va déterminer s ' il 

s 'assemble en bicouche, en micelle ou en phase hexagonale (Fig. 1.1 0). La plupart 

des phospholipides ont une forme moléculaire cylindrique. Ils s'autoassemblent donc 

en bicouche, autrement dit deux monocouches antiparallèles superposées 

(Fig. 1.1 OB). Les détergents, les phospholipides n ' ayant qu 'une seule chaîne acyle, 
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ainsi que les phospholipides à chaînes courtes (huit carbones ou moins) ont une 

structure moléculaire de type conique. Ceux-ci forment des micelles, car leur tête 

polaire est plus grande que leur groupement hydrophobe (Fig. 1.1 OA). Les lipides 

ayant une forme géométrique de type cône inversé mènent à la formation de phases 

hexagonales (Hi), mais certains ont tendance à former des phases hexagonales 

inversées (Hii), telle que la PE (Fig. 1.1 OC). Les phases hexagonales sont retrouvées 

dans plusieurs processus biologiques tels que la fusion membranaire lors de l'endo- et 

l'exocytose, du recyclage membranaire et du trafic de protéines82
. 

A B 

H, 

H, 

Figure 1.10 Formes moléculaires des lipides qui s'autoassemblent en solution sous 

forme de micelle (A), de bicouche (B) ou en phase hexagonale (C). Les lipides 

peuvent diffuser librement dans une bicouche en phase liquide cristalline (La) en 

effectuant des mouvements de flip-flop (i), de rotation (ii) et de diffusion latérale (iii). 

Les lipides peuvent aussi être en phase gel (L~), où les chaînes sont ordonnées et 

rigides, ainsi qu'en phase gel ondulée (Pp} Certains lipides peuvent s'assembler en 

phase hexagonale (Hi) ou en phase hexagonale inversée (H11). 
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À part la géométrie moléculaire, la concentration monomérique des surfactants est un 

facteur important à considérer, car celui-ci va influencer leur capacité à 

s'autoassembler. À des concentrations très faibles, les surfactants se trouvent sous 

forme de monomères. Plus la concentration du surfactant augmente, plus la quantité 

de monomère augmente jusqu'à un certain point de saturation, où l'augmentation de 

la concentration de monomère est quasi nulle. Cette concentration correspond à la 

concentration micellaire critique (CMC) - qui est propre à chaque surfactant 

(Tableau 1.3) - où les monomères s'auto-assemblent pour former des micelles. 

Certaines molécules amphiphjles peuvent aussi former des phases lamellaires, ce qui 

dépend majoritairement de leur forme moléculaire comme discuté ci-dessus. 

Tableau 1.3 Concentration micellaire critique (CMC) de divers lipides et détergents 

communément employés pour les membranes modèles et pour la purification de 

protéines membranaires. 

Surfactant CMC (mM) Références 

DPPC 4,6 x I0-7 [ 1] 

DMPC 6 x I0-6 [1] 

DHPC 15 [2] 

Tween 80 12 x I0-3 [3] 

c 12Es 0,09 [3] 

Triton X-100 0,2 [3] 

CHAPS 8 [3] 

Glycocholate de sodium 13 [3] 

DPPC : dipa lrn itoy l-phospha tidy lcho lin e (PC), DMPC: 
dim y ristoy i-PC, DHPC: d ih exa noy i-PC, Tween 80 : mo noo léa te 
sorbita ne de po lyoxyéthy lène 80 , C 12Es: octaétl1y lèneglyco l 
monododécy l éthe r, T rito n X-1 00: éth er de po lyéth y lèneglyco l et 
d'octy lphénol. CHAPS: 3-[d iméth y la m mo nio]-1-propa nes ul fo nate 
[1] Ava nti Po la r Lipid s, lnc. [2] Warschaws ki et a l. , 20 11 [3] 
Luckey, 2008 

La structure dynamique de la membrane biologique est cruciale pour permettre la 

diffusion de ses consituants, dont les PM, pouvant ainsi jouer un rôle important dans 
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plusieurs fonctions cellulaires. La composition de la membrane modèle va influencer 

sa fluidité. Le cholestérol, de la famille des stérols, occupe une proportion importante 

dans la membrane eucaryote (Tableau 1.2). Sa nature encombrante augmente le 

désordre des chaînes lipidiques compactes et stabilise celles étant mobiles ce qui 

augmente et diminue, respectivement, la fluidité de la membrané 3
. De manière 

similaire, les PM sont aussi responsables des propriétés physiologiques de la 

membrane, étant donné quelles consitituent environ la moitié du poids sec de celle-ci. 

La fluidité de la membrane est aussi influencée par la température du système. La 

bicouche peut adopter différentes phases lamellaires, par exemple la phase liquide 

cristalline (La), et la phase gel (Lp) (Fig. 1.10B). Lorsqu'en phase Lp, le domaine 

hydrophobe des lipides est beaucoup plus ordonné et rigide; les chaînes carbonées 

sont parallèles et occupent très peu d' espace latéral. Lorsque la température du 

système augmente au-delà de la température de transition (T rn), qui est propre à 

chaque lipide, la membrane transite en phase La où il y a présence de conformères 

gauches dans les chaînes acyles. L'énergie thermique transmise aux lipides fait en 

sorte que les chaînes acyles deviennent donc très mobiles pour permettre des 

mouvements de flexion ce qui engendre l'expansion latérale de la bicouche au 

détriment de son épaisseur qui, elle, diminue84
. De plus, la T rn d'un lipide augmente 

avec le nombre d'interactions lipidiques, alors plus les chaînes acyles sont longues, 

plus la Tm sera élevée (Tableau 1.4). À l'opposé, les insaturations des chaînes acyles 

diminuent les interactions entre les lipides donc font baisser la T rn· En plus des 

mouvements des chaînes acyles, les lipides eux-mêmes peuvent se déplacer librement 

dans la membrane soit par diffusion latérale (Fig. 1.1 OB iii), soit avec des 

mouvements plutôt rares de jlip-flop (Fig. 1.1 OBi), où les lipides sautent d'un feuillet 

à un autre, soit en tournant sur leur axe longitudinal pour effectuer des mouvements 

de rotation (Fig. 1.10Bii). 
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Tableau 1.4 Nomenclature des chaînes acyles de divers phosphatidylcholine (PC) 

saturés et insaturés ainsi que leur température de transition (Tm)-

Lipides Nomenclature T, (°C) 

DLPC C 12:0 -2 

DMPC C 14:0 24 

DPPC C 16:0 4 1 

DSPC C 18:0 55 

PO PC C 16:0-1 8: 1 t.9-Cis -2 

DO PC C 18:1 M-Cis -17 

DLPC: di la uroyl-phosphatidylcholinc (PC), DMPC: dimyristoyl-PC. DPPC: dipa lmitoy i-PC. 
DSPC; distcaroyi-PC, POI)C: pa lm itoylolcoyi-PC, DOPC : diolcoy i-PC. 

Il existe une autre phase gel dite ondulée (Pp) qui n' apparaît pas dans les membranes 

biologiques, mais qui peut se trouver dans plusieurs modèles membranaires, 

notamment ceux faits de PC, de PG et de Sph85
-
87

. La phase Pp- (Fig. l.lOB) est 

formée dans des bicouches flexibles pour lesquelles le couplage entre les 

monocouches est faible , et ce, lorsque la température se trouve entre celle de la 

prétransition et de laT m88
· 

89
. Cette phase peut se manifester de deux manières, soit 

quand la bicouche est en phase La et que la température diminue jusqu'à la Tm, soit 

lorsque le système est chauffé jusqu 'à la température de prétransition en partant d'une 

bicouche en phase Lp86
. 

1.2.3 Choix du modèle membranaire 

Les protéines membranaires, dont le hERG, sont des molécules hydrophobes qm 

nécessitent des surfactants afin de pouvoir les manipuler en solution. Plusieurs 

modèles membranaires sont disponibles pour les étudier et donc celui-ci est choisi en 

fonction des besoins biologiques de la protéine et des besoins techniques pour 

l'expérience RMN à effectuer, tel que décrit dans un article de revue auquel j'ai 

participé mais qui ne sera pas présenté dans cette thèse (Annexe B)90
. 
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Les micelles sont utilisées pour extraire et solubiliser les PM, ainsi que pour effectuer 

des expériences de RMN en solution, car elles procurent une haute résolution 

spectrale. Quoiqu'elles peuvent être très utiles, leur morphologie ne ressemble pas du 

tout à celle d'une membrane biologique. Les micelles ont une courbure très élevée, ce 

qui expose les régions hydrophobes des lipides au solvant. Cette différence de 

morphologie peut empêcher le bon repliement des PM et nuire à leur structure et à 

leur fonction. Les détergents sont souvent utilisés pour extraire les PM de leur 

membrane native. Ils sont également utilisés pour solubiliser les PM. Enfin, ils sont 

utilisés pour réintroduire (reconstituer) les PM dans des membranes modèles 

biomimétiques. Ils sont donc à la fois très utiles et potentiellement nocifs, et il faut 

donc les éliminer de l'échantillon final, ou du moins de s'assurer qu'en faible quantité 

ils ne perturbent pas le repliement, la stucture ou la fonction de la PM d'intérêt. 

Les bicouches ont une épaisseur d 'environ 4 nrn en phase La et peuvent contribuer à 

maintenir l 'activité des PM lorsqu'elles sont utilisées comme membranes modèles, tel 

que pour la ldnase diacylglycérol (DAGK) qui a été reconstituée dans des bicelles de 

DMPC ou DPPC contenant le détergent CHAPSO, un analogue de sels biliaires 91
. 

Un modèle idéal doit adopter une morphologie similaire à l' environnement natif de la 

PM et ce, à des températures physiologiques. Les bicouches en solution se referment 

spontanément sur elles-mêmes pour former des vésicules sphériques. En RMN, 

plusieurs modèles peuvent être utili sés, tels que les vésicules unilamellaires de tailles 

petites, grandes et géantes (SUV, LUV, GUV), ainsi que les vésicules 

multilamellaires (ML V). Les SUV sont préparées par sonication et leur taille (20 à 

< 100 nrn), nettement inférieure à celle d'une cellule eucaryote- qui fait normalement 

de 10 à 100 J..Lm92 (Fig. 1.11 ). La petite tai Ile des micelles leur impose une courbure 

importante, une épaisseur inférieure à celle d'une bicouche traditionnelle et une 

distribution asymétrique des feuillets lipidiques interne et externe, ce qui rends les 

rends instables et qui exerce une pression sur les PM. Elles ne sont pas utilisées pour 

la détermination de structure des PM, car en RMN en solution leur taille reste trop 
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grande pour obtenir une résolution spectrale acceptable. De plus, elles ne sont pas 

stables, car la bicouche est mince et la densité des têtes polaires au niveau du feuillet 

lipidique externe est faible 93
. Celles-ci sont plutôt utilisées pour étudier l' interaction 

de protéines solubles avec la membrane94
. 

Micelle SUV LUV 
6 nm < IOOnm JOOiiJOOO nm 

~ 
····~···· 

~ ..... 
~:::. 

GUY 
> 1 ~Ill 

MLV 
< 1 J.liTI 

Figure 1.11 Schéma de divers modèles membranaires utilisés en RMN, telle que les 

micelles, les vésicules unilamellaires (SUY, LUY et GUY) et les vésicules 

multilamellaires (MLY). Les MLY, qui comportent plusieurs bicouches, ainsi que les 

GUY sont d 'une taille supérieure et ont une morphologie membranaire locale qui 

ressemble à celle d ' une biomembrane. 

Les LUV sont préparées en filtrant une suspensiOn lipidique par extrusion pour 

obtenir des objets ayant un diamètre entre 100 et 1000 nm (Fig. 1.11), tandis que les 

GUY, qui ont une taille supérieure à 1 ~-tm , sont préparées en hydratant graduellement 

un film lipidique ou par électroformation92
· 

95
. La morphologie membranaire locale 

des GUY est plane et ressemble à celle d'une membrane biologique. Vue leur grande 

taille, ces modèles sont plutôt appropriés pour des expériences de RMN à l'état 

solide. Malgré tout, les GUY ne sont pas souvent employées comme modèles puisque 

la grande majorité de leur volume est occupé par le solvant plutôt que par la 

membrane, ce qui n 'est pas très utile pour une technique si peu sensible comme 

laRMN. 
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Lorsque m1s en solution, les lipides s'assemblent spontanément sous fonne de 

vésicules multilamellaires (ML V) de différentes tailles de 1' ordre de 1 j.!m de 

diamètre (Fig. 1.11)92
. Cette organisation membranaire n ' est pas retrouvée 

naturellement, mais la taille des agrégats ainsi que le degré de courbure des bicouches 

ressemble aux caractéristiques des biomembranes. De plus, les ML V sont 

avantageuses pour les études RMN, car leur concentration lipidique est très élevée. 

Une bicouche planaire, où les régions hydrophobes sont exposées au solvant aqueux, 

n'est pas énergétiquement favorable, donc en général elle se referme sur elle même. 

Une autre option pour stabiliser sa région non polaire est d'ajouter des lipides à 

chaînes courtes (tels que la DHPC) sur les bords, créant ainsi des bicelles 

(Fig. 1.12/6
. Les surfactants non traditionnels peuvent également être employés, au 

lieu de lipides à chaînes courtes, pour préparer des bicelles, tel que les analogues de 

sels biliaires (CHAPSO, sodium glycocholate) et les détergents non ioniques, comme 

le Triton X-100, C1 2Es et le Tween 80 (Tableau 1.4)97
-
100

. 

Au début des années 1990, les bicelles sont devenues très populaires vu leurs 

nombreux avantages97
. Leur composition et morphologie locales ressemblent 

beaucoup à celles des biomembranes. Les bicelles sont préparées en solubilisant le 

lipide et le détergent dans un milieu aqueux et en procédant à plusieurs cycles de 

congélation/décongélation/agitation jusqu 'à ce que 1 'échantillon soit homogène. Elles 

sont très polyvalentes - le ratio molaire entre le lipide à chaîne longue et le lipide à 

chaîne court (ratio q) peut être modifié pour les employer en RMN des solutions, à q 

inférieur à 2,3 lorsqu'elles sont isotropes (Fig. 1.12A), et en RMN de l ' état solide, où 

elles ont la particularité de s'orienter spontanément dans le champ magnétique 

supérieur à 1 Tesla et pour q supérieur à 2,3 (Fig. 1.12B et C)101
. L'alignement est 

spontané de sorte que la normale (N) de la bicouche est perpendiculaire au champ 

magnétique et seulement lorsque le ratio molaire q est suffisamment élevé (supérieur 

à 2,3). Ceci est dû à la susceptibilité magnétique des phospholipides, qui sera abordée 
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plus en détail dans le chapitre 1. De plus, c'est aussi un effet coopératif, alors si la 

concentration de lipides dans la bicouche n'est pas assez élevée, comme dans les 

bicelles isotropes, elles ne pourront pas s'aligner dans le champ magnétique. 

Cette propriété est très intéressante, car elle permet entre autres d'étudier l'orientation 

des protéines (ou peptides) membranaires comme il sera détaillé au chapitre 11102
-
104

. 

Par exemple, le peptide antimicrobien alaméthicine a été étudié par RMN de l'état 

solide dans des bicelles de PC90
• 

104
-
107

. Les bicelles qui s'orientent dans le champ 

magnétique sont décrites dans la littérature comme étant soit des disques 

(Fig. 1.12A, B), soit des ML V perforées où les trous seraient stabilisés par des lipides 

à chaînes courtes (Fig. 1.12C). La topologie est équivalente dans les deux cas et par 

conséquent, il n'est pas possible de déterminer directement lequel des deux modèles 

est représenté en observant un seul spectre de RMN. Comme vu précédemment, la 

température va aussi affecter la morphologie des bicelles dans la mesure où la 

bicouche doit être en phase liquide cristalline (La), donc au-dessus de la Tm des 

lipides, pour qu'elles s'orientent spontanément dans le champ magnétique. 

Bo ~~ 
() 

&m· .. (B) 

() 

Q ()~ ~ 
Oo ... (A) 

Figure 1.12 Schéma A) de bicelles isotropes et B) orientées dans le champ 

magnétique. C) Les MLV perforées peuvent également s'orienter dans le champ 

magnétique (Ba). La figure est adaptée de Triba et al. avec permission 104
. 
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Toutefois, 1 'utilisation de bicelles est quelque peu restrictive108 et peut limiter 

certaines applications. Par exemple, pour des applications de RMN de l'état solide, 

les bicelles de DMPC/DHPC s' orientent spontanément lorsque le champ magnétique 

est supérieur à 1 Tesla, et lorsque le ratio molaire est supérieur à 2.3 pour une 

concentration lipidique se situant entre 3 et 60 % (w/v) et à une température se situant 

entre 30 et 50 °C90
· 

96
· 

104
· 

109
'
112

. Il y a tout de même des progrès récents dans ce 

domaine, tels que 1' optimisation de la gatmne de température à laquelle certaines 

bi celles sont orientées113
. 

Il existe aussi d' autres structures qui s ' orientent dans le champ magnétique, tel que 

les bicelles allongées (vermiculaire ou en fonne de rubans) 112
· 

11 4
.
11 6 et les liposomes 

déformés en ellipsoïdes aplatis ou allongés11 7
· 

118
. Même si elles n'ont pas la 

morphologie classique des bicelles, elles sont tout de même utiles pour les études 

RMN vu leur capacité de s'orienter dans le champ magnétique. Étant des vésicules, 

les liposomes ont une morphologie locale légèrement courbée qui mime davantage 

une biomembrane, relativement à la morphologie planaire des bicelles qui ont une 

fonne discoïdale. De plus, ils présentent l'énorme avantage de posséder un intérieur et 

un extérieur, permettant d'éventuelles études de transport à travers la membrane, un 

élément important dans l'étude de PM telles que le bERG. 

Comme vu précédemment, il existe de nombreux modèles membranaires et plusieurs 

approches pour les obtenir, chacun possédant des avantages et des inconvénients, et il 

est nécessaire de continuer de mettre au point de nouveaux systèmes et protocoles de 

reconstitution plus adaptés à certaines études. Dans le cadre de cette thèse, nous 

avons développé un nouveau système à base de lipides et de Tween 80, un détergent 

de faible CMC, ce qui évite la précipitation du complexe lipide-protéine, et nous 

avons étudié son potentiel dans le cadre d'études de PM par RMN. Ce système 

présente des avantages qui en font un choix prometteur pour des études structurales 

de PM. 
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1.3 Problématique et objectifs spécifiques 

À ce jour, la structure intégrale du canal potassique hERG n'est toujours pas définie 

et son mécanisme d'ouverture et de fenneture particulier n'est toujours pas bien 

compris. Un des objectifs de cette thèse était donc de raffiner son modèle structural et 

dynamique afin de mieux comprendre son rôle dans le ALQTS. Plus 

particulièrement, étudier par RMN les segments intra- et extracellulaires du bERG, 

soit le SF et le S4S5. Plus précisément, au Chapitre II nous présentons la structure du 

SF sous faible et haute force ionique, ce qui reproduit les conditions physiologiques. 

Considérant la proximité de la boucle du pore à l ' interface membranaire, nous avons 

aussi vérifié 1 'affinité du SF avec la membrane afin de clarifier son fonctionnement. 

Vu que plusieurs molécules LQTS-actives semblent cibler la région du pore, le rôle 

du SF dans le ALQTS a été étudié en vérifiant son interaction avec des 

médicaments cardiotoxiques. 

De plus, notre objectif était de mieux comprendre les mécanismes d 'ouverture et de 

fenneture particulier du bERG. Pour ce faire , nous avons identifié, au chapitre IV, les 

résidus du segment S4S5 qui sont responsables de la cinétique de désactivation 

particulièrement lente chez le hERGNous avons combiné des études de RMN et 

d ' électrophysiologie. Chaque résidu du segment S4S5 du bERG a été muté à une 

alanine afin d ' identifier la contribution individuelle de chaque résidu au phénotype de 

désactivation lente. Des études d ' électrophysiologie ont permis de détem1iner 

lesquels des mutants affectaient davantage les composantes du mécanisme 

d 'ouverture et de fermeture, plus particulièrement la composante de désactivation. 

Ensuite, les mutations qui semblaient le plus perturber la cinétique de désactivation 

ont été sélectionnées pour les étudier sous forme de peptides qui correspondent à la 

séquence mutée du fragment S4S5. La proximité putative du segment S4S5 à la 

membrane cytosolique nous a ainsi incité à vérifier leur interaction avec la membrane 

parRMN. 
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Afin d'étudier les PM comme le hERG par RMN, elles doivent d'abord être extraites 

de leur environnement natif, solubilisées à 1 'aide de détergents et ensuite 

reconstituées dans des systèmes membranaires modèles qui pourront mimer la 

biomembrane. Avant la reconstitution, une étape d'élimination du détergent est 

souvent nécessaire, car la majorité des détergents ne peuvent offrir un environnement 

lipidique qui promeut le repliement correct et qui maintient la fonction des PM. Cette 

étape additionnelle est souvent longue et elle diminue le rendement protéique. 

Comme dernier objectif, nous voulons développer un système modèle membranaire 

pour des applications RMN. Au chapitre V, nous proposons un nouveau système 

membranaire modèle pour l' étude des PM par RMN qui utilise à la fois un détergent 

non ionique, le Tween 80, ainsi que des PC (DMPC ou DPPC). Nous démontrons que 

ces membranes modèles s ' orientent dans le champ magnétique au-dessus de la Tm des 

PC et ce, sur une large gamme de ratios molaires (q) . Le Tween 80 donne aux 

vésicules de PC des propriétés très élastiques de telle manière qu ' elles se déforment 

dans le champ magnétique pour permettre une orientation spontanée. Les membranes 

modèles de PC/TW80 sont un bon outil pour déterminer l ' orientation et la structure 

des PM en évitant l ' étape de l ' élimination du détergent. 





CHAPITRE II 

ÉLÉMENTS THÉORIQUES DE LA SPECTROSCOPIE DE RMN APPLIQUÉE 
AUX SYSTÈMES BIOLOGIQUES 

2.1 Résonance magnétique nucléaire 

La matière est faite d'atomes qui eux sont faits d'un noyau et d'électrons. Ces noyaux 

ont quatre propriétés physiques importantes : une masse, une charge électrique, un 

magnétisme et un spin11 9
. La masse d'un atome provient majoritairement de la masse 

de son noyau. La charge électrique est très importante, car elle permet aux atomes de 

demeurer ensemble grâce aux forces électrostatiques entre les noyaux (chargés 

positivement) et les électrons (chargés négativement). Le magnétisme du noyau 

ressemble à celui d'un petit aimant qui interagit avec un champ magnétique. Celui-ci 

est si faible qu'il a très peu d' influence sur la structure atomique ou moléculaire. Le 

spin nucléaire est une propriété quantique plutôt abstraite. Le spin se comporte 

vaguement de la même manière que s' il tournait autour d'un axe, comme une 

. 1 ' /20 petite p anete . 

Le spin d'un noyau peut interagir avec d'autres champs magnétiques provenant de 

son environnement, tels que des électrons environnants ou d'autres noyaux dans une 

même molécule. Il peut aussi interagir avec un champ magnétique externe (Bo) 

provenant d'un appareil. Le spm des noyaux permettent d 'observer 

microscopiquement les structures internes et la dynamique des molécules par 

résonance magnétique nucléaire (RMN), et ce, de manière non destructive120
. 

Seuls les noyaux ayant un numéro atomique (Z) ou un nombre de masse (A) impairs 

auront un nombre quantique de spin (!). Plusieurs isotopes de différents éléments 

peuvent avoir un nombre quantique de spin (Tableau 2.1). 
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Tableau 2.1 

biologiques. 

Propriétés d'isotopes nucléaires utiles en RMN des systèmes 

1 
!'li ombre quantique Abondance Ratio gyromagnétique Fréquence de Larmor 

sotope despin(l) naturelle(%) (y:I07 rad·ll.s- 1) à14.1T(:\1Hz) 

JH y, 99,99 26,75 600 

jH 0,01 4,11 92 

~~c y, 1,1 6,73 151 

~~N 99,6 1,93 43 

~~N y, 0,4 -2,71 61 

UP y, 100 10,84 243 

Le spin d'un noyau peut être visualisé comme un vecteur, qu'on appelle le moment 

angulaire de spin (!), pointant dans la direction de l'axe autour duquel il tourne 

(Fig. 2.1 ). Puisque les noyaux sont composés de particules chargées, ils ont aussi un 

magnétisme intrinsèque que l'on appelle le moment magnétique nucléaire (ii.). Les 

moments angulaire et magnétique de spms sont étroitement liés. Leur 

proportionnalité est représentée par la constante nommée ratio gyromagnétique (y) 

comme décrit dans 1' équation suivante121 

iJ. =y·h · l (2.1) 

où h = h/2n et h est la constante de Planck. Le ratio gyromagnétique, qui est propre à 

chaque noyau, indique la force de la réponse d'un noyau dans un champ magnétique. 

Plus le y est élevé, plus le noyau est sensible, et vice-versa (Tableau 2.1 ). 
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Figure 2.1 Spin d 'un noyau ayant un moment angulaire de spin (/) qui précesse 

autour d 'un axe défini. 

Le moment angulaire de spin (!) n'est pas orienté de manière aléatoire; il a 21 + 1 

projections (états de spins) possibles auxquels sont associés des niveaux d 'énergie. 

Pour un spin ~, comme le 1H ou le 31 P par exemple, il y a deux états de spins, soient 

+~ et -~. Sans champ magnétique externe, les 21 + 1 projections ont la même 

énergie tandis qu'en présence de B0, il y a interaction entre ce dernier et le moment 

magnétique du noyau. Les états de spins n'ont donc plus la même énergie; c'est ce 

qu'on appelle l'effet Zeeman (Fig. 2.2). L 'énergie de ces états est décrite 

comme suit :121 

(2.2) 

Elle dépend de la direction du moment angulaire de spin, du ratio gyromagnétique et 

de la force du Ba. Alors, plus yest élevé et plus Bo est fort, plus l' énergie d 'un niveau 

sera grande, et il y aura une plus grande séparation (LJE) entre les niveaux d'énergie. 

Le signe «- » signifie que 1 'énergie est plus faible si ji est dans la même direction que 

le Bo/19. La population des états d' énergie de spins (+~,-~) est différente et suit la 

distribution de Boltzmann : 
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(2.3) 

où Na et Np sont les nombres de population des état +Yz et -Yz, respectivement, et k 

est la constante de Boltzmann ( 1.3 806 x 10-23 J · K-1 
). La répartition des spins +Yz et 

- Y2 est ce qui donne naissance à l'aimantation macroscopique, la source du signal 

RMN! 

sans B0 avecB0 

\1 

E.f(èr Zeeman 

Figure 2.2 Niveaux d ' énergie pour un spin 1 = Y2 avec et sans champ magnétique 

externe (Bo). En présence de Bo, l' effet Zeeman lève la dégénérescence des niveaux 

d 'énergie. 

En présence de B0, le moment magnétique du spin d'un noyau adopte un mouvement 

en forme de cône avec un angle constant, qu'on appelle précession (Fig. 2.3). La 

fréquence de précession (fréquence de Larmor) d'un noyau dépend du y et du Bo, par 

conséquent, elle est propre à chaque noyau dans un champ magnétique donné 

(Tableau 2.1). Il est possible d ' induire des transitions entre les états de spins (exciter) 

sélectivement à 1 'aide de radiation électromagnétique en appliquant une impulsion de 

radiofréquence ayant une énergie équivalente à cel le de la transition (résonance) . La 
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fréq1,1ence de résonance (v) peut être calculée (en Hz) à l'aide de 

l'équation suivante122
: 

V = y·Bo 
2rr 

z 

-Yz 

(2.4) 

\ 

Figure 2.3 Mouvements de précession du spin d' un noyau ayant deux états de spin 

(+Yz et -Yz) par rapport au champ magnétique Ba défini selon l'axe y. 

2.2 Inhomogénéités naturelles et couplages 

Le champ magnétique perçu par le noyau (Beffecrif) est légèrement inférieur à Bo,car 

celui-ci est blindé par son environnement électronique local : 

Beffectif = (Bo-B') = Bo(l- a) (2.4) 

où cr est la constante de blindage. En présence du Ba, le Beffecrif d' un noyau n'est pas 

homogène, car l'environnement électronique local ainsi que les couplages donnent 

lieu aux inhomogénéités naturelles. Ces dernières peuvent être induites par les 
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électrons d'une liaison chimique (déplacement chimique, couplage scalaire), ou suite 

à des interactions dipolaires (couplage dipolaire), ce qui sera approfondi dans les 

sections qui suivent. Les inhomogénéités naturelles peuvent être exploitées afin 

d 'obtenir de l ' information structurale et spatiale 121
. 

2.2.1 Déplacement chimique 

Comme mentionné plus haut, la fréquence de résonance d'un noyau dépend 

principalement de son y et du Ba (Éq. 2.4). Toutefois, elle va aussi dépendre de sa 

position dans la molécule : 

y ·Bo(l- a) v = .;___;::..>..:...,_;;:.!.. 

2rr 
(2.6) 

La dépendance de 1 'environnement électronique sur la fréquence de résonance d 'un 

noyau est ce que l'on appelle l' effet du déplacement chimique. Par exemple, A, un 1H 

méthyl et B, un 1H méthylène, alors le 1H A sera plus blindé que B donc aura une 

fréquence, donc un déplacement chimique, plus faible. Le signal de RMN 

(déplacement chimique) est une source importante d ' informations structurales, car il 

dépend des liens reliant les noyaux et de la structure des atomes voisins. Le 

déplacement chimique (8) peut être calculé en partie par million (ppm) 

comme suit120
· 

121 
: 

(2.7) 

où Vref est la fréquence d'un composé de référence - comme les hydrogènes et 

carbones du tétraméthylsilane (TMS) pour la RMN du 1H et du 13C, respectivement. 
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2.2.2 Anisotropie du déplacement chimique (chemical shift anisotropy; CSA) 

Dans une molécule, la densité électronique d'un noyau n'est pas uniforme dans toutes 

les directions - elle est anisotrope. Or, sa fréquence de résonance, donc son 

déplacement chimique, va dépendre de son orientation par rapport au Ba. 

L'orientation est représentée par un tenseur (a) qui est décrit par les trois axes 

principaux (axx. ayy, azz) (Fig. 2.4C). En RMN de 1 'état solide, c' est-à-dire les 

molécules qui ont des mouvements lents à l' échelle de la RMN, un échantillon qui 

n'est pas orienté va générer un spectre de poudre (Fig. 1.5A et B) consistant en une 

superposition de plusieurs pics fins à différentes fréquences de résonance 

correspondant à chaque orientation possible des noyaux dans l'échantillon. Le 

nombre de noyaux pour une orientation donnée déterminera 1 'intensité spectrale. 

Dans le cas des phospholipides dans une biocouche lipidique, les mouvements de 

rotation des molécules autour de l' axe de la nonnale de la bicouche produisent une 

symétrie axiale où axx et ayy du tenseur CSA du 3 1 P sont moyennés (Fig. 1.5). Par 

conséquent, les fréquences des extrémités du spectre de 3 1P permettent d 'estimer le 

CSA (L1a) 123 
: 

11a = a11 - a.1 (2.8) 

où CJ;; et CJ.1 sont les déplacements chimiques pour les orientations parallèles 

(orientation à 0°) et perpendiculaires (orientation à 90°), respectivement. Le CSA est 

relié au spectre avec 1 'équation suivante123 
: 

(2.9) 

où la fréquence (v) est mesurée en Hz et elle dépend aussi de l' angle du noyau 

relativement au Ba. 

Pour un système biologique, le CSA peut nous informer sur la dynamique des lipides 

d'une membrane et de ses constituants. Par exemple, en RMN du phosphore e1P) à 
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l'état solide (détaillé dans la section 2.5.1), une augmentation des mouvements 

lipidiques va moyenner les orientations et réduire le CSA du spectre. De plus, 

l'orientation des protéines dans la membrane peut être déterminée par RMN puisque 

le CSA dépend de l'orientation des molécules (voir la section 2.5.3) . 

a.l 

(A) (B) 

100 0 -100 100 0 - lOO 
(C) a, '"[ (0) 

~ 
(T (T 

tête polaire 

~ 
\ 

0 

aJ~ ' 0~ 1 
'"• " " 

1 "'-o 
·o J 

glycérol 

<Jx, 

Figure 2.4 Spectres RMN du 31P de phospholipides sans (A) et avec (B) 

mouvements de rotation axiale rapide selon l'axe z; les images sont obtenues de 

Smith et Ekiel avec permission124
. C: Axes principaux du tenseur de CSA d 'un 

phosphore lipidique qui tourne selon l'axe z. D : Orientations possibles des 

phospholides d 'un liposome non orienté. 

2.2.3 Couplage scalaire (couplages J) 

Le couplage scalaire est une interaction magnétique indirecte puisque les spms 

nucléaires sont couplés par l'entremise des électrons. Plus précisément, le noyau 
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magnétise légèrement les électrons environnants, ce qui génère un champ magnétique 

pouvant être ressenti par un noyau voisin dans une même liaison chimique. Ce 

phénomène est réciproque, de sorte que Je noyau voisin va aussi magnétiser ses 

électrons pour générer un champ magnétique qui sera perçu par Je premier noyau. Le 

couplage scalaire peut être homonucléaire (ex: 1H- 1H) ou hétéronucléaire (ex: 
1H- 13C). Le couplage scalaire influence Je spectre RMN de telle sorte que les signaux 

sont sous forme de multiplets. Le nombre de pics (n+ 1) dans un multiplet reflète Je 

nombre de noyaux voisins équivalents (n). La fréquence qui sépare ces pics constitue 

la constante de couplage f 20
· 

121
. Malheureusement, ceci peut présenter des 

inconvénients : 1 ' intensité sera distribuée sur tout les pics d 'un multiplet donc la 

détection sera plus difficile, et pour les molécules plus complexes, les spectres sont 

encombrés ce qui complique leur interprétation. Il est possible d ' employer le 

découplage pendant l'acquisition du signal , soit homo- ou hétéronucléaire, pour 

simplifier les spectres. Dans le cadre d'une expérience en RMN du 13C par exemple, 

pour un couplage 1H- 13C, on applique un champ de radiofréquence à la fréquence 

Lamor du 1H et on détecte à la fréquence du 13C 121
. 

Le couplage des noyaux séparés par trois liaisons chimiques eJ) est très utile pour la 

détermination de la structure des peptides et des protéines. Le couplage 3 JNH-Ha entre 

les protons (1H) du groupement amide (NH) et du carbone-a (Ha) aura une valeur 

caractéristique qui va dépendre de la structure secondaire du squelette peptidique, 

étant donné que les angles phi ( ~) et psi (W) diffèrent (Fig. 2.5A) 125
. Par exemple, une 

hélice-a à un angle ~ de -60° tandis que celui d'un un feuillet-~ parallèle est -120° 

(Fig. 2.5B)126
. 
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Figure 2.5 Structure secondaire des peptides et protéines . A) Les angles de torsion 

phi ( ~) et psi (\V) - rotation autour du carbone alpha (Ca) - d'un segment peptidique 

déterminant la structure secondaire. Les zones grises représentent les plans 

peptidiques rigides. B) Diagramme de Ramachandran qui montre les paires d ' angles 

~ et \ji permises, incluant celles qui correspondent aux structures d'hélice-a avec un 

pas de rotation droit (bleu), de feui ll et-~ (rouge) et d ' hélice-a avec un pas de rotation 

gauche (vert). L'image (B) est adaptée de Brandén et Tooze avec permission 126
. 

2 .2.4 Couplage dipolaire 

Un noyau ayant un spin non nul génère un champ magnétique avec leq uel peut 

directement interagir un second noyau avoisinant. Cette interaction , dite dipolaire, ne 

nécessite pas de liaison chimique, car el le se fa it à travers l'espace - el le peut donc 

être intra- ou intermoléculaire. Le couplage dipolaire (wD) est supérieure à celle du 

couplage scalaire et e lle dépend surtout de la distance entre les noyaux (r) (Fig. 2.6), 

leur position relative (8) par rapport à B0 ainsi que du y20 
: 

whétéro = +_:llo liY1Y2 ( 3cos
2 8-1) 

0 - 2 4rr r f 2 2 
(2 .1 0) 

dans le cas des coup lages hétéronucléaires, et : 
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Whomo = + ~~ J.to r1Y1Y2 (3cos2 8-1) 
0 - 2 2 4rr r{2 2 

(2.11) 

dans le cas des couplages homonucléaires. La dépendance angulaire du couplage 

dipolaire produit un dédoublement de pics sur le spectre RMN, et la distance entre les 

pics du doublet est appelée l'éclatement dipolaire. En solution, les mouvements 

rapides des molécules font que les angles des couplages dipolaires sont moyennés 

donc les éclatements ne peuvent être observés sur le spectre. Dans les systèmes 

anisotropes (RMN de l ' état solide), les interactions dipolaires peuvent nous 

renseigner sur la structure et 1 'orientation des molécules, car chaque paire de noyaux 

couplés a une orientation différente par rapport au B0. Il existe toutefois des 

expériences RMN en solution (NOESY, ROESY) exploitant les interactions 

dipolaires, par l' intermédiaire de l' effet NOE (voir les sections 2.3.2 et 2.3.3), afin 

d 'y extraire indirectement 1 ' information sur le couplage dipolaire des noyaux pour 

déterminer la structure des molécules121
. 

Figure 2.6 Couplage dipolaire entre deux noyaux. La force du couplage va dépendre 

de la distance (r) entre les deux noyaux (J..1. 1, 112) et de leur orientation relative (8) au 

champ magnétique externe (B0) . 
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2.2.5 Interaction quadripolaire 

Les noyaux ont des charges qui sont distribuées de manière symétrique pour les 

noyaux de spin Yz . Pour le noyau de spin supérieur à Y:z (noyaux quadripolaires) les 

charges ne sont pas distribuées de manière symétrique mais plutôt avec deux dipôles. 

Le gradient de champ électrique (électrons) autour du noyau va donc interagir avec 

les noyaux quadripolaires 120
. L'interaction quadripolaire modifie l'énergie des états 

de spins de sorte qu ' il y a un dédoublement de pics sur le spectre, et ceux-ci sont 

espacés par un écart quadripolaire (i1v0) (Fig. 2. 7). En RMN de 1 ' état solide, cette 

interaction peut être exploitée comme dans le cas du deutérium eH) pour l'étude des 

membranes, tel que décrit dans les chapitres Il à IV de cette thèse. La RMN du 2H des 

systèmes membranaires est approfondie à la section 2.5.2. 

CD3 

..----+6-+----.1 CD2 

20000 0 -20000 
Frequency (Hz) 

0 
1) 

Figure 2.7 Spectre RMN du deutérium eH) 

d 'un liposome. Les écarts quadripolaires des 

groupements CD3 terminaux et des CD2 près de 

la tête polaire des phospholipides ont été 

identifiés sur le spectre. 

2.2.6 RMN en solution et RMN à l' état solide 

La nature de l'échantillon va influencer l' expérience RMN à employer. Ce qui va 

surtout influencer le choix de la configuration du spectromètre RMN est le temps de 

corrélation (re) des molécules que l 'on veut étudier. Le rc est le temps que prend une 

molécule pour faire une rotation d ' un radian (60°). Les molécules qui bougent 

rapidement - de 1 ' ordre de lans - dans un liquide ont un Tc court, ce qui correspond à 
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la RMN en solution, tandis que la RMN de 1 'état solide convient aux molécules qui 

bougent lentement (re long) dans un milieu solide ou visqueux, ou encore si elles 

sont de grande taille120
. 

En RMN en solution, les fréquences de résonance des spins sont la conséquence des 

interactions avec le Ba (effet Zeeman), avec d'autres spins (couplage scalaire) et avec 

Je nuage électronique (déplacement chimique). Les autres interactions sont 

moyennées par le mouvement rapide des noyaux en solution présentant ainsi des pics 

fins sur le spectre. En RMN à l'état solide, la perte de mobilité des molécules fait en 

sorte que toutes les interactions ont un impact sur le spectre, incluant celles du 

couplage dipolaire et de l'effet quadripolaire que l'on ne voit pas en RMN en 

solution. Les pics sont ainsi larges à moins de faire tourner l' échantillon à l'angle 

magique (MAS; magic angle spinning) , soit 54.7° l'angle auquel les contributions 

angulaires comme le couplage dipolaire (Éq.2.10 et 2.11) et l'ADC (Éq. 2.9) 

deviennent nulles (Fig. 2.4). 

Figure 2.8 Schéma de la rotation à 

l' angle magique où l'axe de l'échantillon, se 

trouvant dans un rotor (cylindre gris), tourne à 

un angle de 54.7° par rapport au champ 

magnétique externe (Bo). 

Dans cette thèse, la RMN en solution est employée pour étudier la structure des 

segments du hERG, leur interaction avec des médicaments ainsi qu'avec des 

systèmes modèles membranaires de petite taille (Chapitres III et IV). La RMN de 

1 'état solide est utilisée pour étudier la perturbation de la membrane par les 

médicaments et les peptides du hERG (Chapitres III et IV), ainsi que pour 
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caractériser un nouveau modèle membranaire pour l'étude des peptides et PM 

(Chapitre V). 

2.3 RMN bidimensionnelle du proton pour la détermination de la structure 
des peptides 

La RMN bidimensionnelle (2D) rapporte de 1 'information sur les connectivités des 

noyaux à travers les liaisons (couplage scalaire), à travers 1 'espace (couplage 

dipolaire) ainsi que sur la dynamique moléculaire127
. Les expériences 2D ne sont 

qu 'une série de spectres 1 D ne se différenciant que par un certain délai dans la 

séquence afin de pennettre aux noyaux d'évoluer en fonction de leur environnement 

et de leurs couplages. La RMN 2D a ses avantages : dans le cas d 'attribution de pics, 

par exemple, on peut établir des corrélations entre les spins en identifiant, sur le 

spectre, les pics croisés dont les coordonnées correspondent aux déplacements 

chimiques des noyaux couplés (Fig. 2.9). Chaque noyau est forcément corrélé avec 

lui-même, ce qui est représenté par les pics sur la diagonale pour les couplages 

homonucléaires, 1H- 1H par exemple (Fig. 2.9). De plus, la RMN 2D offre une 

résolution spectrale supérieure à la RMN à une dimension (ID) étant donné que les 

pics du spectre ID se chevauchent fréquemment. Les expériences 2D utilisées dans 

les chapitres III et IV de cette thèse, telles que la TOCSY, NOESY et ROESY, seront 

présentées dans les sections suivantes. 
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Figure 2.9 Spectre de RMN du 1H de Total Correlation Spectroscopy (TOCSY). La 

ligne pointillée démontre la corrélation de deux pics sur la diagonale par l'entremise 

du pic croisé (coin gauche, en haut). 

2.3.1 Total Correlation Spectroscopy (TOCSY) 

Cette expérience permet de détecter toutes les corrélations homo nucléaires (ex : 
1H- 1H) entre les noyaux voisins qui sont couplés par l' intennédiaire d'une liaison 

chimique (scalaire) dans un même système de spins. La TOCSY48 emploie un 

verrouillage de spins (spinlock) dans la séquence, qui consiste en une série 

d' impulsions pendant un temps de mélange (Tm) (Fig. 2.1 0). La magnétisation ainsi 

verrouillée est transférée (transfert de polarisation), par l ' entremise des noyaux qui 

sont directement couplés, à tous les noyaux, même à ceux qui ne sont pas directement 
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couplés. Si le Tm est court, on détecte les couplages forts des noyaux avoisinants, 

tandis que si le Tm est long, les noyaux éloignés, jusqu 'à quatre liaisons chimiques, 

deviennent détectables sur le spectre de RMN. 

'Tm détection 

Figure 2.10 Séquence d ' impulsions TOCSY. Impulsion de 90° suivie d'un délai (t 1) 

variable pennettant 1 ' évolution des spins avant le verrouillage ayant un temps de 

mélange (rm) précis. Le verrouillage consiste en une série d ' impulsions de 90° 

et 180°128
. 

La TOCSY est utile pour étudier les protéines et les peptides, car chaque acide aminé 

représente un système de spins . On peut donc se servir de la TOCSY pour attribuer 

les 1H d'une séquence d ' acides aminés mais elle ne pennet malheureusement pas de 

connaître sa structure primaire, car la présence de carbonyles sur le squelette 

protéique empêche le transfert d 'aimantation. De plus, on peut suivre les 

changements de déplacements chimiques, comme pour l ' exemple d'un peptide qui se 

lie à un ligand ou siee même peptide est exposé à un composé qui fait relaxer le 

signal rapidement, ce qui a été exploité avec le gadolinium (Gd3+) au chapitre III de 

cette thèse. 

2.3.2 Nuclear Overhauser Effect Spectroscopy (NOESY) 

L ' expérience NOESY49 permet de voir les connectivités entre les noyaux qui sont 

proches dans l ' espace (< 5 Â), ce qui inclut ceux qui sont couplés par des liaisons 

chimiques. Elle exploite le Nuclear Overhauser Effect (NOE) qui repose sm le 

couplage dipolaire entre deux noyaux. L 'effet NOE se produit lorsque l ' aimantation 
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d 'un noyau est saturée en appliquant une faible impulsion à sa fréquence de 

résonance pendant un certain temps, ce qu'on appelle le découplage (Fig. 2.11) . 

L'aimantation est transférée au noyau qui lui est couplé à travers l'espace, ce qui 

affecte 1 'intensité de son signal. 

90° 90° détection 

-------~ - tl -----------.1 r,. ~~ 
Figure 2.11 Séquence d' impulsions NOESY. Après la pre1ruère impulsion de 90°, 

on laisse les spins évoluer pendant t 1• La deuxième impulsion bascule 1 ' aimantation 

des spins selon l' axe z afin que l'effet NOE se développe pendant Tc . La dernière 

impulsion permet de procéder à la détection du signal128
. 

En RMN en solution, les couplages dipolaires ne sont pas détectables, ma1s en 

exploitant la relaxation des spins, on peut obtenir de 1 'infonnation structurale. La 

relaxation est définie par le retour à 1 'équilibre de 1 ' aimantation des spins, en 

transférant son énergie à son environnement, après une impulsion de radiofréquence. 

Une expérience NOESY génère des signaux de corrélations (pics croisés) qui 

proviennent de la relaxation dipolaire. L'intensité des pics croisés dépend de la 

d' 1 d 129 1stance entre es eux noyaux : 

1 
NOE ex (-û [(re) 

r 
(2.12) 

où r est la distance entre les deux noyaux couplés. L'intensité des pics est donc une 

information indispensable pour la détermination de structure des protéines et des 

peptides. 

Le temps de corrélation (re) est important pour les expériences NOESY, car il existe 

un 'tc, ou une fréquence, à laquelle le NOE ne peut s ' établir pour un B0 donné : 
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(2.13) 

où co0 est la fréquence de Lamor en rad/s. Typiquement, les molécules ayant une 

masse molaire de 1 à 3 kDa sont désavantagées puisqu 'elles ne montrent aucun pic 

croisé en NOESY, alors il faut soit avoir recours à l 'expérience ROESY (ci-dessous), 

soit changer de spectromètre. 

2.3.3 Rotating-frame Overhauser Effect Spectroscopy (ROESY) 

Dans une expérience ROESY130
, le temps de mélange de la NOESY est remplacé par 

un venouillage de spins comme dans la TOCSY (Fig. 2.12). Un venouillage de spins 

plus faible est employé pour diminuer l'apparition des conélations de la TOCSY. 

L' effet NOE d 'une ROESY est toujours positif, jamais nul, peu importe le Tc des 

molécules. Le verrouillage de spins génère un champ effectif (Be.ffectif) qui est 

perpendiculaire à Ba et plus faible. La fréquence de transition des spins est donc aussi 

plus faible (voir Éq. 2.6) et la limite des mouvements moléculaires devient accessible 

sur une plus grande gamme de Tc . 

(p2 p3) 0 

détection 

Figure 2.12 Séquence d'impulsion ROESY. Après la première impulsion de 90°, on 

laisse les spins évoluer pendant t1. Le temps de mélange de la NOESY est remplacé 

par un verrouillage de spins (p2, p3) plus faible que celui de la TOCSY 128
. 
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2.4 Gradients de champs et saturation des résonances pour 1 'étude des interactions 
protéine-membrane 

Étudier les interactions intermoléculaires, telles que protéine-membrane ou protéine­

ligand, est indispensable pour mieux comprendre la fonction des protéines. Dans le 

chapitre Il, les expériences de diffusion en RMN en solution Pulsed Field Gradient 

Echo (PGSE) et de Saturation Transf er Difference (STD) ont été employées pour 

analyser les interactions entre un peptide correspondant au SF du bERG, les 

médicaments cardiotoxiques impliqués dans le ALQTS et la membrane. Des 

expériences de STD ont aussi été employées au chapitre III pour distinguer les 

régions spécifiques de la membrane qui interagissent avec certains résidus du 

segment S4S5 du bERG. 

2.4.1 Pulsed Field Gradient Spin-Echo (PGSE) 

Il est possible de mesurer les mouvements aléatoires des molécules en solution en 

utilisant des expériences de diffusion. L'expérience de PGSE (Fig. 2.13A) sert à 

déterminer le coefficient de diffusion (Ds, en cm2/s) des molécules en utilisant des 

gradients de champ pulsés (Pulsed Field Gradient, PFG) 131
' 

132
. Normalement, la 

force du champ magnétique est homogène, mais en présence de gradients de champ -

appliqués sous forme d'impulsion- elle varie de manière contrôlée selon la direction 

du gradient. L'effet du gradient sur les spins va dépendre de la force (G, en 

Gauss/cm) et de la durée (8, en secondes) du gradient, ainsi que du ratio 

gyromagnétique (y) et de la position du noyau dans l'échantillon (Fig. 2.13B). 
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B 
détection Bo G 

Figure 2.13 Expérience POSE. A) Séquence d'impulsions qui consiste à appliquer 

une impulsion de 90° pour basculer les spins dans Je plan xy. Le premier gradient 

(GJ) sert à rendre Bo temporairement inhomogène afin que la magnétisation soit 

différente d 'un endroit à un autre dans l'échantillon. On applique ensuite une 

impulsion de 180° afin de rephaser l'aimantation des spins . Le second gradient (G2) 

pennet de décoder les spins qui ont gardé en mémoire le champ qu ' ils ont subi 128
. B) 

Diffusion d'une molécule dans un tube RMN en présence de gradients de champ 

pulsés, où tl est le temps de diffusion. 

Le coefficient de diffusion est calculé d 'après l'équation suivante :132 

S(G) = S(O)exp[-(y8G) 2 (Ll- oj3)D5 ] (2.14) 

où S(G) est l'intensité du signal détecté après le gradient et LI est Je temps de diffusion 

(secondes), soit Je délai entre les impulsions PFG. On peut détenniner le Ds à partir 

du graphique de S(G) en fonction de la force du gradient (G), car les valeurs de y, 8 et 

LI sont connues. Par la suite, on peut se servir des coefficients de diffusion pour 

estimer Je pourcentage d 'association des molécules afin de vérifier s'il y a interaction 

entre deux molécules. Cette application est détaillée au chapitre III à la 

section 3 .4.3 .1. 
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2.4.2 Saturation Transfer Difference (STD) 

La détection des interactions spécifiques protéine-ligand par la technique STD85
· 

133 

repose sur la diffusion d 'un spin provenant d 'une molécule ayant un poids élevé 

(>30 kDa) 134
. Cette expérience nécessite un échange entre les formes liée et libre du 

ligand (Fig. 2.14). Les zones d'une molécule, irradiées par les impulsions, transfèrent 

leur aimantation aux régions du ligand participant à l' interaction . La diminution de 

1 'intensité UsA T) des résonances du ligand est la conséquence du transfert de 

saturation (effet NOE) dû au couplage dipolaire avec la région de la molécule étant 

saturée. Une expérience de référence est aussi effectuée dans les mêmes conditions, 

sauf que l'on irradie loin de toutes les résonances d ' intérêt (hors résonance) afin 

d 'obtenir un spectre où l' intensité des pics n 'est pas affectée par la saturation (10) . À 

1 ' aide de l' équation suivante, on peut obtenir le spectre de différence (!sm) : 

fsTD = fo- fsAT (2.15) 

On peut distinguer les régions des molécules qui interagissent, car seuls les signaux 

ayant reçu le transfert de saturation demeureront sur le spectre. Tout autre composé 

qui ne lie pas les régions irradiées ne recevera pas le transfert de saturation (10 = l sAT)· 
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Figure 2.14 Expérience de STD pour localiser les peptides et les PM dans une 

membrane tel que réalisée au chapitre III. Les résonances des phospholipides sont 

saturées (éclairs) de manière spécifique: 1H méthyles de la choline (tête polaire), 1H 

du groupement glycérol (interface) et 1H méthyles terminaux (cœur hydrophobe). La 

saturation est transférée aux 1 H peptidiques qui sont en contact avec la 

région irradiée. 

Cette technique dépend de l'efficacité du transfert de saturation ainsi que du nombre 

de ligands dans la solution tel que discuter au chapitre III. Elle comporte toutefois des 

limites : si 1 'interaction entre les deux molécules est trop forte, 1 'aimantation 

transférée va diffuser vers d ' autres noyaux réduisant les effets du STD sur le spectre 

de différence 135
. Au contraire, si 1 ' interaction est trop faible, tous les ligands seront à 

l' état libre, donc on n'observera pas l'effet du STD. La détection de signaux de STD 

faibles peut aussi être provoquée par une durée d ' interaction qui est trop courte par 

rapport à la vitesse de relaxation de la magnétisation qui est transférée, et par un 

excès de ligands dans la solution, diluant ainsi la concentration de ligands saturés. 
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Des expériences de STD ont permis d ' identifier, au chapitre III , les régions de la 

membrane, soit la surface (groupement choline), soit l'interface (groupement 

glycérol), soit le cœur hydrophobe (méthyle terminal) qui interagissent avec le 

segment SF du hERG (section 3.5.2) et avec des médicaments cardiotoxiques 

(section 3.5.4). Au chapitre IV, nous avons aussi vérifié avec des expériences STD les 

régions de la membrane qui interagissent avec le segment S4S5 du hERG 

(complément au chapitre IV). 

2.5 RMN du phosphore-31 et du deutérium pour l' étude des 
systèmes membranaires 

La RMN du 31 P et du 2H ont été employés dans les chapitres III et IV pour déterminer 

le rôle de la membrane dans le ALQTS et pour Je mécanisme d 'ouverture et de 

fermeture du hERG respectivement, ainsi qu ' au chapitre V pour caractériser les 

membranes modèles de PC-Tween 80 pour l' étude des PM par RMN. 

2.5.1 RMN du phosphore-JI 

Le phosphore e1P) est le noyau Je plus fréquemment employé en RMN pour l' étude 

des systèmes lipidiques. En effet, les membranes ont une composition élevée en 

phospholipides (PL) et ceux-ci contiennent un groupement phosphate au njveau de 

leur tête polaire136
. En plus d'avoir un ratio gyromagnétique élevé, l' abondance 

naturelle du 31P est de 100 %, ce qui élimine la nécessité de faire du 

marquage isotopique. 
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Figure 2.15 Comparaison des spectres RMN du 31P de bicouches lipidiques non 

orientées et orientées. Les liposomes (sphériques) contiennent des lipides orientés à 

tous les angles par rapport à la direction du Ba, ce qui est représenté par un spectre de 

poudre (haut). Les lipides qui sont alignés de manière perpendiculaire et parallèle 

sont représentés par les résonances 8_1_ et 811, respectivement. Lorsque tous les lipides 

sont orientés à 90° par rapport à Ba, on observe une seule résonance à 8_1_ (centre) . De 

même, lorsque tous les lipides sont orientés à Û0
, on observe une résonance à 811 (bas) . 

La RMN du 31P 137 est un outil pratique pour mesurer les changements de phases 

lamellaires des bicouches. La perturbation des lipides peut aussi être observée 

lorsqu ' on étudie l ' interaction de PM, de peptides et de petites molécules (par 

exemple, des médicaments) avec la membrane136
. De plus, la qualité d ' orientation des 

PL par rapport au Ba peut être déduite par la forme spectrale. Les PL d 'une membrane 

en phase liquide cristalline subissent des mouvements rapides de rotation à symétrie 

axiale autour de 1 ' axe de la normale (N) de la bi couche (Fig. 2.4B) . Il y a donc des 
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fréquences distinctes pour les bicouches ayant leur normale parallèle et 

perpendiculaire au Ba (Fig. 2.15) . Par conséquent, le spectre de poudre du 31 P a une 

forme qui se distingue par un épaulement vers les hautes fréquences et un second vers 

les basses fréquences tel que vu à la section 2.2.2. L ' écart entre ces épaules représente 

le CSA 100
· 

123
· 

138
. Les changements du CSA renseignent sur la dynamique des têtes 

polaires au niveau de la surface de la membrane. 

2.5.2 RMN du deutérium eH) 

L'utilisation de lipides deutérés e H) au niveau des chaînes acyles, commercialement 

disponibles, est aussi utile pour étudier la membrane. La deutération n 'altère pas les 

propriétés de la membrane sauf pour sa température de transition (Tm) qui diminue de 

3 à 5 °C139
. 

Il est possible de vérifier l' ordre des chaînes lipidiques en mesurant l'écart 

quadripolaire (~vo) des liens C-D sur le spectre RMN-2H (Fig. 2.7; Éq. 2.16/40
. Une 

augmentation des valeurs ~VQ est associée à l' augmentation de l'ordre des lipides, 

contrairement à une diminution qUI est associée au désordre. L 'ordre des chaînes 

deutérées nous renseigne donc sur la dynamique des lipides. Les lipides d 'une 

bicouche en phase liquide cristalline sont continuellement en mouvement 

(Figure 1.1 OB). Les régions de la chaîne qui sont plus mobiles (méthyle terminal) 

auront un ~Q plus petit, tandis que les deutérons qui sont plus rigides (liens C-D près 

du groupement glycérol) auront une valeur ~Q plus élevée. 

La valeur de ~VQ peut aussi nous renseigner sur l' orientation des membranes dans le 

champ magnétique. Les doublets du spectre 2H ont une résolution accrue lorsque la 

bicouche est alignée par rapport au Bo puisque les lipides adoptent une seule 

orientation et non une distribution de toutes les orientations possibles comme dans un 

système non orienté (Fig. 2.16, centre). De plus, si 1 ' alignement de la normale de la 
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bicouche est parallèle au Ba, les doublets ont un ~v0 deux fois plus élevé qu'un 

alignement perpendiculaire (Fig. 2.16, bas), car le celui-ci dépend de 1 'orientation 

relative au Bo : 

3 eZqQ 2 
.6vQ = --(3 cos 8 - 1)Scv 

4 h 
(2.16) 

' ezqQ 
ou -h- est la constante de couplage quadripolaire d'un lien C-D aliphatique 

( ~ 167 kHz), 8 est 1 'angle entre la normale de la bi couche et le Ba, et Sc v est le 

' d' d d 1· C D 141 142 parametre or re es Jens - · . 

20000 0 -20000 
Frequency (Hz) 

Figure 2.16 Comparaison des 

spectres de R.MN du 2H des chaînes 

acyles deutérées de bicouches 

lipidiques non orientées et orientées. 

Les liposomes (sphériques) 

contiennent des lipides orientés à 

tous les angles par rapport à Ba, ce 

qui est représenté par un spectre de 

poudre (haut). Chaque doublet sur le 

spectre représente un lien C-D de la 

chaîne acyle. Les bicouches qui sont 

orientées de manière perpendiculaire 

et parallèle sont représentées par les 

résonances V..L et VJJ, respectivement. 

Lorsque tous les lipides sont orientés à 90° par rapport à Ba, les épaulements (v11) 

disparaissent et les résonances V..L ont une meilleure résolution (centre). Lorsque tous 

les lipides sont orientés à 0°, on perd également les résonances v11 et 1 'écart 

quadripolaire (~v0) des résonances V j_ double (bas). 
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2.5.3 Susceptibilité magnétique 

Certaines morphologies lipidiques des bicouches permettent aux membranes de 

s ' aligner dans le champ magnétique. Ceci est dû à l ' effet coopératif des lipides dont 

les chaînes acyles et les groupements esters possédant une susceptibilité magnétique 

anisotrope143
. Cette susceptibilité, nonnalement négative pour les PC, crée un 

moment magnétique macroscopique qui permet aux lipides de s'orienter avec l'axe 

longitudinale perpendiculaire au Bo138
. L'alignement permet de vaincre les 

mouvements browniens des lipides en solution et n'est donc possible que lorsqu 'un 

nombre important de chaînes acyles sont ordonnées côte à côte et que le système 

lipidique est suffisamment mobile pour permettre l ' orientation des membranes144
. 

Ceci dit, certains modèles de petite taille, tels que les bicelles isotropes, ne produisent 

pas un effet coopératif nécessaire à un alignement spontané. 

Les membranes modèles orientées vont aussi aligner les PM et peptides qui y sont 

insérés afin d 'exploiter les couplages dipolaires pour la détermination de structure des 

protéines104
. De plus, les membranes modèles orientées sont souvent utilisées pour 

vérifier 1 'orientation des protéines et peptides transmembranaires par rapport à la 

normale de la bicouche - une information qui est complémentaire aux informations 

structurales - tel que pour les domaines transmembranaires tOmpA et OmpX 

d'Escherichia coli ayant été incorporés dans des bicelles orientées102
· 

145
. Les 

protéines ou peptides sont marqués à l'azote-15 et le déplacement chimique 15N 

différa en fonction de leur alignement par rapport à B0. Par exemple, l ' orientation et 

la structure de la protéine de l' enveloppe du bactériophage filamenteux fd ont été 

étudiées par RMN dans une bicouche lipidique avec des expériences 2D 

1Hi 5N PISEMA103
. 

L'orientation perpendiculaire relative au Ba est limitée aux petites molécules 

(peptides, hormones, médicaments et phospholipides) qui subissent des mouvements 

axiaux symétriques et rapides. L'absence de ces mouvements, tel que pour les grosses 
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protéines, mène à des motifs de poudre sur le spectre de RMN plutôt que des pics 

fins 146
. L'orientation perpendiculaire (/3111 = 90°) est définie par un paramètre 

d'ordre Szz : 

Szz = (Yz(3 cos 2 f3nl- 1)) = -lfz (2.17) 

où jJ171 représente l'angle moyen entre Ba et la normale de la bicouche (N) 146
. Par 

conséquent, l 'écart entre les résonances du spectre de RMN diminue d'un facteur 12. 

L'orientation parallèle au Ba est donc indispensable pour étudier les PM de grande 

taille147
. L'ajout d'ions paramagnétiques ayant une susceptibilité magnétique positive, 

tels que l'ytterbium (Yb3
} et le gadolinium (Gd3

} , aux systèmes lipidiques alignés 

bascule leur orientation de manière à ce que Szz >O. Par conséquent, la résolution 

spectrale est améliorée, tel que vu précédemment avec la RMN du 2H des bicouches 

orientées en ayant leur nonnale parallèle à Ba (Fig. 2.16). 
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3.1 Résumé 

Les canaux potassiques dépendants du voltage human ether-a-go-go-related gene 

(bERG) qui se trouvent dans les membranes des cellules du cœur contiennent un filtre 

de sélectivité (SF) ayant une séquence unique (SVGFG), contrairement aux autres 

canaux potassiques (TVGYG). Le hERG entraîne le syndrome du QT long acquis 

(ALQTS) comme effet secondaire lorsqu'il est bloqué par des médicaments, ce qui 

mène à des arythmies ou à l 'arrêt cardiaque. On croit que son domaine du pore, qui 

comprend le SF, est ciblé par les médicaments cardiotoxiques. Dans cette étude, nous 

examinons, avec des expériences de RMN en solution et à l'état solide, la structure et 

la fonction du segment L622-K638 du hERG qui contient le SF, ainsi que son rôle 

dans le ALQTS, en utilisant des médicaments ALQTS-actifs. Nous démontrons que 

le segment SF est non structuré en solution avec et sans ions K+, ce qui est cohérent 

avec la flexibilité requise pour que le canal change d'état de conductance ce qui a été 
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prédit par modélisation dans d'autres études. Nous démontrons aussi que le segment 

SF a le potentiel de perturber la membrane, mais que la présence d'ions K+ annule 

cette interaction. Le motif du SF semble être une cible potentielle de la prométhazine 

pour le mécanisme du ALQTS, mais moins pour le bépridil , la cétirizine, la 

diphenhydramine et la fluvoxamine . L'affinité qu'a le SF pour la membrane est aussi 

influencée par la présence de médicaments, qui ont aussi tendance à perturber les 

modèles membranaires à base de DMPC. Ces résultats suggèrent que la membrane 

pourrait jouer un rôle dans le ALQTS en favorisant l ' accès aux cibles 

transmembranaires ou intracellulaires du canal hERG, ou en perturbant la synergie 

lipide-protéine. 

3.2 Abstract 

The human ether-a-go-go-related gene (hERG) voltage-gated K+ channels are located 

in heart cell membranes and hold a unique selectivity filter (SF) amino acid sequence 

(SVGFG) as compared to other K+ channels (TVGYG). The hERG provokes the 

acquired long QT syndrome (ALQTS) when blocked, as a side effect of drugs, 

leading to arrhythmia or heart failure. lts pore domain - including the SF - is believed 

to be a cardiotoxic drug target. In this study combining solution and solid-state NMR 

experiments we examine the structure and function of hERG's L622-K638 segment 

which comprises the SF, as weil as its role in the ALQTS using reported active drugs. 

We first show that the SF segment is unstructured in solution with and without K+ 

ions in its surroundings, consistent with the expected flexibility required for the 

change between the different channel conductive states predicted by computational 

studies. We also show that the SF segment has the potential to perturb the membrane, 

but th at the presence of K+ ions cancels this interaction. The SF moiety appears to be 

a possible target for promethazine in the ALQTS mechanism, but not as much for 

bepridil, cetirizine, diphenhydramine and fluvoxamine. The membrane affinity of the 
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SF is also affected by the presence of drugs which also perturb mode! DMPC-based 

membranes. These results thus suggest that the membrane could play a role in the 

ALQTS by promoting the access to transmembrane or intracellular targets on the 

bERG channel, or perturbing the lipid-protein synergy. 

3.3 Introduction 

The human ether-à-go-go-related-gene (bERG) channels are voltage-gated potassium 

channels (Kv) located in the myocardium cel! membranes and essential for heart 

function . The kinetics of the hERG functioning is atypical: it is characterized by slow 

activation and deactivation processes, and fast voltage-dependent inactivation9
. Under 

membrane depolarization, the channel slowly proceeds from a closed to an open 

conformation to rapidly adopt an inactivated state that involves closing of the 

channel's outer mouth. During heart repolarization, the bERG reopens for a longer 

time before closing again. A resurgent IK.r current is measured during this interval. If 

this K+ current is disrupted by mutations or drugs, it prolongs the repolarization 

interval between Q and T waves on the electrocardiogram, thus provoking arrhythmia 

or heart failure 9
. The acquired fonn of this long QT syndrome (ALQTS) is the most 

common and occurs as a side effect of drugs when they generally block hERG 

channels. ALQTS is the fust cause of delayed drug approval by the FDA and is 

frequently responsible for drug withdrawal from the market despite mandatory 

in vitro testing of all new drug entities for hERG-blocking potential 148
· 

149
. 

The bERG channel is composed of four monomeric subunits, each containing six 

transmembrane spanning helices (S l-S6). It bas ne ver been crystallized and i ts 

structure is predicted by homology studies with similar K+ channels, such as the 

bacterial KcsA 150
, the drosophila Shaker and the human Kvl.l 29

, aided by 

electrophysiological , in silico and spectroscopie studies on hERG segments37
· 

47
• 

151
-
155

. The first four helices (Sl-S4) compose the voltage sensor while S5 and S6 
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form the pore domain. S5 is connected to S6 by an extracellular loop more than twice 

the length of most K+ channels47
· 

156
, followed by the small pore helix and the K+­

selective fil ter as illustrated in Fig. 3.1 A. lnterestingly, the selectivity fil ter (SF) of 

the bERG channel adopts a unique signature of Ser-Val-Gly-Phe-Gly as opposed to 

Thr-Val-Gly-Tyr-Gly for most potassium channels29
. 

A 
N 85 
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Figure 3.1 A) Amino acid sequence and predicted topology of the bERG channel 

pore domain (S5- S6/7
· 

155
. The bold text indicates the L622-K638 segment 

synthesized for NMR analysis. B) 1H- 1H contacts for bERG L62TK638 in water 

obtained by ROESY with a 300 ms mixing time. Bar widths are proportional to cross 

peak intensities . Unassigned protons are marked with an asterisk. 

Considering the bERG channel's unique SF sequence, refining its structural mode! 

would be essential in arder to gain a better understanding of its function. In Kv 

channels such as KcsA, the SF is thought to expose carbonyl oxygen atoms to the 
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extracellular solution to attract K+ ions55
· 

157
. The filter would then adopt different 

confonnations at high and low K+ concentrations respectively corresponding to the 

conductive and non-conductive states55
• 

56
. Molecular dynamics (MD) studies and 

crystallographic X-ray structures supp011 the SF's backbone flexibility at low K+ 

concentrations as local structural changes in the TVGYG motif would be required to 

adopt the ion conduction conformation during ion movement51
-
55

. The conformational 

changes of the SF during the opening and closing of K+ channel is still a matter of 

debaté4
· 

158
. Therefore the first objective of this study was to verify confonnation 

changes of the L622-K638 segment - which comprises the SF - with and without the 

presence of K+ ions using standard two-dimensional (2D) solution nuclear magnetic 

resonance (NMR) experiments. According to sequence homology with other K+ 

channels67
• 

155
, this segment corresponds to the linker connecting the pore helix to the 

S6 transmembrane helix (Fig. 3 . lA). Considering the position of the SF of K+ 

channels in cell membranes56
· 

157
, we have also studied the interaction of hERG's 

L622-K638 segment with mode! phospholipids membranes using solid-state NMR 

(SS-NMR) and saturation transfer difference (STD) experiments. Studying peptides 

from membrane proteins and channels using techniques such as circular dichroism 

(CD), molecular dynamics (MD) and NMR is a useful and commonly used strategy 

that provides invaluable structural information on proteins that are not easily 

overexpressed and purified such as the hERG mammalian channel. For example, its 

extracellular S5P (Annexe A) and intracellular S4-S527
· 

38
· 

47
• 

154
• 

155
• 

159 linkers have 

been studied to gain a better insight into their structure and function, as well as the 

paddle domains of Kv channels such as KvAP and HsapBK to cite a few 160
. The 

L622-K638 moiety terminating a particularly long and flexible extracellular pore loop 

of the bERG is very well-suited for a segmentai stud/1
. 

According to previous studies, sorne channel blockers would exert their activity by 

binding Thr623 , Ser624 and Val625 located at the intracellular base of the SF19
• 

20
. 

Therefore another goal of this work was to investigate the role of the SF in the drug-
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induced blockade of hERG leading to ALQTS. Five drugs with reported ALQTS 

activity were studied, each having different structures and belonging to various 

phannacological classes as listed in Table 3.1. Bepridil is an antiarrhythmic drug with 

calcium antagonistic properties'6' · 
162 white diphenhydramine, promethazine and 

cetirizine are antihistaminic H1-receptor antagonists163
· 

164
. These four drugs have 

been suspected to block the hERG channel, most often by interacting with binding 

sites found in the hERG's pore cavity. However, fluvoxamine, a selective serotonin 

re-uptake inhibitor often prescribed to treat depression, does not appear to bind to this 

region. For sorne drugs, their large size alone would suggest their unlikeliness to fit in 

the pore cavity, such as the antibiotic erythromycin165
. The possibility of additional 

binding sites on the cytoplasmic or extracellular side of the hERG channel should 

thus be considered 165
-
167

. For that reason, we have studied the potential binding of 

LQTS-active drugs to the SF segment. 

Table 3.1 Partition coefficients (log P), pharmacological classes and structures of 

studied LQTS-active drugs. 

Drug log P Structure 

Bepri dil Q 
5.2 Q !---o._}__ (antia rrhythm ic) N 

û 
Cetiriz ine ~ 2.8 

(antihistamine) N ""l o"'lfOH 
Cl "-.._ N._...J 0 

Diphenhydramine 
3.3 d-r'-(antih istamine) 

h 

Promethazine o~v 4 .4 
(antihista mine) y 

,N , 

0 -

Fl uvoxa mine F,c-o-c: 3.2 
(antidepressant) - N·O 

\........, 
NH1 
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Finally, we have investigated the role of the membrane in the ALQTS. Some drugs, 

such as promethazine, have a high affinity for membrane bilayers containing 

phosphatidylcholines (PCs) and can potentially disrupt the lipid-protein 

synerg/67
· 

168
. This perturbation via non-specifie hydrophobie and electrostatic 

interactions could indirectly block the bERG channel function . Using translational 

diffusion measurements, we have thus verified the affinity of the selected drugs for 

the mode! membranes. Additionally, the perturbation of polar head groups and acy! 

chains of model membranes was probe using 31P- and 2H-SS-NMR experiments, 

respectively. Coupled with STD experiments, this work provides an insight into the 

drugs' location with respect to the membrane and eventually on the membrane's role 

in the ALQTS. 

3.4 Materials and Methods 

3.4.1 Materials 

The L622-K638 segment with sequence LTSVGFGNVSPNTNSEK comprising the 

hERG's SF was synthesized by GenScript Corporation (Piscataway, NJ, USA) with 

>95% purity. Protonated and deuterated dimyristoyl- and 

dihexanoylphosphatidylcholine (DMPC, DMPC-d54, DHPC, DHPC-d22) were 

purchased from A van ti Polar Lipids (Alabaster, AL, USA). Fluvoxamine maleate, 

promethazine hydrochloride and deuterium-depleted water were obtained from Sigma 

Aldrich (Oakville, ON, Canada), while deuterium oxide (D20) was purchased from 

CDN isotopes (Pointe-Claire, QC, Canada). 

3.4.2 Sample preparation 

Bicelles and multilamellar vesicles (MLVs) respectively used for solution- and 

solid-state NMR experiments were prepared by mixing freeze-dried DHPC and/or 



66 

DMPC in an aqueous solution at pH 4.5 , then submitted to a senes of freeze 

(liquid N2)/thaw (50°C)/vortex cycles. The L622-K638 segment was mixed with the 

mode! membranes during their preparation and the peptide concentration was kept 

between 2 and 5 mM. The lipid concentration was maintained well above the critical 

micelle concentration (CMC). Solid-state NMR samples were prepared with 

deuteriurn-depleted water using a lipid/peptide (LIP) molar ratio of 100: 1, a lipid/drug 

(LID) molar ratio of 180:1 with a 80% (w/v) hydration. A hydration percentage of 

88% (w/v) was used for samples studied by solution NMR. 1H diffusion NMR 

experiments were carried out in D20 while ali other high-resolution NMR 

experiments were perfonned using 10 % D20 in water. Translational diffusion and 

saturation transfer difference (STD) measurements were carried out using 

DMPC/DHPC (q) mol ar ratios of 0.5 and 1, respectively. LIP molar ratios of 50:1 and 

125:1 as weil as a L/D molar ratio of 125:1 were employed. 

3.4.3 Solution and solid-state NMR 

Ali translational diffusion and STD experiments as well as TOCSY spectra and solid­

state NMR experiments were recorded on a hybrid solution/solid-state Varian Inova 

Unity 600 (Agilent, Santa Clara, CA, USA) spectrometer operating at frequencies of 

599.95 MHz for 1H, 246.86 MHz for 3 1P and 92.125 MHz for 2H. A 

double-resonance 3-mm indirect z-gradient probe was used in the solution mode 

while a 4-mm broadbandi H dual-frequency magic-angle-spinning probe head was 

employed for experiments on the solid state. The 1H chemical shifts were intemally 

referenced by adding 0.5 mM of 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) set 

to 0.0 ppm. Ali 31P NMR spectra were extemally referenced with respect to the signal 

of 85 % phosph01ic a cid set to 0 ppm. 

ROESY spectra were recorded on a solution-state Bruker SB Advance DRX-400 

(Bruker, Wissembourg, France) spectrometer operating at a 400.13 MHz for 1H using 

a 5-mm probe. 1H/ 13C heteronuclear single-quantum correlation (HSQC) spectra were 
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recorded at the Québec/Eastern Canada High Field NMR Facility on a Varian lnova 

500 spectrometer operating at frequencies of 499.72 MHz for 1H and 125.64 MHz for 

13C and equipped with a high-sensitivity 5-rnm cold probe. 

3 .4.3 .1 Translational diffusion experiments 

1H NMR self-diffusion measurements were carried out at 25 oc using the bipolar 

LED stimulated echo sequencel3J . A hard 90° pulse of 3.6 IlS was used. The gradient 

pulse duration o and diffusion time 6 were varied between 2-3 ms and 100-150 ms, 

respectively, to ensure that the echo intensities were attenuated by at !east 80 %. 20k 

data points were obtained and typically 16 scans were acquired for each selected 

gradient strength with a recycle delay of 2 s. A complete attenuation curve was 

obtained by measuring 25 gradient strengths linearly incremented between 2.1 

and 52.5 G/cm. 

Translational diffusion coefficients (Ds) were calculated usmg the 

following equation: 132 

S(G) = S(O)exp[-(yôGl(Li - ôj3)D5 ] (3.1) 

where S(G) is the echo amplitude and y is the 1H gyromagnetic ratio. The gradient 

strength was calibrated using back calculation of the coi! constant from the 

measurement of the diffusion constant ofH20 traces in D20 using Ds=1.9x 10- 5 cm2/s 

at 25 °C. The percentage of SF or drug bound to the bicelles was calculated using the 

following equation133
: 

% = [(Dobs- D/ree ) / (Dbound- D/ree)] X 100 (3.2) 

where Dobs is the diffusion coefficient of the bicelle-associated peptide or drug, Dbound 

is the diffusion coefficient ofthe bicelles in water, and D <l> rTee is the corrected diffusion 
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coefficient of the peptide or drug m water where an obstruction factor (A) 

was introduced: 

A= 1/(1 + O.Sc/J) (3 .3) 

and 

Dhee = Dtree ·A (3.4) 

where <1> is the volume fraction of the obstructing particles, leading to an obstruction 

factor of 0.938 for spheroid abjects, as detailed in previous work154
. In the case of 

drugs binding to SF, the obstruction factor was not necessary, and Dobs refers to 

SF-associated drug, Dbound to the diffusion coefficient of the SF and Dfree to that of the 

drug in water. Diffusion coefficients were obtained by selecting 2 to 3 resonances on 

the spectra and experiments were repeated between 2 to 4 times. 

2.4.3 .2 Saturation transfer difference (STD) 

The STD experiments consisted of a train of 50 ms Gaussian selective pulses 

separated by 0.1 ms delays and followed by a WET water suppression and 

detection85
. The saturation frequencies were alternated between the resonance to be 

saturated and -25 ppm. The resonances of the following DMPC groups have been 

saturated: N(CH3) 3 (3 .25 ppm), glycerol (4 .03 ppm) and acyl chain terminal methyl 

(0 .84 ppm). Gaussian pulses were applied with a radio-frequency field strength of 

120Hz and saturation times were varied between 250 ms and 5 s. The recycle delay 

was 4 s. Aromatic and amide protons were probed to avoid lipid resonance overlap. 

The resonances of protons giving the most intense STD curve were selected and ali 

experiments done in duplicates. 
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2.4.3.3 High-resolution 1H two-dimensional experiments 

1H total correlation spectroscopy (TOCSY) spectra were recorded on a 600 MHz 

Varian spectrometer using a 90° pulse of 5.5 ms, spin-lock times of 25 , 100 and 

250 ms with MLEV17 spin-Jock fields of 15 kHz48
. A spectral width of 8kHz was 

used in both dimensions with 1024 and 512 complex data points in the direct and 

indirect dimensions, respectively. 8 transients were accumulated with a repetition 

delay of 0.5 s. 2D rotating frame Overhauser spectroscopy (ROESY) spectra were 

recorded using a pulse length of 12 ms with mixing times of varying from 100 to 

300 ms. A spectral width of 4.8 kHz was used in both dimensions with 2048 data 

points in F2 and 512 increments in Fl. 16 scans were recorded with a repetition delay 

of 2 s. HSQC spectra were recorded using a 1H 90° pulse ranging from 6.4 to 8.5 ms 

and a 13C 90° pulse of 15.6 ms. A 8kHz spectral width in F1 and F2 was used with 

1024 data points in F2 and 200 increments in F1. 4 transients were accumulated with 

a repetition delay of 1.2 s. 

2.4.3.4 Solid-state NMR (SS-NMR) experiments 

31P NMR spectra were recorded using a phase-cycled Hahn echo pulse sequence with 

gated broadband proton continuous wave decoupling at a field strength of 50 kHz137
. 

The interpulse delays were 33 )..lS and typically 1024 scans were acquired with a 

recycle delay of 5 s. The acquisition time was set at 10 ms with a 5 )..lS dwell time. 2H 

NMR spectra were obtained using a solid echo pulse sequence140 with interpulse 

delays of 20 )..lS and repetition delays of 0.5 s. This recycle delay was voluntarily set 

shorter than 5 times the longest relaxation time in a saturated fatty acyl chain 

(300 ms) to optimize the total acquisition sequence. This procedure does not affect 

the quadrupolar doublet positions that are extracted from the Pake patterns. At !east 

5000 data points were obtained and typically 5000 scans were recorded with an 



70 

acquisition time of 5 ms and 1 )lS dwell time. For ali 2H and 3 1P NMR experiments, 

the 90° pulse length was varied between 2.8 and 3.4 )lS. 

2.4.3.5 Data processing 

Diffusion, STD and SS-NMR data were processed using matNMR169
. High­

resolution 2D NMR spectra were processed using the NMRPipe package170 and 

analyzed with the software NMR View for chemical shi ft assignment171
. 

3.5 Results 

3.5 .1 Structure of the SF segment in aqueous environment 

To better understand the structure-function relationship of the hERG's SF, we have 

first investigated its structure in water by solution NMR with and without K+ ions . So 

far, such studies of K+ channel selectivity filters have targeted other Kv channels and 

fi d . 1 b 1 1 . 1 . 22 23 29 172 w h d h were per orme umque y y mo ecu ar s1mu atwns · · · . e ave use t e 

synthetic segment L622-K638 comprising the SF as illustrated in Fig. 3.1 A. About 

95 % of the chemical shifts of this SF segment were assigned using TOCS Y, ROESY 

and 1H- 13C HSQC experiments (Fig. 3.Sl , Table 3.S1). As evidenced in Fig. 3.1B, no 

contacts indicative of a defined secondary structure were detected by 2D ROESY 

NMR experiments with mixing times up to 300 ms . Correspondingly no secondary 

structure was observed by CD measurements (data not shawn). 

The effect of K+ ions on the SF's structure was then probed with 2D 1H TOCSY 

experiments. This was done by analysing changes in chemical shifts of the 

L622-K638 segment at high and low K+ concentrations selected to mimic the 

physiological intracellular ( 150 mM) and extracellular (1 0 mM) concentrations of 

myocardial cells. No variations in the proton resonances could be detected at both K+ 

concentrations. Because 13C nuclei are more sensitive to structural modifications, 
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1H- 13C HSQC correlation experiments were carried out and no changes in chemical 

shift could be seen (data not shown). 

3.5.2 Interaction of the SF segment with the membrane 

Considering that the extracellular loop to which the hERG's SF segment is connected 

is long and highly flexible , we have verified the possible interaction of the 

L622-K638 segment with the membrane. Since phosphatidylcholines (PCs) are the 

most abundant phospholipids in cardiomyocyte membranes, i.e. 34-52 % of total 

membrane phospholipids 72
, the mode! membranes employed for this study were 

prepared with PC. The ID 1H NMR spectra of the SF segment were recorded in water 

and in DMPC/DHPC bicelles, and comparison of these spectra in Fig. 3.2 reveal 

changes in the chemical shifts of the peptide ' s resonances . This suggests an 

interaction between this bERG segment and the mode! membranes. 

8.7 8.5 8.3 8.1 7.9 7 .7 7 .5 7.3 7.1 6.9 6.7 

PPM 

Figure 3.2 1H NMR spectra of the side chain region (top), amide and aromatic 

regwn (bottom) of SF (2 mM) in 10 % D20 (black solid line), and with 

DMPC-d54/DHPC (q = 0.5) bicelles (grey dashed line) at a lipid/peptide ratio of 50:1. 

To further investigate this interaction, we have verified the affinity of the SF segment 

for the membrane environment using pulse field gradient (PFG) diffusion 

experiments . This technique allows measuring translational diffusion coefficients of 
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the L622-K638 bERG segment, drugs and PC bicelles in their free and bound states. 

If the SF segment interacts with the drugs and/or mode! membranes, the resulting 

diffusion coefficient will be averaged from the bou nd and free state (diffusion 

coefficients displayed in Table 3.S2). With these results, the percentage of SF 

segment bound to drugs and/or bicelles can then be estimated (Eq. 3.2). As shown in 

Table 3.2, 48 % of the SF segment binds to mode! membranes at a lipid/peptide 

molar ratio of 100:1. The addition of K+ ions at low concentrations slightly decreases 

the SF segment's affinity for the membrane (46 %) while a high K+ concentration 

lowers it by almost half (28 %). 

Table 3.2 Calculated fraction of SF or drugs bound to the SF and to bi cell es (with or 

without SF). Values are calculated according to Eq 3.2. 

SF Bi celles SF/Bicelles 

SF 48 

Bepridil 9 100 100a (34)b 

Cetirizine 14 100 100a (49)b 

Diphenhydramine 8 96 96a (56)b 

Fluvoxamine 3 100 100a (SO)b 

Promethazine 37 100 100a (66)b 

SF/KCI (10 mM) 46 

SF/KCI (150 mM) 28 

" Fraction of drug bound ta Bicel/es/SF som pies. 
b Fraction of SF bou nd ta Bicel/es/drug sam pies. 

The interaction of the SF segment with the mode! membranes was further 

investigated by SS-NMR at physiological temperature using ML Vs made of DMPC 

with deuterated acy! cbains. More specifically, the perturbation of the phospholipid 

polar headgroups can be revealed from the 3 1P spectra since the chemical shift 

anisotropy (CSA) of this nucleus is sensitive to changes in orientation and 
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dynamics 123
. The apolar region of the bi layer was probed by studying the quadrupolar 

splittings (ilvo) of the 2H nuclei on the acy! chains as the quadrupolar interaction is 

highly responsive to motions 14 1
' 

173
. The spectra presented in Fig. 3.3 without and 

with the SF segment are characteristic of phospholipids in a lamellar phase with axial 

symmetry123
• 

141
. Comparison of spectra in Fig. 3.3A shows a slight disruption of the 

mode! DMPC membranes when the SF segment is present. The phosphorus CSA 

decreases from 45 .3 to 39.5 ppm with the SF segment while no changes in ilv0 are 

observed in the 2H spectra. Consequently, the SF segment would mainly interact with 

the membrane surface. Both 31P and 2H SS-NMR spectra also display an isotropie 

peak in the presence of the SF segment, indicative of the coexistence of vesicles and 

rapidly-reorienting lipid structures, although the majority of the membrane would 

remain intact174
. Furthennore, when KCl is added at low (10 mM, Fig. 3.3B) and high 

(150 mM, Fig. 3.3C) concentrations to the SF/MLV samples, CSA and ilv0 values of 
3 1P and 2H spectra, respectively, resemble those of a pure lipid system (DMPC 

ML V). Hence, the effect of the SF segment on mode! membranes seems to be 

cancelled when K+ ions are present. 31 P and 2H SS-NMR spectra of DMPC without 

and with KCl were recorded as controls and were superimposable (not shown) as 

expected for K+ ions which have a weak effect on PC headgroups175
-
177

. 
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Figure 3.3 Effect of the SF on the 3 1P (left) and 2H (right) SS-NMR spectra of 

DMPC ML Vs, with and without KCl, at 37 °C, with a lipid/SF molar ratio of 100:1. 

A) SF, B) SF with 10 mM KCl, C) SF with 150 mM KCI (dotted lines)_ The pure 

lipid spectra (solid line) are overlayed for comparison. 

To better understand the interaction of the SF segment with the model membranes, 

STD experiments were conducted using DMPC/DHPC bicelles (q=1) by solution 

NMR_ Mostly used to study the binding of li gands to protein, this technique can also 

help localizing a molecule in the membrane when interacting with the lipids85
. This is 

done by selectively saturating different lipid resonances, such as the choline group at 

the bilayer surface, the glycerol group at the polar/apolar interface, and the terminal 

methyl in the hydrophobie core. The effect of this saturation on the saturation transfer 

build-up of residues of the L622-K638 segment resonances can then help elucidating 

its position with respect to the membrane as was shown with amantadine133
, 

dynorphins 178 and the hERG's S5-P extracellular linker (Annexe A)154
_ Bicelles were 

made of DHPC with deuterated lipid chains in order to probe the peptide penetration 

in the planar section of the bilayer and minimize contacts with high-curvature 
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regions. Variations in the saturation transfer build up were monitored for amide and 

aromatic protons of different residues along the peptide. 

No transfers of saturation were observed on the protons of the SF segment (data not 

shown) at a LIP molar ratio of 50:1. The absence of STDs typically occurs if (1) ali 

ligands are in the free state (not bound); (2) the binding is too strong; (3) the ligands 

are somewhere else in the membrane; (4) the dissociation of the ligands is slower 

than the relaxation rate of the magnetization that is transferred; or (5) if there is an 

excess of ligands obscuring the detection the ligands that are saturated as their 

concentration is too low in comparison to the free ligands85
. Because of the 48% 

association of the SF deterrnined by translational measurements, points 1 and 2 can 

be ruled out. Point 3 is not likely as all regions of the phospholipids are probed, i.e. 

the N(CH3) 3 of the choline group, the glycerol and terminal CH3 group of DMPC acy! 

chains. Therefore in order to verify point 5, we have lowered the proportion of SF 

segment in the solution by increasing the LIP ratio to 125 :1. As can be seen in 

Fig. 3.4, weak STDs could be detected with the choline headgroup exclusively for the 

aromatic ring protons of Phe627 located in the SVGFG motif. This result suggests 

that this residue is mainly responsible for the membrane interaction. 

L__ ________________ - ----------- -------
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Figure 3.4 Observed saturation transfer difference curves for A) SF Phe627 ring 

protons c<2•
6)H ( dashed line ), c<3•

5)H ( dash-dotted li ne) and c<4)H ( dotted li ne), and 

aromatic protons for B) bepridil, C) cetirizine, D) diphenhydramine, E) fluvoxamine 

and F) promethazine in DMPC/DHPC-d22 bi celles when choline ( • ), glycerol (• ) or 

terminal methyl ( .À. ) resonances of DMPC are saturated. Dashed and dotted !ines are 

a guide to the eye. 

3.5 .3 Interaction of the SF segment with bERG-active drugs 

Because the hERG's SF is a potential target for ALQTS-prone drugs, we have 

investigated the interaction of cardiotoxic drugs with this channel' s segment. More 

specifically, bepridil, cetirizine, diphenhydramine, fluvoxamine and promethazine 

were selected. The association of the drugs to the peptide was determined by 

translational diffusion experiments. As shown in Table 3.2, out of ali five drugs, 

promethazine bas the highest affinity for the SF segment, 37 % ofwhich is binding to 

it. Bepridil, cetirizine and diphenhydramine, on the other hand, demonstrate a weaker 
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affinity for the SF with 9, 14 and 8 % binding, respectively, whereas fluvoxamine 

only shows a 3 % association. 

As a next step, we have verified the impact of the presence of drugs on the affinity of 

the SF segment for the membranes. The results are compiled in Table 3.2. The data 

demonstrate that the presence of sorne of the drugs promotes the peptide/membrane 

interaction by increasing SF segment binding affinity from 48 % to 56 % and 66 % 

with diphenhydramine and promethazine, respectively. Cetirizine and fluvoxamine 

have a negligible effect while bepridil decreases the SF segment association by 14 %. 

3.5.4 Role of the membrane in the long QT syndrome 

Since drugs responsible for ALQTS tend to have high logP values, the potential drug­

membrane interaction was investigated. AU the cardiotoxic drugs evaluated in this 

d h . 1 b d h ffi . +: ,. "d b 154 179-181 stu y ave prevwus y een reporte to ave an a 1mty 10r 1p1 mem ranes · . 

Hence, the possibility of an indirect b1ockage of the hERG channel through non­

specifie drug-membrane interactions cannat be ruled out. This hypothesis was first 

investigated using translational diffusion experiments, as previously described. 

Table 3.2 shows that ali drugs have a high affinity for the membrane, tbeir association 

ranging between 96 %-100 %. The values obtained for bepridil , cetirizine and 

diphenbydramine compare weil with previously published data154
. We bave also 

verified if the SF modifies the association of the drugs to the membranes, and 

Table 3.2 shows that their affinity is unchanged. 

Considering the high affinity of the five cardiotoxic drugs for the PC bicelles, their 

interaction with mode! membranes was probed using SS-NMR experiments, as done 

with the SF. As shawn in Fig. 3.5A, bepridil bas no effect on the 3 1P SS-NMR 

spectrum of the DMPC membranes . The appearance of a small but measurable 

isotropie peak can be seen in the 31P and 2H SS-NMR spectra when cetirizine (5B), 
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diphenhydramine (SC) and promethazine (SE) are added to DMPC MLVs at a 

lipid/drug ratio of 180:1, indicating the fonnation of smaller vesicles . These drugs as 

weil as fluvoxamine ( SD) also have the effect of increasing the 31 P CSA, suggesting a 

reduced mobility of the phospholipid headg:roups. Moreover, these spectra show a 

change in intensity between the 0° and 90° edges, with less lipids on the 90° edge 

which can be ascribed to a change in vesicle shape or transverse relaxation (T 2) effect 

caused by an increase in slow motions 182
. Analysis of the 2H SS-NMR spectra shows 

that cetirizine has little effect on the phospholipid acyl chains, but a loss of resolution 

is seen for the quadrupolar splittings of the plateau positions (C2-C8, close to the 

glycerol backbone) with the other drugs, and more strikingly with diphenhydramine. 

Our results indicate that the LQTS-active drugs could either fonn smaller abjects or 

change the lipid diffusion rate174
· 

183
. 
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Figure 3.5 Effect of LQTS-active drugs on 

the 31P (left) and 2H (right) SS-NMR 

spectra of DMPC ML Vs at 37 oc with a 

lipid/drug molar ratio of 180:1. A) bepridil, 

B) cetirizine, C) diphenhydramine, D) 

fluvoxamine and E) promethazine ( dotted 

tines). The pure lipid spectrum (solid tine) 

is overlayed for comparison. 
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To localize the ALQTS-active drugs within the membrane white interacting with the 

bilayers, STD NMR experiments were carried out, as was done with the SF, in q=l 

bicelles at a LID molar ratio of 150: 1. The effect of the saturation of the choline, 

glycerol and tenninal methyl of the lipids on the aromatic protons of the hERG-active 

drugs is displayed in Fig. 3.4. Our data reveal that bepridil (4B) and promethazine 

(4F) aromatic groups are in proximity of the glycerol region of the membrane. 

Cetirizine (4C) and fluvoxamine (4E), on the other hand, show sorne interaction with 

the membrane surface, more specifically with the choline headgroups. The saturation 

transfers measured with diphenhydramine (4D) are remarkably low. Considering the 

96% association of this drug to bi celles, its aromatic protons would thus be too tightly 

bound for an STD signal to be detected. 

3.6 Discussion 

Homology studies have offered insightful predictions of hERG's structure; however 

to better understand this channel ' s function and role in the ALQTS, we must first 

retine its structural madel by experimental determination29
· 

150
. The use of peptides 

corresponding to specifie regions of membrane proteins and channels, as opposed to 

full length proteins, is very helpful considering their difficult expression and 

purification. This is indeed particularly relevant for the notoriously long extracellular 

S5-S6 linker of the hERG channel for which peptides representing the SS-P portion 

were studied by CD and solution NMR (Annexe A)27
· 

47
· 

154
· 

155
. The TVGYG residues 

in the SF motif are highly conserved amongst Kv channels but the hERG channel has 

only retained valine and glycine residues in its SF, leading to an SVGFG sequence. 

Seemingly, the glycine residues are indispensable for the channel conformation where 

they offer the backbone flexibility needed when responding to the alternating outflow 

ofK+ ions and water molecules as shawn with other Kv channels56
. Two steady states 

of the SF have actually been documented for KcsA, i.e., a conductive and a non-
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conductive one respectively existing at high and low K+ concentrations54
-
56

. Althougb 

these confonnations were seen on a millisecond timescale in computational studies of 

the KcsA channel and KirBaé4
· 

184
· 

185
, they were not observed in our study for the 

bERG channel's SF segment on the NMR timescale, in the absence and presence of 

K+ ions. If the transition rate between confonnations is too fast, the resulting structure 

will be averaged. Thus, our 2D 1H NMR results suggest that hERG's SF is 

unstructured in water. This is in agreement with the flexibility expected for a segment 

that must be available for K+ binding, H-bonding with water molecules, and which 

most likely spatially reorients during the channel functioning54
· 

1 4
· 

186
. According to 

MD studies on the KcsA55
· 

157
, the bydration shell of K+ ions is partially removed in 

order to form electrostatic interactions with the carbonyl oxygen atoms of the SF' s 

TVGYG backbone. This eventual ion binding to the carbonyls is likely not to pe1turb 

sufficiently the 1H and 13C NMR signais, and we would thus be unable to detect 

any changes. 

Our solution and SS-NMR experiments have shown that the hERG's SF segment has 

the potential to interact with the lipid membrane. This was first suggested by the 

change in the peptide ' s chemical shifts when added to isotropie bicelles (Fig. 3.2). 

The absence of peak broadening indicates, bowever, that the SF segment remains free 

to tumble in the bilayer and to diffuse laterally, as was observed by Wang et al. with 

amantadine133
. According to our diffusion experiments (Table 3.2), bERG's 

L622-K638 segment bas a 48 % affinity for PC membranes. When "bound", this 

amphiphilic peptide would prefer the bilayer surface as only little effects are seen on 

the 2H SS-NMR spectrum using DMPC-d54 vesicles (Fig. 3.3). This is supported by a 

change in the headroup dynamics suggested by the decrease in DMPC 's CSA on the 
3 1P spectrum in Fig. 3.3 and by the STD experiments which could only detect 

saturation transfers between the N(CH3) 3 of the choline headgroup and the aromatic 

protons of the L622-K638 peptide. The fonnation of fast-tumbling lipid assemblies 

could also be induced by the SF segment as revealed by the isotropie resonance on 
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the 31P and 2H spectra. Previous MD studies have shown interactions between the SF 

and the pore helix29
. The interaction between the SF segment and the membrane 

could potentially be of similar nature and enabled by the flexibility imparted by the 

particularly long linker between S5 and the pore helix (S5-P) which comprises 43 

amino acid residues vs. 12-23 residues in most K+ channels41
· 

47
• 

167
. As revealed by 

31P and 2H SS-NMR, the addition of K+ ions at both intra- (150 mM) and 

extracellular (1 0 mM) concentrations appear to cancel the SF segment's effect on the 

PC membranes. lt is possible that K+ ions compete with the amphiphilic L622-K638 

bERG segment for an interaction with the phospholipid polar headgroups, most likely 

with the carbonyl groups where K+ ions are known to bind 176
. Altogether, our results 

suggest that the SF could interact with the membrane via its aromatic residue but that 

this interaction is most likely hindered by the local K+ ions concentration. 

Discovering new drug binding sites on bERG channels is fundamental when 

attempting to elucidate its role in the ALQTS. Our 1H NMR translational diffusion 

measurements (Table 3.2) evaluated the potential binding of five LQTS-prone drugs 

to individual SF segments . The results show that promethazine has the highest 

affinity for the L622-K638 segment with an association close to 40 %. The SF 

segment could therefore be an additional binding site for this antihistamine drug 

which also binds Tyr652 and Phe656 on the S6 helix according to 

electrophysiological studies181
. Previous published work has demonstrated that 

mutations to Thr623 , Ser624 and Val625 on the SF as weil as on Phe656 of the S6 

reduced the channel block by bepridil20
. However, our translational diffusion 

experiments only reveal a low affinity (9 %) of this drug for the hERG 's SF, 

suggesting th at this channel' s segment is not a primary target for bepridil. 1 H NMR 

translational diffusion experiments recently performed by our group had also showed 

a low affinity of this drug for the hERG 's extracellular S5-P linker154
. We can 

hypothesize that bepridil needs the pore geometry to efficiently bind to sites in the 
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channel pore, or to more hydrophobie ammo acid residues found on the 

transmembrane S6 helix. 

Cetirizine, diphenhydramine and fluvoxamine also display a very weak binding 

affinity (14% or below) for the L622-K638 bERG segment as shown in Table 3.2. 1H 

NMR translational diffusion measurements reported 13 % and 9 % association of 

cetirizine and diphenhydramine, respectively, to the hERG 's S5-P linker154
, yet the 

bERG blocking ability of cetirizine and its derivative diphenhydramine is still matter 

of debate187
-
189

. As for fluvoxamine, it has been hypothesized that this antidepressant 

could bind to either the cytoplasmic or extracellular si de of the channel and not to the 

pore cavity contrarily to most LQTS-active drugs 166
· 

180
. Altogether, our results 

indicate that cetirizine, diphenhydramine and fluvoxamine are unlikely to bind the 

hERG's SF. 

The bERG channel bas a large pore cavity (12 Â) and, as described in the 

Introduction, has a particular kinetics9
· 

172
. lt is in the open state for a longer time 

during the heart repolarization. According to computational studies, the SF would be 

flexible and change conformation during the functioning of K+-selective channels54
. 

Therefore we believe that the drugs' affinity for individual SF segments measured in 

this work gives a valuable insight on their potential to bind this segment in the actual 

hERG tetrameric organization. Combination of long-lasting open state and most 

likely mobile SF units certain! y favars the access of drugs to sites in the pore domain 

and on the SF units. lt should be noted that the L622-K638 bERG segment studied 

here comprises the SVGFG motif but also the amino acid residues connecting it to 

S6. lt is thus also possible that drugs bind this short linker. 

When probing the affinity of the five drugs for the mode! cardiomyocyte membranes, 

our 1H NMR translational diffusion measurements revealed a 96 to 100 % association 

that is not affected by the presence of the peptide (Table 3.2). The STD 

measurements (Fig. 3.4) indicate that ail bERG-active drugs tested prefer the polar 
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side of the bilayer. Bepridil and promethazine - wbich have the highest logP - seem 

to be located close to the glycerol region whereas cetirizine and fluvoxamine are 

nearer to the choline headgroups. Diphenhydramine - which shows the strongest 

effect on the 31P and 2H NMR spectra of the DMPC membranes - would be 

particularly close to the lipids considering the low STD values measured. In ali cases, 

the phospholipid mobility would be reduced by the presence of the drugs with no 

perturbation of the hydrophobie core, as suggested by the 3 1P and 2H SS-NMR 

spectra (Fig. 3.5). The formation of smaller objects could also be induced by the 

drugs which, in sorne cases ( cetirizine, diphenhydramine, and promethazine) could 

even disrupt the membrane and lead to the fonnation of smaller faster tumbling 

vesicles. Overall, our NMR study demonstrates that the tested drugs can interact with 

phospholipid membranes. This is in agreement with previous work reporting the 

interaction of promethazine with dipalmitoylPC (DPPC) membranes179
. Also, a study 

by van Balen et a/.190 proposed that the zwitterionic form of cetirizine - such as at the 

pH used in our study - interacts by weak electrostatic surface interactions with the 

polar headgroups of egg PC liposomes. Bepridil, cetirizine and diphenhydramine 

were also known to bind to DMPC/DHPC bicelles altbough they were found to 

slightly increase the pbospholipid acyl chains ordering near the polar headgroup 154 as 

opposed to what is observed here with DMPC ML Vs. The effect on bicelles was very 

small and could also have been ascribed to reduced bicelle wobbling. 

The presence of cardiotoxic drugs in the membrane environment modifies the SF 

segment' s association with the phospholipid bilayer, as evidenced in Table 3.2, and 

this would be correlated to the affinity of the SF segment for each individual drug. 

More specifically, promethazine bas the highest (37 %) affinity for the SF segment, 

and its membrane association is increased by 18 % in the presence of this 

antihistamine. Correspondingly, no change in the membrane association of the SF 

segment is seen in the presence of fluvoxamine which bas the lowest affinity (3 %) 

for this bERG moiety. As for intennediate cases such as diphenhydramine and 
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cetirizine which respectively have an 8% and 14% affinity for hERG's L622-K638 

segment, the ir effect on its membrane association is either null ( cetirizine) or within 

(8% for diphenydramine) the error limit of the method. This observation suggests 

that a fraction of the SF segment would interact directly with the lipid bilayer while 

another population would interact with membrane-bound drugs . This "attracting" 

effect of the drugs, however, appears to be not applicable to bepridil. Despite a 9 % 

affinity for the SF segment comparable to that of diphenhydramine, bepridil 

molecules bound to the bilayer reduce its membrane association by 14%. This effect 

could possibly be due to a competition for interaction sites in the lipid bilayer. 

Altogether, our results suggest that the association of hERG's L622-K638 segment 

with the membrane in the presence of drugs depends on factors such as the 

drug/segment, segment/membrane and drug/membrane affinity as weil as the nature 

of the molecular interaction and the presence of K+ ions. They also propose that 

modification of the membrane affinity of bERG moieties due to drug attraction or 

interference could affect the channel function - a mechanism that needs 

more investigation. 

Besicles channel obstruction, it is also possible that drug-membrane interactions can 

be indirect! y involved in the ALQTS mechanism by facilitating the access of drugs to 

intracellular targets on the bERG channel, similarly to enkephalins that would need 

the membrane interaction prior to receptor bindingJ91 . As discussed in our previous 

study on hERG's S5-P linker154
, the interaction of drugs with the membrane could 

modify its local properties and perturb the channel functioning. The mechanical 

properties of biomembranes imparted by the nature of its lipid content are 

determinant for the structure and function of membrane pro teins such as ion channels, 

as reviewed elsewhere. Perturbation of the membrane protein annular she11 by drugs 

is suspected to play a role in the action mechanism of anesthetics and toxins192
-
194

. 
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3.7 Conclusion 

Our combined solution and SS-NMR study of the hERG 's L622-K638 segment 

contributed to shed light on the SF structure and functioning as weil as on its role in 

the ALQTS. We have shown tbat this SF segment is unstructured in an aqueous 

environment on the NMR timescale, with and without K+ ions, in agreement witb its 

expected flexibility required during the different channel conductive states. 

Moreover, the SF segment was sbown to bave a potential to interact with the 

phospholipid membrane surface - an interaction that would be hindered by the 

surrounding K+ ions in its mi lieu. Our results indicate that the hERG ' s SF could be a 

binding site for prometbazine and, tbus, play a role in the ALQTS reported for this 

antihistamine. However, it would not be a primary target for bepridil, cetirizine, 

dipbenhydramine and fluvoxamine . Finally, the bigb affinity of the cardiotoxic drugs 

for the lipid membrane as weil as tbeir effect on the membrane interaction ofhERG 's 

SF segment support the possibility of an indirect role of the membrane in 

the ALQTS. 
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Table 3.Sl Proton chemical shifts of the hERG L622-K638 segment in water at 

25 °C, pH 4.5. 

Residue NH ( oH CllH CVH Others 

Leu 622 4.12 1.72, 1.76 1.67 ( oH 0.95 

Th r623 8.63 4.42 4.16 1.22 

Ser624 8.47 4.48 3 .82 

Val 62s 8.20 4.13 2.07 0.91 

Gly626 8.37 3.84 

CC2,6l H 7.27 
Phe627 8.15 4 .62 3 .18, 3 .06 ( (3,Sl H 7.37 

CC4l H 7.32 

Gly62B 8.38 3.89 

Asn 629 

Val63o 8.09 4.17 2.09 0.91 

Ser631 8.45 4.42 3.84 

Pro632 4.45 2.27,2.28 1.93,2.00 ( oH 3.73, 3.81 

Asn 633 8 .27 4.35 2.72, 2.80 N°H 6.91, 7.55 

Thr634 8.12 4.30 4 .27 1.19 

Asn 63s 8.45 2.78, 2.87 N°H 6.92, 7.59 

Ser636 8.24 4.40 3 .87 

Glu 637 8.27 4.39 2.01 , 2.15 2.49 

CoH 1.68 
Lys63B 8.24 4.31 1.77, 1.90 1.43 ( EH 3.00 

N ~H 7.50 
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Table 3.S2 Translational diffusion coefficients of bicelles (q=0.5), SF and drugs 

used to calculate the fraction ofbound peptide and drugs. n = 2-4. 

Ex amp le calculation - fraction of bou nd SF la the bi celles : 

[(00,,- o o..., ) / (Doou,.- Qo1,..)]x 100 

[((1.15)-(1.82 x 0.938))/ ((0 .55)- (1.82 x 0.938))] x 100 

; 48 % 

BEP (Bepridil), CET (Cetirizine), DIP 
(Diphenhydrarrine) , FLU (Ruvoxarrine), PRO 
(Promelhazine) , KCI10 (10 mM KCI) , KC1150 (150 mM 
KCI), Bic (Bicelles), SF (selectivrty filter). 

System a 

SF 

SF/Kd10 

SF/KCI150 

BEP 

CET 

DIP 

FLU 

PRO 

Bic 

SF/Bic 

SF/KCI10/B ic 

SF/KCI150/Bic 

BEP/SF 

CET/SF 

DIP/SF 

FLU/SF 

PRO/SF 

BEP/Bic 

CET/Bic 

DIP/Bic 

FLU/Bic 

PRO/Bic 

BEP/Bic/SF 

CET/Bic/SF 

DIP/Bic/SF 

FLU/Bic/SF 

PRO/Bic/SF 

Compone nt 
Mean diffusion coefficient 

a(±) 
[x 10 10 m 2·s 1) 

SF 1,82 0,12 

SF 1,81 011 

SF 1,72 0 os 
BEP 3,93 0,12 

CET 3,78 0,12 

DIP 4,82 0,14 

FLU 4,21 0,10 

PRO 4,74 0,19 

Bic 0,55 0 02 
SF 1,15 001 

Bic 0,55 0 07 
SF 1,21 0 06 

Bic 0,62 010 

SF 1,30 0 29 

Bic 0,51 0 07 

BEP 3,75 016 

SF 1,73 0 01 
CET 3,51 014 

SF 1,78 0 08 
DIP 4,59 0 12 

SF 1,85 017 
FLU 4,14 0 22 

SF 1,82 0 09 
PRO 3,69 019 

SF 1,88 017 
BEP 0,47 003 

Bic 0,55 0 03 
CET 0,49 0 02 

Bic 0,56 0.01 
DIP 0,70 0 02 

Bic 0,55 003 
FLU 0,47 0 04 

Bi c 0,56 0 01 
PRO 0,47 0 09 

Bic 0,54 0 00 
BEP 0,45 0 02 

Bic 0,56 0 01 

SF 1,31 0 00 

CET 0,48 0.03 

Bic 0,55 0.03 

SF 1,14 0 01 
DIP 0,69 0 01 
Bic 0,54 0 02 

SF 1,05 0 06 
FLU 0,44 0 01 

Bic 0,51 001 

SF 1,11 001 
PRO 0,45 0 00 

Bic 0,53 0.01 

SF 0,93 0.01 
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Figure 3.Sl 1H TOCSY spectra of the hERG L622-K638 in 10 % D20 at 20 oc_ 
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4.1 Résumé 

La désactivation lente des canaux Kv 11.1 est critique pour leur fonction dans le cœur. 

Le segment S4-S5, qui lie le domaine sensible au voltage (DSV) à celui du pore, joue 

un rôle critique dans ce mécanisme de désactivation . Nous employons la 

spectroscopie RMN pour identifier la surface du segment S4S5 qui lie la membrane, 

ainsi que pour démontrer que deux résidus tyrosine étant hautement conservés dans la 

sous-famille de canaux KCNH sont associés à la membrane. La mutagenèse dirigée et 

les analyses électrophysiologiques démontrent que la Tyr542 interagit avec le 

domaine du pore ainsi qu ' avec le DSV pour stabiliser la conformation active du 

canal, tandis que la Tyr545 contribue à la cinétique lente de désactivation, 

principalement en stabilisant l'état de transition entre les états actifs et fermés. Ainsi, 
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les deux résidus de tyrosine dans le segment S4S5 du Kv 11.1 jouent un rô le critique, 

mais distinct, dans le phénotype de désactivation lente, qui est une particularité des 

canaux Kv 11 .1. 

4.2 Abstract 

Slow deactivation of Kvll.l channels is critical for their function in the heart. The 

S4-S5 linker, which joins the voltage sensor and pore domains, plays a critical role in 

this slow deactivation gating. Here, we use NMR spectroscopy to identify the 

membrane bound surface of the S4S5 linker and show that two highly conserved 

tyrosine residues within the KCNH subfamily of channels are membrane associated. 

Site directed mutagenesis and electrophysiological analysis indicates that Tyr542 

interacts with both pore domain and voltage sensor residues to stabilize activated 

conformations of the channel, whereas Tyr545 contributes to the slow kinetics of 

deactivation by primarily stabilizing the transition state between the activated and 

closed states. Th us the two tyrosine residu es in the K v 11.1 S4S5 linker play cri ti cal 

but distinct roles in the slow deactivation phenotype, which is a hallmark of 

Kv 11.1 channel s. 

4.3 Introduction 

The rhythm of the heartbeat is primarily controlled by the co-ordinated activity of a 

range of voltage-gated ion channels195
· 

196
. Kv 11.1 , which is encoded by the human 

ether-à-go-go-related gene (hERG, official name: KCNH2/, is responsible for the 

delayed rectifier current UKr), which plays a critical role in cardiac repolarization5
· 

197
. 

Kvll.l channels have unusual kinetics of gating, namely slow activation and 

deactivation but fast inactivation and recovery from inactivation198
. Consequently, 

these channels pass relatively little current during the plateau phase of the action 
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potential but deliver a large current during repolarization199
. The slow kinetics of 

deactivation during the earl y diastolic period also enables K v 11.1 channels to play a 

critical role in terrninating ectopie beats that may otherwise lead to cardiac 

h h . d dd d" 198 200 arr yt tmas an su en car tac arrest · . 

K v 11.1 channels have the typical topology of voltage-gated K+ channels, which 

includes cytoplasmic N-terrninal and C-terrninal demains, a voltage sensor domain 

(VSD) composed of the first four transmembrane segments (S1-S4) and a pore 

domain composed of the 5111 and 6111 transmembrane segments (S5 , S6). Pore domains 

from each of the four subunits co-assemble to fonn the ion conduction pathway, as 

well as the gates that control activation and inactivation. The slow activation and 

deactivation kinetics of K v 11.1 channels are due in part to the slow movement of the 

VSD62
• 

20 1
. Motion of the VSD, in response to changes in the membrane electric field , 

facilitates opening and closing of the activation gate at the intracellular end of the 

pore domain by pulling on the S4S5 linker (residues 539-550), which connects the 

VSD to the activation gate at the cytoplasmic end of the pore59
. Numerous studies 

have emphasized the importance ofthe S4S5 linker for K v 11.1 gating57
• 

59
• 

66
• 

67
• 

69
-
71

. 

In addition to providing a direct link between the voltage sensor and pore domains, 

the S4S5 linker interacts with the cytoplasmic demains and is thought to mediate the 

influence of cytoplasmic demains on the kinetics of deactivation gating57
• 

70
· 

71
. 

Recently, Lërinczi et al. showed that when the S4S5 linker in Kv11 .1 channels was 

disrupted (i.e. , co-expressing a construct composed of residues 1-545 with another 

composed of residu es 546-1159) the channels can still assemble and retain their slow 

activation kinetics, as weil as rapid inactivation and recovery from inactivation 

kinetics, but they have much faster deactivation kinetics compared to full length wild­

type (WT) channels202
. These data indicate that an intact S4S5 linker is not required 

for normal activation gating, but once the channels have opened an intact S4S5 linker 

is required to stabilize the activated state and thereby contributes to slow deactivation. 

Another important implication of this study is that activation and deactivation ga ting 
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are not simply reciprocal processes but rather the transition from the closed state to 

the open state likely follows a different pathway to the transition from the open state 

back to the closed state. 

In the crystal structure of the Kv1.2/2.1 chimeric channel, which is thought to have 

captured the channel in the activated staté8
, the S4S5 linker forms an a-helix that is 

located at the cytoplasmic membrane interface, with one surface interacting with the 

membrane and/or transmembrane regions of the channel when the activation gates are 

in the open confonnation. In this study, we sought to identify key S4S5 linker 

residues that interact witb the membrane and/or intramembrane protein domains to 

stabilize the open state of the channel. A combination of nuclear magnetic resonance 

(NMR) and electrophysiology experiments suggest that the two tyrosine sidechains 

(Tyr542 and Tyr545) point towards the membrane interior. Thermodynamic mutant 

cycle analysis experiments indicate that Tyr542 interacts with both pore domain and 

voltage sensor residues to stabilize the open state of the channel. Conversely, 

mutations to Tyr545 cause marked changes to the kinetics of deactivation but have 

much smaller effects on the voltage dependence of the distribution between open and 

closed states, which suggests that Tyr545 stabilizes an intermediate transition state in 

the pathway between the activated and closed states. 

4.4 Experimental procedures 

4.4.1 NMR spectroscopy 

Materials- Peptide th at con tains the S4S5 linker (L VR V ARKLDRYSEYGA VLF) 

was synthesized by GL Biochem Ltd. (Shanghai, China) with >98 % purity. 

Protonated and deuterated dimyristoylphosphatidylcholine (DMPC, DMPC-d54) were 

purchased from A van ti Polar Lipids (Alabaster, AL, USA) while deuterated 

dodecylphosphocholine (DPC-d3s), deuterium-depleted water, and 

diethylenetriaminepentaacetic acid gadolinium (III) dihydrogen salt hydrate were 
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purchased from Sigma Aldrich (Oakville, ON, Canada). Deuterium oxide (D20) was 

obtained from CDN Isotopes (Pointe-Claire, QC, Canada). Phosphatidylcholines are 

abundantly found in biological membranes; consequently DMPC is frequently used in 

madel membranes, while DPC has been previously used to determine the Kv11.1 

S4S5 linker structure by NMR5 7
. DMPC/DPC bicelles are a more biologically 

relevant alternative, and have recently been introduced as a new membrane 

mimicking system for the NMR analysis of membrane proteins203
. 

NMR sample preparation- Bicelle and multilamellar vesicle (ML V) samples used for 

solution- and solid-state NMR respectively, were prepared by mixing freeze-dried 

DMPC and/or DPC in water. The mixture was submitted to a series of at !east three 

freeze (liquid N2) 1 thaw (50 °C) 1 vortex shaking cycles. In ail experiments, the 

peptide concentration was kept between 2 and 5 mM while the lipid concentration 

was maintained weil above the critical micelle concentration (CMC) of the lipids. To 

ensure the stability of the madel membranes, the hydration percentages were kept at 

75 % for solid-state NMR and 90 % for high-resolution NMR using deuterium­

depleted water and 10% D20 , respectively. Solution NMR experiments used lipid 

molar ratios (q = DMPC/DPC) of 0.25 and 1, as weil as a lipid/peptide (L/P) molar 

ratio ranging from of 50:1 to 58:1. solid-state NMR samples were prepared at a LIP 

molar ratio of 100:1. 

NMR experùnents-Ail experiments except high-resolution solution experiments, 

were recorded on a hybrid solution/solid-state Varian !nova Unity 600 (Agilent 

Technologies, Mississauga, ON, Canada) spectrometer operating at frequencies of 

599.95 MHz for 1H, 246.86 MHz for 31P and 92.125 MHz for 2H. solid-state NMR 

experiments used a 4-mm broadband/1H dual-frequency magic-angle spinning (MAS) 

probehead. The 1H chernical shifts were intemally referenced by adding 0.5 mM of 

2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) set to 0.0 ppm while 31P NMR 

spectra were extemally referenced with respect to the signal of 85 % phosphoric acid 
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set to 0 ppm. Ali data was processed usmg MestReNova (Mestrelab Research, 

Santiago de Compostela, Spain). 

1H total correlation spectroscopy (TOCSY) spectra were recorded on a hybrid 

solution/solid-state Bruker Avance III-HD narrow bore spectrometer (Milton, ON, 

Canada) operating at a frequency of 599.95 MHz for 1H with a broadband double 

resonance 5mm probe. A 90° pulse of 13 IlS , and spin-Jock time of 80 ms with 

MLEV17 spin-Jock field of 10kHz were employed48
. A spectral width of 6kHz was 

used in both dimensions with 2048 and 256 complex data points in the direct and 

indirect dimensions, respectively. A total of 40 transients were accumulated with a 

repetition delay of 2 s. 

31P NMR spectra were recorded using a phase-cycled Hahn echo pulse sequence with 

gated broadband proton continuous wave decoupling at a field strength of 20 kHz137
. 

A 90° pulse Jength of 13 IlS was used with interpulse dela ys of 33 IlS. Typically 1024 

scans were acquired with a recycle delay of 5 s. The acquisition time was set at 10 ms 

with a 5 IlS dwell time. 2H NMR spectra were obtained using a solid-echo pulse 

sequence140 with a 90° pulse length of 2.8 IlS , interpulse and repetition dela ys of 20 IlS 

and 0.5 s, respectively. At least 5000 data points were obtained and typically 2048 

scans were acquired with an acquisition time of 5 ms and 1 IlS dwell time. 

4.4 .2 Electrophysiology Methods 

We chose to use Xenopus oocytes for our electrophysiological recordings as this 

system enables high leve! expression of almost ali channels including mutant 

channels that result in expression defects in mammalian systems204
. 

Molecular bio/ogy-The eDNA ofKvll.l (a gift from Dr Gail Robertson, University 

of Wisconsin) was subcloned into a pBluescript vector, which contains the 5' 

untranslated region (UTR) and 3' UTR of the Xenopus Jaevis ~-globin gene (a gift 
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from Dr Robert Vandenberg, University of Sydney) . Site-directed mutagenesis of 

Kv11.1 eDNA was performed using the Quikchange metbod (Agilent Technologies, 

Mulgrave, VIC, Australia) and mutations confinned by Sanger DNA sequencing. WT 

and mutant channel cDNAs were linearized with BamHI-HF (NEB, Ipswich, MA, 

USA) and eRNA was transcribed with T7 RNA polyrnerase using the mMessage 

mMachine kit (Ambion, Austin, TX, USA). 

Oocyte preparation- Female Xenopus laevis frogs were purchased from Nasco (Fort 

Atkinson, WI, USA). The Garvan/St Vincent ' s Animal Ethics Committee granted 

approval (ID 14/30) for all animal experiments described in this study. Frogs were 

anaesthetized by immersion in 0.17 % w/v tricaine. One ovarian lobe was mobilized 

and ~5 mL removed. The follicular cell layer was digested by using 1 mg/ml 

Collagenase A (Roche, IN, USA) in Ca2+- free ND96 solution containing (mM): NaCl 

96, KCI 2, MgCh 1.0 and Hepes 5 (pH adjusted to 7.5 with 5 M NaOH) for ~2 hours. 

After rinsing with ND96 (as above, plus 1.8 mM CaCh) to remove the 

Collagenase A, stage V and VI oocytes were isolated and stored at 18 oc in ND96 

supplemented with 2.5 mM pyruvic acid sodium salt, 0.5 mM theophylline and 

50 ,ug/ml gentamicin. Xenopus laevis oocytes were injected with eRNA and incubated 

at 18 oc for 24-48 h prior to electrophysiological recordings. 

Electrophysiology-Two- electrode voltage-clamp experiments were performed at 

room temperature ( ~21 °C) using a Geneclamp 500B amplifier (Molecular Deviees 

Corp, Sunnyvale, CA, USA). We used glass microelectrodes with tip resistances of 

0.3- 1.0 Mn, when filled with 3 M KCl. Oocytes were perfused with ND96 solution 

(see above) during ali experiments. A 50 ms +20 mV depolarization step from the 

holding potential of - 90 m V was applied at the start of each sweep to enable off- line 

leak- current subtraction. We assumed that the current leakage was linear in the 

voltage range - 150 to +40 mV. Data acquisition and analysis were perfonned using 

pCLAMP software (Version 1 0.2, Molecular Deviees, Sunnyvale, CA, USA), Ex cel 
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software (Microsoft, Seattle, WA, USA) and Prism 6 (GraphPad Software Inc. La 

Jolla, CA, USA). All parameter values are reported as mean ± standard error of the 

mean (SEM) for n experiments, where n denotes the number of different oocytes 

studied for each construct. 

Data analysis- To measure the voltage dependence of activation, cells were 

depolarized from - 70 to +60 m V for 3 s (exact voltage range depending on the 

mutant tested) followed by a step to - 70 mV to measme tai! current amplitude. Tai! 

current amplitudes were norrnalized to the maximum tail current value and fitted with 

a Boltzmann function : 

// _ [ (Vo .s - Vt )j ]-l 
1 - l+e k 
max 

(3 .1) 

where 11 Imax is the relative tail current amplitude, Vo. s is the voltage at which 50 % of 

channels are deactivated, V1 is the test potential and k is the slope factor. To measme 

rates of activation, an envelope of tails protocol was used to obtain the rates of 

activation at +20 mV205
. The peak tai! current amplitudes recorded at -70 mV using 

different activation duration at +20 rn V were fitted with a single exponential function 

to obtain a time constant for activation. 

Rates of deactivation were measured from the hooked tail current traces recorded at 

voltages in the range -70 to -150 m V, following a 1 s depolarization step to +40 m V 

from a holding potential of - 90 mV. The decaying phase of the current traces was 

fitted with a double exponential component to derive both components of channel 

deactivation. However, only the fast component, is reported in this study. To measure 

the voltage dependence of deactivation, cells were depolarized to +40 m V for 1 s, to 

ensure channels were fully activated, then stepped to voltages between +60 and -

100 rn V (exact voltage range depending on the mutant tested) for 3 s, followed by a 

70 V .1 1. d 206-208 T .1 1. d step to - m to measure tai current amp Jtu e . a1 current amp Jtu es were 

norrnalized to the maximum tail current value and fitted with a Boltzmann function 
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using equation 4.1. In experiments in which the free energies associated with voltage­

dependent deactivation were examined, the same datasets were fitted with the 

thennodynamic fonn of the Boltzmarm equation: 

J 1 [ ( l!.Go_ZgEF)j ]-l 1 fmax = 1 + e RT 

(4.2) 

where /1G0 is the work done at 0 rn V, zg is the effective number of gating charges 

moving across the membrane electric field (E), F is the Faraday constant, R is the 

universal gas constant, and T is the absolute temperature. From equation 4.2, we can 

also calculate the effect of a mutation on /1G0 as follows : 

(4.3) 

Double mutant cycle analysis - To investigate whether two residues interact to 

stabilize the open and/or closed states we used thennodynamic mutant cycle analysis. 

The interaction energy, MG0
int. between two mutants was calculated as the 

difference in free energy of the double mutant compared to the sum of the free energy 

differences ofthe individual mutants: 

Absolute /1/1G0
int values of greater than 4.2 kJ mor' (i.e. 1 kCal mor') were 

"d d . "fi 209-214 cons1 ere s1gn1 Jcant . 

Statistical analysis- We used one-way ANOVA with Bonferroni post-test analysis 

to compare rates of deactivation and Vo.s of deactivation, or an unpaired t-test when 

comparing the 1111G0 values of double mutants (/111G0 
muti +mud compared to the sum 

of 11!1G0 values of individual mutants (/1/1G0 
muti + /1/1G0

mut2) in double mutant cycle 

analysis experiments . p-values <0.05 were considered significant. 
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Homo/ogy modelling - The crystal structure of a Kv1.2/2.1 channel chimera58 was 

used to generate the homology model ofKv11.1 using Swiss PdbViewer215 and the 

final structure was optimized by using SWISS-MODEL Workspace216
· 

217
. 

4.5 Results 

An alignment of the S4S5 linkers of different voltage-gated potassium channels is 

shown in Figure 4.1. The most hjghly conserved residues are the charged arginine 

residues from the distal S4, and a glycine residue in the middle of the S4S5 linker. 

There are also two leucine residues in the S4S5 linker that are highly conserved in the 

Kv1-Kv9 channels but are replaced by tyrosines in Kv10-12 channels. In the crystal 

structure of K v 1.2/2.1 chimera, the leucine residues in the S4S5 linker are orientated 

towards the lipid membrane. It has been shown previously that the S4S5 linker is 

cri ti cal for channel activation and deactivation in K v 11.1 57
• 

66
· 

67
· 

69 and th at many of 

the S4S5 residues contribute to the slow gating kinetics. Previous studies, however, 

have large1y focused on how the S4S5 linker interacts with cytoplasmic domains. For 

example: Asp540 interacts with the bottom of the S6 transmembrane domain to 

stabilize the closed state of Kvl1.1 channel 67 and cysteine scanning studies have 

suggested that the S4S5 domain interacts with the N-terminal tail 71
. The tyrosine 

residues, however, have not been extensively studied. Our sequence homology 

analysis, coupled to the location of the S4S5 linker in crystal structures of the 

activated state, suggest that the two tyrosine residues are likely to contribute to 

interactions with the membrane and/or intra-membrane domains of the channel. 
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S4 S4SS Figure 4.1 Tyrosine residues 

Kvl l.l R v A R K L 0 R y ~ ~ y G A A v 549 are conserved among the 
Kv1.2 K L 5 R H 5 K G L Q L G Q T L 321 

KCNH fami ly. Sequence Kv2 .1 K L A R H 5 G L Q 5 L G F T 324 
Kv3 .1 K L R H ~ v G L r. v L G ., 1 338 alignment of Kv channels for 
Kv4 .1 K F s R H s Q G L R L G y T L 319 
KvS .l K L fi R H 5 5 G L Q T L T y fi L 317 S4 and S4S5 linker regions. 
Kv6.1 R L A R H 5 G L R c; L G l T lv1 315 
Kv7 .1 1- v :::> R Q G G - w R l L G 5 v v 255 Arginine residues in S4 are 
Kv8.1 K L G R H 5 - G L R s L C M T 339 
Kv9 .1 K L A R H 5 G l R s l G A T L 369 highlighted m blue and 
KvlO.l R V A R K L 0 1 y 1 [ y c A A V 378 
Kv12.1 R l L Q K L 0 R y ~ Q H 5 T 1 v 355 tyrosine residues, conserved 

within the KCNH family (Kvl 0-1 2), are highlighted in orange. ln place of tyrosine, 

almost ali other Kv channels have a leucine at the equivalent sites (green boxes). The 

topology above the alignment is based on the crystal structure of Kv2.1/1.2 

chimeras (2R9R). 

To determine if the equivalent residues in Kvl 1. 1 (Tyr542 and Tyr545) are likely to 

be oriented towards the lipid membrane, we studied the interaction of a peptide 

(Leu532- Phe55 1) that contains the S4S5 linker of Kvll.l channel with 

dimyristoylphosphatidylcho line (DMPC) or DMPC/dodecylphosphocholine (DPC) 

mode! membranes (Figure 4.2). First, solution NMR was used to gain insight into 

whether the S4S5 linker interacts with the lipid membrane. We recorded ID 1H-NMR 

spectra of the S4S5 peptides in water (Figure 4.2Ai) and in the presence of 

DMPC/DPC bicelles (Figure 4.2Aii). Comparison of the spectra shows changes in the 

chemical shifts and signjficant broadening of the peptides' resonances, consistent 

with an interaction between the peptide and the mode! membranes21
. Phosphorus 

e'P) and deuterium eH) solid-state NMR experiments were then employed to further 

investigate the interaction of the S4S5 peptide with the membrane using DMPC 

multi lamell ar vesicles (MLVs). Since phospholipids harbour a phosphate in their 

po lar headgroup, 3 1P NMR spectra were acquired to monitor change at the membrane 

surface. Broad power spectra are characteristic of non-oriented ML Vs and represent 
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the superposition of al i chemical shifts from the distribution of orientations in the 

magnetic field (Figure 4.2Bi), with the 90° edge on the right and 0° on the left. 
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Figure 4.2 Tyrosine residues within 

the S4S5 lin.ker of Kvll.l are 

orientated towards the lipid membrane. 

A, S4S5 peptide (Leu532-Phe551) 

interacts with the lipid membrane as 

the amide and aromatic resonances of 

the 1 H NMR spectra of the WT peptide 

in DMPC/DPC-d3s are very broad 

(panel ii) compared to S4S5 peptide in 

10% D20 (panel i) . B, Pure 3 1P 

(panel i) and 2H (panel ii) solid-state 

NMR spectra of DMPC-d54 ML V 

mode! membranes (grey) and with 

S4S5 peptide (black) showing the 

S4S5 peptide interacts with the lipid 

membrane. C, 1H TOCSY spectra of 

the S4S5 peptide solubilized with 

DMPC-ds4/DPC-d3s m 10 % D20 

(black) and with 0.5 mM Gd3
+ 

(orange) showing the tyrosine residues (Tyr542 and Tyr545) are protected from 

soluble paramagnetics by the lipids as the aromatic signais for the Tyr542 and Tyr545 

rem am. 

To probe the bilayer 's hydrophobie core, phospholipids with perdeuterated acy! 

chains (DMPC-d54) were used. The spacing between each doublet on the 2H NMR 

spectrum is known as the quadrupolar sp litting (1'1v0) and gives insight on the degree 
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of organisation of the acy! chains (Figure 4.2bii). The largest sp litting corresponds to 

the CD2 bonds closer to the headgroup, while the smaller splitting corresponds to the 

most mobile CD3 group at the end of the lipid chain. Pure lipids 31P (Figure 4.2Bi, 

grey) and 2H (Figure 4.2Bii, grey) spectra were recorded as a reference. The peptide 

disrupts mode! DMPC membranes suggesting the formation of fast-tumbling lipid 

assemblies, as revealed by the isotropie resonance on the 31 P and 2H spectra 

(Figure 4.2B, black). Moreover, the 31 P spectra for the peptide (Figure 4.2Bi, black) 

shows a change in intensity between the 0° and 90° edges of mode! membranes 

(Figure 4.2Bi, grey), with less lipids on the 90° edge which can be ascribed to a 

change in vesicle shape or transverse relaxation (T2) effect caused by an increase in 

slow motions. The peptide mainly interacts with the surface of the membrane since 

no changes in t:J.v0 of 2H spectra are observed, indicative of no deep insertion in the 

hydrophobie core of the membrane142
. Whilst these data suggest that the S4S5 linker 

is directly involved in membrane interaction, the orientation of the tyrosine residues 

was further probed by adding soluble paramagnetic gado linium lanthanide ions 

(Gd3+) to the samples. The Gd3+ ions attenuate the proton signais of the peptide 

residues that are solvent-exposed46
. In agreement with solid-state NMR, the TOCSY 

spectrum of the linker (Figure 4.2C) shows that the tyrosine ring protons are 

protected from the effect of Gd3
+. This suggests that Tyr542 and Tyr545 are located 

facing the membrane. 

We first performed alanine-scanning mutagenesis on the S4S5 residues (Asp540-

Yal549) to investigate how individual residues in the S4S5 linker contribute to the 

voltage dependence of the distribution between closed and open states (activation) as 

weil as the rate of activation of Kvll.l channels. Figure 4.3Ai shows the 3 s 

activation protocol and exemplar traces for WT K v 11.1 channel s. The Vo.s of 

activation for WT (- 23 .9 ± 1.3 mY, n=5). Most of the mutants altered the V05 of 

activation when compared to WT with the largest shifts seen for S543A, G546A and 

A548Y (Figure 4.3Aii). The changes observed for Y542A (- 7.2 ± 1.5 mY, n=4) and 
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Y545A (-36.0 ± 1.2 mY, n=5) were more modest. Figure 4.3Bi shows the protocol, 

and typical fami !y of current traces, used to measure the rate of activation at +20 rn V 

(see methods for more details) . The time constant for WT (102.5 ± 6.1 ms, n=8) and 

mutants are summarized in Figure 4.3Bii as weil as in Table 4.1. Notably, both 

Y542A and Y545A did not significantly perturb the rate of activation at +20 mY 

compared to WT. 
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Figure 4.3 Activation properties for S4S5 

mutants. A, 3 s isochronal activation protocol 

and example traces of WT. X- and Y-axis are 

1 s and 0.25 uA, respectively (panel i). The 

peak tai! currents (*) derived from 3 s 

isochronal activation were fitted with a 

Boltzmann equation to derive V0_5 of 

activation (panel ii). The values for ali 

mutants are summarized m Table 4.1 . B, 

Envelope of tai! protocol to elicit the tai! 

current at - 70 rn V aft:er activation at 

+20 mY. One of the traces and its respective 

protocol are highlighted (panel i). The time 

constants of activation at +20 rn V for WT 

and S4S5 mutants are summarized in panel ii. 

Ail surnmary data are presented as mean ± 

S.E.M and statistical comparisons made using 

one-way ANOV A with Bonferroni post-test. 

Significant differences (p<0.05) are 

highlighted with asterisks. The values for ali 

mutants are summarized in Table 4.1. 



Muta nt Activation 
V~t_,(mV) (n) 

- -
WT - 23.9± 1.3 (5) 

D540A - 23. 1± 1.7 (5 ) 

R54 1/\ - 33 .2± 1.3 .. (4) 

Y542A - 7.2± 1.5 * (4) 

S543A - 45.5± 1.2. (4) 

E544A -25 .7±0.7 (3) 

Y545A - 36.0± 1.2 * (5) 

G546A -65 .2±2.2 * (3) 

/\547Y - 13.0± 1.8 * (3) 

A548V -55 .3±0.8 .. (5) 

V549A 13.3.L I. l. (4) 

Ti mc constant of activation 
at +20mV(ms) (11) 

1 02.5±6.1 (g) 

55.2±2.2. (5) 

87.0±3.6 (5) 

128.0± 11.0 (6) 

64.2± 1.6 * (7) 

9H±2.6 (6) 

97.3±4.5 (7) 

63 .0±2.8 .. (5 ) 

157 .2±6.0 * (6) 

55 .0±5.1 * (7) 

225.8.L I5.0. (7 ) 
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Table 4.1 Summary of the values 

for the 3 s isochronal deactivation 

Vo.5, rates of deactivation at 

-70 mV and -120 mV for S4S5 

alanine mutants . Data is presented 

as mean ± S.E.M (n) where n 

denotes number of individual 

recordings . Only p <0.05 versus 

WT are reported as significant 

usmg one-way ANOV A with 

Bonferroni post-test. 

Previous studies have suggested that activation and deactivation are not simply 

reciprocal processes but rather occur via different pathways 202
· 

208
. We therefore 

investigated whether any of the S4S5 mutants preferentially altered the deactivation 

phenotype. Figure 4.4A shows typical examples of 3 s tai! current traces recorded at 

-70 mV (black) and -120 mV (grey) for WT (i) , Y545A (ii) and Y542A (iii) 

following a 1 s step to +40 m V to full y activate the channel s. The time constants for 

the fast component of deactivation in the voltage range from -70 to -150 rn V for 

tbese three channels are shown in Figure 4.4B. The rates of deactivation of Y545A 

(triangle) are 2-3 times faster than WT (circle) at ali voltages measured. For Y542A 

(square) the rate of deactivation is more than 10 times faster than WT at - 70 mV but 

at - 150 m V there is almost no difference in the rates of deactivation for WT and 

Y542A channels . A summary of the time constant for the fast component of 

deactivation at - 70 m V (black) and - 120 rn V (grey) for ali S4S5 alanine mutants is 

shown in Figure 4.4C and in Table 4.2. Figure 4.4D shows a plot of the voltage 

dependence of the rates of deactivation for ali the S4S5 alanine mutants. Mutation to 

the three charged residues (D540A, R541A and E544A) ali reduced the voltage 

dependence of the rates of deactivation. Conversely, mutations to the uncharged 
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residues caused on ly modest changes to the voltage 

dependence of the rates of deactivation, with the 

notable exception ofY542A. 

Figure 4.4 l(jnetics of deactivation for S4S5 

alanine mutants. A, Cell s were depolarized to 

+40 m V for 1 s and fo llowed by repolarization to 

-70 and - 120 m V for 3 s. Example deactivation 

current traces acquired at -70 (black) and 

-120mV (grey) for WT (paneli) , Y545A 

(panel ii) and Y542A (panel iii) . X- and Y- axes 

are 1 s and 0.25 uA, respectively. B, Comparison of 

time constants of deactivation for WT ( circle ), 

Y545A (triangle) and Y542A (square) 

corresponding to the test voltage range of - 150 to 

-70 mV. C, Time constants for the fast component 

of deactivation at - 70 rn V (black) and - 120 m V 

(grey) for S4S5 alanine mutants (mean ± S.E.M). 

D , Summary of the voltage-dependence of the rates 

of deactivation (mean ± S.E.) for WT and S4S5 

mutants . Ail sununary data are presented as mean± 

S.E.M and statistical comparisons made using one­

way ANOV A with Bonferroni post-test. Significant 

differences (p<0.05) are highlighted with asterisks . 

The values for ail mutants are sununarized in 

Table 4.2. 
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Table 4.2 Summary of the values for the 3 s isochronal deactivation V0.5, rates of 

deactivation at - 70 rn V and - 120 m V for S4S5 alanine mutants . Data is presented as 

mean ± S.E.M and n denotes number of individual recordings . Only p<0.05 versus 

WT are reported as significant using one-way ANOV A with Bonferroni post-test. 

Mutant Deactivation Vo.s Ti me constant of deactivatioo Time constan t of deactivation 
(11) (mY) at- 120m v ms at-70mV ms 

WT(5) - 61.3±0.5 27.8± 1 .3 286.2±32.4 

D540A (5) - 25 .6±2.0. 23 .8± 1 .4 41.7± 1.4. 

R54 1A (4) - 46.3±0.8. 20.4±0 .9 124.9±7.5 * 

Y542A (5) - 1.6± 1. 1 . 14.3±0. 5 * 29.7±0.7 * 

S543A (4) - 78.6±0.6 . 49.3±3. 6* NIA 

E544A (3) - 40.3± 1.4 . 21.1 ± 1 .8 11 3.7±9.0 . 

Y545A (5) - 46.4± 1.1 * 14.4± 1. 1 * 110.4± 18.6. 

G546A (4) - 82 .0±0.2 * 64.7±2. 2* NIA 

A547V (3) - 56.5± 1.1 31.2±2 .8 217.3±3.4 

A548V (5) - 64.8±0.6 45.1± 1. 7 * 268±21.8 

V549A (4) - 53.3± 1.1. 28.4±3 .1 208.7± 15.9 

We next investigated how S4S5 mutants affected the voltage dependence of the 

distribution between open and closed states when starting from the open state, i.e. we 

measured 3 s isochronal deactivation curves to derive the V0.5 of steady-state 

deactivation207
. Figure 4.5A shows WT Kvll.l channels recorded from a 3 s 

isochronal deactivation protocol. The m1dpoint of the voltage dependence of 

deactivation V0.5 derived by fittin g the norrnalized amplitude of the -70 rn V tai! 

currents for WT (circle), Y542A (square) and Y545A (triangle) using Boltzmann 

function (Equation 4.1) were - 61.3 ± 0.5 rn V (n=5), - 1.6 ± 1.1 rn V (n=5) and - 46.4 

± 1.1 rn V (n=5) respectively (Figure 4 .5B). Y542A caused the largest depolarizing 

shift in the V0.5 of deactivation of ali the S4S5 alanine mutants whereas Y545A 

caused a more modest but stiJl statistically significant depolarizing shift in the V0.5 of 

deactivation (Figure 4.5C). 
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for S4S5 mutants. A, 3 s isochronal 

deactivation protocol and example traces for 

WT. X- and Y -axes are 1 s and 0.25 uA, 

respectively. B, The peak tai] currents (*) 

derived from 3 s isochronal deactivation 

were fitted with Boltzmann equation to 

derive V0.5 values . The V0.5 values are WT: 

- 61 .3 ± 0.5 mV (mean± S.E.M, n=5 ; circle), 

Y545A: - 46.4 ± l.lmV (mean± S.E.M, 

n=5 ; triangle) and Y542A: - 1.6 ± 1.1 mV 

(mean ± S.E.M, n=5; square). C, Summary 

of the deactivation V0.5 of ali S4S5 alanine 

mutants. Only p<0.05 versus WT are 

reported as significance using one-way 

ANOV A. The 3 s isochronal deactivation 

V0.5 values for ali mutants are summarized in 

Table 4.2. D and E, Relationship between 

time constants of deactivation for S4S5 

alanine mutants at - 120 mV and -70 mV, 

respectively, and their corresponding 

deactivation V0.5. Linear regresswn was 

applied (straight line) with 95% confidence 

interval (CI) of the fit. Residues outside the 

95 % CI are highlighted as filled circles. 
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Perturbations to the rates of deactivation in the S4S5 alanine mutants could be caused 

by either a change in the electrochemical driving force for deacti vation and/or due to 

a change in the transition state energy barrier separating the open and closed states, 

i.e. , there can be thermodynamic and/or kinetic components. To explore these two 

components, we have plotted the time constants for the fast component of 

deactivation at - 120 and -70 rn V versus the V0.5 for 3 s isochronal deactivation for ali 

S4S5 alanine mutants (Figure 4.5D-E). Wh en kinetics were measured at - 120 rn V, 

most of the alanine mutants, with the notable exception of Y545A, reside within the 

95 % confidence interval obtained from a regression line fitted to the rate of 

deactivation versus isochronal deactivation Vo .s data. This suggests that much of the 

change in the rates of deactivation at - 120 rn V for these S4S5 alanine mutants can be 

explained by changes in the thermodynamics of deactivation gating. Conversely, for 

Y545A, the rate of deactivation is much faster than would have expected from the 

simple change in the Vo. s of deactivation. Consistent with thi s data at - 120 rn V, the 

change in the rates of deactivation at -70 rn V for the S4S5 alanine mutants can also 

be exp1ained by changes in the thermodynamics of deactivation gating, except for 

D540A and Y545A, whose mean values lie outside of the 5-95 % confidence 

intervals. Note that S543A and G546A were excluded from analysis as these mutant 

channels did not deactivate at -70 rn V. Our data show that whereas Y542A clearly 

affected the thermodynamics of deactivation gating, Y545A appeared to have a 

signjficant kinetic component on top of the alteration to the thermodynamics of 

deactivation gating. 

As alanine mutagenesis of the two tyrosine residues appear to have quite distinct 

phenotypes in terms of effects on activation/deactivation, but both resu1ted in 

accelerated rates of deactivation with minimal perturbation on the rate of activation. 

We thus focus our investigation on the deactivation phenotypes of Tyr545 and 

Tyr542. Each tyrosine residue was mutated to AJa, Leu, Ile, Phe or Trp. Ail of the 

Tyr542 and Tyr545 mutants resulted in accelerated rates of deactivation, with the 
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exception of Y545F (Figure 4.6A). Mutations at Tyr542 tended to cause greater 

perturbations to the Vo .s of deactivation than mutations at Tyr545 (Figure 4.6B). A 

plot of the perturbation to the rate of deactivation (measured at -70 m V) versus the 

change in Vo .s of deactivation, for the groups of mutants at Tyr542 and Tyr545, 

highlights that mutations to Tyr542 predominantly affect the therrnodynamics of 

channel deactivation, whereas mutations to Tyr545 cause relatively more perturbation 

to the kinetics of deactivation gating (Figure 4.6C). 
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Figure 4.6 Tyr545 (blue) ts 

functional ly different to Tyr542 (red). 

A, Time constants of deactivation at 

- 70 m V for different Tyr542 (panel i) 

and Tyr545 (panel ii) side-chain 

residues. B, 3 s isochronal deactivation 

Vo.s for Tyr542 (panel i) and Tyr545 

(panel ii) side-chain residues. Data is 

presented as mean ± S.E.M. Only 

p<0.05 versus WT are reported as 

significant using one-way ANOV A 

with Bonferroni post-test. 

Rel a ti onsh i p between rates 

C, 

of 

deactivation for different WT (white), 

Tyr542 (red) and Tyr545 (blue) side­

chain residues at - 70 mY and their 

corresponding deactivation V05 . Linear 

regression with 95 % confidence 

interval was fitted to each dataset. 
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As mutations to Tyr542 significantly perturbed the voltage dependence of the 

equilibrium distribution of the open and closed states, we probed for residues that 

might interact with Tyr542 in the open or closed state by using double mutant cycle 

analysis. Based on our homology mode! (Figure 4.7A), Tyr542 lies in close proximity 

to Val535 and Arg537 in S4 and Ile560 in S5. Figure 4.7Bi shows the 3 s isochronal 

deactivation curves for WT (black circle), 1560A (black square), Y542A (white 

circle) and J560A+Y542A (grey circle). 1560A is WT-Iike whereas Y542A has a 

large depolarizing shi ft. The double mutant 1560A + Y542A has an intermediate 

phenotype between 1560A and Y542A. The method for calculating interaction 

energies and a plot of the !1!1d values for 1560A, Y542A and 1560A+Y542A are 

shawn in Figure 4.6Bii. The !1!1d value for I560A+Y542A (grey bar) is Jess than the 

sum of the !1!1d values for the two individual mutants, indicative of an energetic 

interaction between these two residues. In addition to Ile560, the double mutant cycle 

analysis indicates that Tyr542 is energetically coupled to Val535 and Arg537 

(Figure 4.7C). In contrast, double mutant cycle analysis of Y545A with three residues 

(lle560, Ser654 and Asn658) did not reveal any significant energetic interactions 

(Figure 4.7C). A summary of the experimental !1!1d values for ali single and double 

mutants and their interaction energies are shawn in Table 4.3. 
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Figure 4.7 Double mutant cycle 

analysis of Tyr542 and Tyr545. A, 

Orientation ofTyr542 (red) and Tyr545 

(blue) within the S4S5 linker and the 

residues that were energetically 

coupled. B, 3 s isochronal deactivation 

curves for WT (black circle), 1560A 

(black square), Y542A (white circle) 

and 1560A+Y542A (grey circle). 0 mY 

was indicated by dotted !ines to show 

the differences between the individual 

and double mutations (panel i). The 

additivity effect ~~cfl Mut 1 +Mut2 (additive) is 

the summation of ~~G0 from the 

individual mutation (panel ii) . 

Comparison between the ~~d 

obtained from experiment (black) and 

additivity effect (grey) for double 

mutant I560A and Y542A are shown 

on the right of panel ii. C, Summary of 

the double mutant cycle analysis 

displayed as the ~~cflMuti +Mut2 (int) for 

the Tyr542 double mutants (red) and 

Tyr545 double mutants (blue). 

* indicates statistical differences, 

p<O.OS using an unpaired /-test when comparing the experimentally derived ~~cfl for 

the double mutant with the sum of the ~~cfl values for the two individual mutants. 

Only the double mutant I560A-Y542A has an interaction energy greater than 

4.2 kJ mor 1
, indicated by the dotted li ne. Datais presented as mean ± S.E. M. 
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4.6 Discussion 

Kvll.l channels have unusual kinetics, which include rapid recovery from 

inactivation and slow deactivation. ln the heart, the slow deactivation kinetics play a 

particularly important rote in the suppression of propagation of ectopie beats that 

occur during the earl y diastolic interval 198
. The S4S5 linker cl earl y pla ys a cri ti cal 

role in deactivation gating of voltage-gated K+ channels, including K v 11 .1 

channels57
· 
67

· 
70

. Here, we have shown that two tyi-osine residues in the S4S5 linker, 

Tyr542 and Tyr545, play important, but distinct, roles in stabilizing the open state of 

the Kvll.l channel and thus in mediating the slow deactivation gating of 

Kvll.l channels. 

Tableau 4.3 Summary of the values for the L1l1G0 (mean ± S.E.M) and n denotes 

number ofindividual recordings. 

Mutan t (n ) A\. o t~pu J\ ,\\.
0 1 ~ lu1 \ \ T ) AJ\\.

0 ( \l u l l -" ~ l ut l ) {AA r.
11 

( \l u tl ) + Af\ \.
0 

(Mutl )) 

(kJ "mor'> (kJ ·mor'> (kJ ·mor ' l 
WT(5) - 22.7±0.5 -

v-42A(5) - 0.3±0.2 22.3±0.2 

V53SA(3) -20.8± 1.8 1.8± 1.8 

R537A(4) 20.1.10.6 2.6.10.6 

1560A(3) - 22. 1± 1.0 O. - ±1.0 

Y542A-V535A(5) - 1.8±0. 1 20.8±0. 1 - 3.4 ± 0.9* 

Y5<:2A-R537A(3 1 0.3±0.1 22 .9±0.1 - 2.0 ± 0.4* 

Y542A-1560A!4) - 4.4± ( . 1 18 .2± 1. 1 - 4.6 ± 0.8• 

Y545A(5) - 19. -±0.6 3.2=0.6 

1560A(3) - 22.1 ± 1.0 0.5=< 1.0 

S65-IA(4) - 23 .7± 1.0 - 1.1=1.0 

N658A(4) - 172± 1.1 5.5± 1. 1 

Y545A -1560A(4t - 21.0± 1.2 1.7± 1.2 - 2.0 ± 0.9 

Y:>45A S6:>4A(3) - 20.1±0.4 2.6±0.4 0.5 ± 0.7 

Y545A N658A( 4) - 13 .7± 1.2 8.9± 1.2 0.3 ± 1.0 

• means stattsttcal ly dt lferent from lhe tr c rre p ndtng addtu ve effec1 
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In this study, mutations to Tyr542 resulted in large shifts in the voltage dependence 

of the equilibrium distribution between the open and closed states, with ali mutants 

shifting the equilibrium in favour of the closed state (Figure 4.6Bi). Ali Tyr542 

mutants also resulted in an acceleration of the rates of deactivation (Figure 4.6Ai). 

These results are consistent with a rote for Tyr542 in stabilizing the open state of the 

channel (Figure 4.6Di). Mutating Tyr542 to alanine caused a marked acceleration of 

the rates of deactivation with a shallow slope (Figure 4.4D). The fact that the slope of 

the voltage dependence of rates of deactivation for Y542A is much shallower than 

that of WT or Y545A suggests that the native Tyr542 interacts with, and so 

influences, the motion of the VSD during deactivation. This conclusion is consistent 

with our mutant cycle analysis experiments indicating an energetic interaction 

between Tyr542 and Arg537, as weil as with Yal535 and Ile560 (Figure 4.7), 

although only the interaction with Ile560 exceeds the 1 kea! mor 1 threshold that is 

often used to indicate biologically relevant interactions209
-
214

. 

In contrast to Tyr542, mutations to Tyr545 caused Jess perturbation to the voltage 

dependence of the equilibrium distribution between the open and closed states 

(Figure 4.6Bii) but stiJl caused a marked acceleration of the rates of deactivation 

(Figure 4.6Bi). This suggests that Tyr545 might form important interactions that 

stabilize the transition state complex; however these interactions are destabilized by 

mutations, i.e. lower the energy barrier for channel deactivation. This suggestion is 

also consistent with the thennodynamic mutant cycle analysis experiments, which 

showed that there were no significant energetic interactions involving Tyr545 and 

other residues in the stable end states. However, at this stage we cannot determine the 

nature of such interactions. They could be with transmembrane domain residues 

and/or with the membrane lipids. Given that the NMR experiments suggest that the 

peptide mainly interact with the surface of the membrane (since there were no 

changes in IWo of 2H spectra), if there are any specifie interactions between Tyr545 
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and the membrane these would most likely involve interactions with the 

lipid headgroups. 

The S4S5 linker is thought to be essential to transmit conformational changes of the 

voltage sensor to the pore domain, as evidenced by its proximity to the S6 helix in the 

crystal structure of the Kv1.2 channel, as weil as its direct interaction with the S6 

domain67
. Previous studies ofthe S4S5linker in Kvll.l channels have focused on its 

role in linking the voltage sensor domain to the activation gate at the intracellular end 

of the pore domain 59
· 

67
, as well as its role in mediating interactions with cytoplasmic 

domains that can also modulate deactivation gating71
. Our NMR studies of a peptide 

that contains the Kvll.l S4S5 linker in a mode! membrane indicate that both Tyr542 

and Tyr545 are likely to point towards the membrane, which is consistent with the 

homology mode! based on the structure of the activated Kv1.2/2.1 channel (see 

Fig. 4. 7 A). This suggests that the S4S5 linker could also have important interactions 

with the membrane directly and/or with residues in the transmembrane domains of 

the channel. We have clear evidence that Tyr542 interacts with other transmembrane 

domain residu es . However, the relatively small magnitude of this interaction ( e.g. 

- 4.6 kJ mor' for Y542A-I560A) suggests that other factors might be involved, which 

could include interactions between Tyr542 and the membrane. Tyr545 interactions 

with the membrane contributing to the stabilization of the transition state in the 

pathway connecting the activated state with the closed states are also plausible but we 

do not yet have definitive proof of such interactions. 

Recent! y, Lorinczi et al. 202 showed that cutting the S4S5 linker of K v 11 .1 channels in 

half could still produce functional channels with normal activation but accelerated 

deactivation . This indicates that the major role of S4S5 linker is to stabilize the open 

state and it is conceivable that the split S4S5 linker in the K v 11.1 prevents the 

interaction promoted by the S4S5 linker with other parts of the channel in the 

activated state. It is also possible that the split S4S5 may disrupt its interaction with 
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the lipid membrane. lt is unlikely that a split S4S5 linker would maintain a 

continuous helix that lies parallel to the membrane in the activated state of the 

channe133
· 

218
-
222

. Our functional studies provide complementary information that is 

consistent with recent findings202 by showing that the two conserved tyrosine residues 

play important but distinct roles in stabilizing the open state of K v 11.1 channels. 

4.7 Complément au chapitre: Saturation transfer difference (STD) par RMN 
en solution 

Nous avons effectué des expériences de STD par RMN en solution afin d'identifier 

les régions spécifiques de la membrane interagissant avec le segment S4S585
. 

Malheureusement les résultats n 'ont pas été retenus dans la révision publiée de 

l' article. Tel que décrit au chapitre 1 (section 1.4.2), l'expérience STD consiste à 

irradier différentes résonances lipidiques, telles que les groupements choline se 

trouvant à la surface de la membrane, les groupements glycérols qui sont à l'interface 

polaire/apolaire, ainsi que les méthyles terminaux des chaînes acyles qui sont au 

centre du cœur hydrophobe de la membrane. La saturation des lipides est transmise 

aux résidus du segment S4S5 qui sont à proximité aidant ainsi à identifier leur 

position dans la membrane. 

Afin de différencier les résidus tyrosines (Y542 etY545) du segment du hERG, nous 

avons fait les mesures de STD avec deux peptides mutants : Y542W et Y545W - i.e. 

que la tyrosine a été remplacée par une tryptophane. Ceci nous a pennis d ' identifier 

l' effet des tyrosines sur l' interaction avec la membrane. 

4. 7.1 Matériel et méthode 

Les peptides S4S5 (L VRYARKLDRYSEYGA YLF), Y542W 

(L VRY ARKLDRWSEYGA YLF) et Y545W (L VRY ARKLDRYSEWGA YLF) ont 
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été synthétisés à >98 % de pureté par GL Biochem Ltd. (Shanghai, China). Les lipides 

dimyristoyl-PC protonés (DMPC) ont été achetés de Avanti Polar Lipids (Alabaster, 

AL, USA) tandis que le dodécyl-PC deutéré (DPC-d38) provient de Sigma Aldrich 

(Oakville, ON, Canada) . L 'oxyde de deutérium (D20) a été obtenu de CDN Isotopes 

(Pointe-Claire, QC, Canada). 

Les mesures de STD ont été effectuées avec des bicelles de DMPC/DPC-d38 ayant un 

ratio molaire q = 1, ainsi qu 'un ratio lipide/peptide de 50: 1. La DPC deutérée a été 

employée afin d ' alléger les spectres 1H, ainsi que pour identifier les interactions du 

peptide dans la région planaire de la membrane, minimisant ainsi la détection des 

contacts peptidiques avec la région courbée des bicelles où la DPC prédomine. Les 

échantillons de bicelles, contenant 2 mM de peptide, ont été préparés en mélangeant 

les lipides et le peptide lyophilisés dans une solution de 10 % D20 et en effectuant 

des cycles de congélation (N2 liquide), décongélation (50°C) et de vortex un 

minimum de trois fois . La concentration lipidique a été maintenue largement au . 

dessus de la concentration micellaire critique (CMC). Le pourcentage d'hydratation 

des échantillons a été maintenu à 88 % masse/volume (w/v). 

4.7.2 Expériences de STD 

Les expériences de STD ont été enregistrées sur un spectromètre Varian !nova Unity 

600 hybride (solution/état solide) (Agitent, Santa Clara, CA, USA) opérant à une 

fréquence de 599.95 MHz pour le 1H. Une sonde 3 mm double résonance de 

gradient-z indirecte à été employée en RMN des solutions. Les déplacements 

chimiques du 1H ont été référencés de manière inteme en ajoutant 0.5 mM d 'acide 

2,2-diméthyl-2-silapentane-5-sulfonique (DSS) qui a été réglé à 0.0 ppm. 

Les expériences de STD consistent en une série d'impulsions gaussiennes sélectives 

de 50 ms séparées de délais de 0.1 ms et suivies d'une suppression d ' eau WEr5
· 

133
. 
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Les fréquences de saturation ont été alternées entre la résonance qui devait être 

saturée (on-resonance) et -25 ppm (off-resonance). Les résonances des groupements 

de la DMPC qui ont été saturées sont les suivantes: la choline (N(CH3)3) à 3.25 ppm, 

le glycérol à 4 .03 ppm, et les méthyles terminaux des chaînes acyles à 0 .84 ppm. Les 

impulsions gaussiennes ont été appliquées à un champ de radio-fréquence ayant une 

puissance de 120Hz et les temps de saturation variaient de 250 ms à 5 s. Le délai de 

recyclage était de 4 s avec 32 scans. 

Les variations causées par le transfert de saturation sur les pics des protons (1H) des 

groupements amides et aromatiques ont été examinés afin d'éviter le chevauchement 

avec les résonances lipidiques. Toutes les expériences ont été dupliquées . 

4.7.3 Résultats et discussion 

Les effets de la saturation des groupements choline, glycérol et méthyles tenninaux 

de la DMPC ont été observés sur les protons ( 1H) aromatiques C(2,6)H et C(3,5)H de 

la Tyr542 et de la Tyr545 des segments S4S5 , Y542W et Y545W du hERG 

(Fig. 4 .8). Nos résultats démontrent des grandes barres d'erreurs , puisque l ' intensité 

des pics n 'était pas facilement mesurable sur les spectres avec saturation (on 

resonance). Tel qu 'expliqué à la section 1.4.2 du chapitre 1, si l'interaction entre le 

peptide et la membrane est trop forte , tel que semble être le cas pour le segment S4S5 

(Fig. 4 .2), ceci peut entraîner des mauvais résultats en STD. Idéalement, les mesures 

STD sont optimales lorsque les peptides peuvent échanger librement entre 1 'état lié et 

libre 135
. Le segment S4S5 semble avoir une forte affinité pour la membrane. La 

concentration du peptide en solution (état libre) étant trop faib le, les effets de la 

saturation ne peuvent être détecté de manière reproductible. Ces résultats appuient 

les conclusions de la publication, à savoir que les Tyr542 et 545 interagissent avec 

la membrane. 
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Figure 4.Sl Courbes STD des protons aromatiques (C<2•
6)H and c <3•

5)H) des Tyr542 

and Tyr545 des peptides S4-S5 du hERG (Y542W, Y545W, S4S5) solubilisés dans 

des bi celles de DMPC/DPC-d38 q= 1 à 25 oc lorsque les groupements choline ( • ), 

glycérol (• ), and méthyl terminaux (.A. ) de la DMPC sont saturés. 





CHAPITRE V 

CHARACTERIZA TION OF MAGNETICALL Y -ORIENT ABLE TWEEN-BASED 
MO DEL MEMBRANES FOR NMR APPLICATIONS 

Andrée E. Gravel, Alexandre A. Arnold, Matthieu Fillion, Michèle Auger et Isabelle 

Marcotte 

Article en soumission à Langmuir. 

Contribution des auteurs: lM a conçu, coordonné l'étude et participé à l'analyse des 

résultats. AEG, AAA, MF, MA et lM ont rédigé l'article. AEG a conçu, effectué et 

analysé les expériences de RMN. MF a conçu, effectué et analysé les expériences 

d ' infrarouge. AAA a assisté avec la conception et l' acquisition des données RMN. 

5.1 Résumé 

Dans cette étude, nous proposons un nouveau système mimétique membranaire qui 

contient un détergent qui élastifie la membrane, plus communément connu sous le 

nom de Tween 80 (TW80) et fom1ant des systèmes orientés visant des applications de 

RMN à l'état solide. Le TW80 est un esther d 'acide gras (oléate) de sorbitane 

polyoxyéthylène reconnu pour être un surfactant non ionique doux. Les systèmes de 

membranes modèles phosphatidylcholine (PC)/TW80 ont été caractérisés par RMN 

du 31P et 2H ainsi que par spectroscopie infrarouge. Les bicouches étant composées de 

dimyristoylPC (14:0) ou de dipalmitoylPC (16:0) s'auto-assemblent avec le TW80 

pour fonner des structures allongées s'orientant et maintenant leur alignement sur une 

gamme étendue de ratios molaires et de températures. Le détergent TW80 pourrait 

être exploité afin d'extraire de manière efficace des protéines membranaires et 

d ' améliorer l'orientation des membranes en évitant l'élimination du détergent. 
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5.2 Abstract 

In this study, we provide a new membrane mimetic system made of a membrane 

softening detergent commonly known as Tween 80 (TW80), to form oriented systems 

for solid-state NMR applications. TW80 is a fatty acid ester (oleate) of sorbitan 

polyethoxylate known to be a mild non-ionie surfactant. Phosphatidylcholine 

(PC)/TW80 madel membrane systems were characterized by 31P and 2H solid-state 

NMR as well as infrared spectroscopy. Bilayers made of dimyristoylPC (14:0) or 

dipalmitoy!PC (16:0) were shawn to self-assemble with TW80 to fonn elongated 

oriented structures which maintain alignment over a wide range of molar ratios and 

temperatures. TW80 detergent could be exploited to allow for efficient membrane 

protein extraction and enhanced membrane orientation by avoiding 

detergent removal. 

5.3 Introduction 

The plasma membrane acts as a semi-permeable barrier which separates and 

compartmentalizes the cell. It also plays an important role in many biological 

processes such as protein scaffolding and cell signaling. lt is thus essential to 

investigate the organization and any perturbations of this important biological lipid 

bilayer at a molecular level. The complexity of a native biological membrane can be 

problematic for sorne spectroscopie methods, such as nuclear magnetic resonance 

(NMR), thus membrane mimetic systems are useful tools to better understand the 

membrane structure and interactions. 

A variety of madel membranes exist, such as micelles, liposomes, or bicelles, 

depending on biological and experimental requirements. As summarized by 

Warschawski et al. , severa] criteria should be considered when choosing a membrane 

mimetic system. First, the lipids must mimic as closely as possible the native 

environment in arder to maintain innate structures and functions . Also, the madel 
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must allow the acquisition of high quality spectra. Some physical parameters are best 

to be taken into consideration, such as the temperature range stability, which should 

cover that of the experiment to be perfonned and should preserve the sample !ife in 

time. Furthermore, morphology, size, and composition of mode! membranes will 

dictate the NMR experiment to be used. 

Bicelles, or bilayered micelles, are useful tools for studying membrane proteins 

(MPs) by NMR since their composition and local morphology resemble those of 

biomembranes90
. Commonly comprised of dimyristoylphosphatidylcholine (DMPC) 

and dihexanoy!PC (DHPC) as the long- and short-chain lipids, respectively, DMPC 

can be substituted by a variety of saturated and unsaturated lipids with zwitterionic or 

charged headgroups. Bicelles can also be prepared by mixing a lipid with a non-lipid 

surfactant such as Triton X-100 99 and CHAPS097
. Often found as disks, bicelles can 

also form vesicles or perforated vesicles depending on the long-to-short-chain lipid 

molar ratio (q) and temperature104
. Bicelles are known to spontaneously align in the 

magnetic field where the bilayer normal is perpendicular to the magnetic field 

direction. This is due to the magnetic susceptibility anisotropy of the 

phospholipids101
. The perpendicular alignment is achieved when the temperature is 

above the lipids' gel-to-fluid phase transition temperature (T rn) , and when the q ratio 

and total lipid concentration are high enough90
. Oriented bicelles are of great interest 

for solid-state NMR applications since, notably, they allow detennining of the 

. . f b .d d . 102 101 145 Th . . . f MP onentatwn o transmem rane pept1 es an protems · · . e pos1t10nmg o s 

with respect to the membrane is of great importance since it will give insight on the 

protein function and interaction mechanism. lt is also possible to achieve a parallel 

alignment of bicelles with respect to the extemal magnetic field by adding small 

amounts of paramagnetic lanthanide ions 146
. This strategy improves spectral 

resolution since, for example, it doubles the 15N and 2H NMR frequency ranges, thus 

the protein orientation relative to the surronnding membrane, becomes independent of 

its azimuthal orientation and axial diffusion rate223
. 
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Detergents, such as n-dodecyl-PC (DPC) and n-dodecyl-~-D-maltoside (DDM) are 

commonly used in protein purification. In an aqueous environment, these surfactants 

spontaneously form micelles which are frequently used for structural studies of MPs 

by solution NMR because of their fast tumbling which averages out orientation­

dependent interactions, thus increasing spectral resolution224
-
226

. However, the 

micelles' morphology is different to that of biomembranes; therefore detergents are 

often removed before membrane reconstitution. Detergent removal can be tedious and 

time consuming and can significantly lower the MP yield. A more suitable alternative 

to using detergent-only models for NMR studies of MPs would be opting for a 

combination of lipids and detergents. Such mode! more closely resembles the natural 

lipid bilayers while maintaining spectral resolution. We propose a new membrane 

mode! made ofphospholipids and a commonly used detergent, Tween 80. 

Polysorbate 80, also commercially known as Tween 80®, is a fatty acid ester (oleate) 

of sorbitan polyethoxylate with a multi-headed structure of four hydrophilic moieties, 

one of which is extended by an alkyl chain (Fig. 5.1A). This mild non-ionie 

surfactant is known for its uses as an excipient in the pharmacology industry and as 

an emulsifier in the food industry, but also for extracting soluble and membrane­

bound proteins227
-
230

. Tween 80 (TW80) has been known for increasing protein 

extraction yields while maintaining the enzymatic functions of proteins like 

Aspergillus niger's lipase231 and a putative hemolysin extracted from Pasteurella 

multocida232
. A lesser known use for TW80 is as a bilayer softening component to 

generate transferosomes. These elastic liposomes are utilized as transdermal delivery 

systems to enhance drug permeation in a tissue of interest, such as the skin233
· 

234
. 
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Figure 5.1 Molecular structures of 

~.~ Tween 80 (A), dimyristoyl-PC (B) 

and dipalmitoyi-PC (C). 

In this work, we examined the possibility of combining the membrane softening 

ability of Tween 80 with the phospholipids ' propensity to align in a magnetic field to 

forrn oriented mode) membranes for solid-state NMR applications. The same 

surfactant would thus be exploited not only to extract membrane proteins but also to 

enhance the membrane orientation, thus preventing the detergent removal step. 

Phosphatidylcholines - abundantly found in biological membranes and also known 

for maintaining the activity ofMPs91
- were used. More specifically, we have chosen 

DMPC frequently used in model membranes for NMR studies, as well as 

dipalmitoyl-PC (DPPC) which acyl chain length more closely resembles that of 

eukaryote biomembranes (Fig. 5.1B and C) . We established the adequate surfactant­

lipid (q) molar ratios for membrane orientation and measured the quality of this 

orientation. Because the softening ability of surfactants is a well-known property, we 

anticipate that our proposed approach could be generalized to other surfactants235
. In 

addition, the formation of soft and magnetically-orientable bilayers is Jess restrictive 

than the requirements for adopting a bicelle morphology. The first report of 

magnetically-induced bilayer orientation was of Escherichia coli phospholipid 

extracts236
. This has also been observed with other studies which required lipid 

mixtures to achieve liposome orientation237
, such as DMPC or DPPC liposomes 

. . d 97 238 contammg etergents · . 
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5.4 Materials and Methods 

5.4.1 Materials 

Protonated and deuterated dimyristoyl- and dipalmitoylphosphatidylcholine (DMPC, 

DMPC-d54, DPPC, DPPC-d62) were purchased from A van ti Polar Lipids (Alabaster, 

AL, USA) while OmniPur polyoxyethylene (20) monooleate (TW80) was obtained 

from EMD Millipore (Billerica, MA, USA), and cholesterol was purchased from MP 

Biomedicals (Solon, OH, USA). Deuterium-depleted water and ytterbium (III) nitrate 

pentahydrate (99.9% purity) were obtained from Sigma Aldrich (Oakville, ON, 

Canada) and deuterium oxide (D20) from CDN Isotopes (Pointe-Claire, 

QC, Canada). 

5.4.2 Sample preparation 

PC/TW80 model membranes were prepared by mixing freeze-dried DMPC or DPPC 

with a viscous TW80 solution, and then submitted to a series of freeze 

(liquid N2) 1 thaw (50°C) 1 vortex shaking cycles. Cholesterol was mixed with the 

phospholipid powders when sterol-containing membranes were prepared. The lipid 

concentration was maintained weil above the critical micelle concentration (CMC) of 

TW80 (12 nM). Solid-state (SS-) NMR samples were prepared with 2H-depleted 

water at 80% (w/v) hydration. Samples of lanthanide-doped membranes were 

prepared at minimal ytterbium (Yb3+) concentration necessary for parallel alignment, 

therefore molar ratios (PC/Yb3+) were of 105 for DMPC 147 and 88 for DPPC. Ali 

samples were at ]east duplicated. 

5.4.3 NMR experiments 

Most SS-NMR experiments e1P and 2H for DMPC/TW80 and DPPC/TW80 at ali 

tested q ratios with and without lanthanides including duplicates) were recorded on a 
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hybrid solution/solid-state Varian lnova Unity 600 (Agilent, Santa Clara, CA, USA) 

spectrometer operating at frequencies of 599.95 MHz for 1H, 246.86 MHz for 31P and 

92.13 MHz for 2H. A double-resonance 5-mm probe was used in the solution mode 

while a 4-mm broadband/1H dual-frequency magic-angle-spinning (MAS) probe head 

was employed for solid-state experiments. The remaining SS-NMR experiments 

(DMPC/TW80 and DPPC/TW80 orientation times, T, measurements as well as 

additional duplicates previously done on the 600 MHz spectrometer) were recorded 

on a Bruker 400 Avance III HD (Milton, ON, Canada) spectrometer operating at 

frequencies of 161.94 MHz for 31P and 61.41 MHz for 2H using a double resonance 

4 mm MAS probe or a triple resonance 1.9 mm MAS probe operating in dual-

resonance mode. 

3 1P SS-NMR spectra were externally referenced with respect to 85% phosphoric acid 

set to 0 ppm while 31P solution NMR spectra were referenced at 3.38 ppm with a 

sealed internai capillary containing phosphate ions at pH 11 which was previously 

referenced with 85% H3P04. SS-NMR data were processed using MestReNova 

software (Mestrelab Research, Santiago de Compostela, Spain). For experiments with 

the Varian 600 spectrometer, 3 1P SS-NMR spectra were recorded using a phase­

cycled Hahn echo pulse sequence 137 with gated broadband proton continuous wave 

decoupling at a field strength of 50 kHz. The interpulse delays were 33 )...lS and 

typically 1024 scans were acquired with a recycle delay of 5 s. The acquisition time 

was set at 20 ms with a 1 )..LS dwell time. 2H SS-NMR spectra were obtained using a 

solid echo pulse sequence140 with interpulse delays of 12 )...lS and repetition delays of 

0.5 s. This recycle delay was voluntarily set shorter than 5 times the longest 

relaxation ti me in a saturated fatty a cyl chain (300 ms) to optimize the total 

acquisition sequence. This procedure does not affect the quadrupolar doublet 

positions that are extracted from the Pake patterns. At !east 5000 data points were 

obtained and typically 2048 scans were recorded with an acquisition time of 5 to 
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20 ms and 1 f.!S dwell time. For all 2H and 31P SS-NMR experiments, the 90° pulse 

length varied between 2.8 and 4 f.!S . 

For experiments acquired with a Bruker 400 spectrometer and 4-mm probe, 31P SS­

NMR spectra were recorded as described above. However, the interpulse delays were 

34 IlS and the acquisition time was set at 100 ms with a 5 f.!S dwell time. 2H NMR 

spectra were obtained also as abovewith interpulse delays of 60 IlS and repetition 

delays of 1 s and an acquisition time of 30 ms and 0.5 f.!S dwell time. The 90° pulse 

length was 3 f.!S for all 2H and 31P SS-NMR experiments. 

For experiments acquired on Bruker 400 spectrometer with the 1.9-mm probe, 31P SS­

NMR spectra were recorded as described above with interpulse delays of 34 IlS. The 

acquisition time was set at 20 ms with a 5 f.!S dwell time. 2H NMR spectra were 

obtained as described above with interpulse delays of 60 IlS, repetition delays of 0.5 s, 

and an acquisition time of 30 ms and 0.5 f.!S dwell time. For all 2H and 31 P NMR 

experiments, the 90° pulse length was 2.5 f.!S . 

5.4.4 31 P spectra fitting 

We wrote a MATLAB program to determine the defonnation ofthe PC/TW80 madel 

membranes from the 31P spectra lineshape. The extent of vesicle defonnation is 

described with a ela ratio, where c and a are the major and minor axes for the 

ellipsoid, respectively (Fig. 5.4). The ela value depends on curvature-elastic 

properties of the membrane as described by Dubbinyi et al.: 

HZt:, 
c-a= ~3 __ x 

O 12K 
(3 .1) 
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where r0 is the radius of non-deformed liposome in cm, 1:1x is the magnetic 

susceptibility of phospbolipid molecules, K is the curvature-elastic modulus in dynes 

and His the intensity of the magnetic field in gauss 138
· 

239
. 

To simulate 31P spectra for fitting with experimental 31P spectra, 1:1 (CSA), Vp 

(chemical shift of 90° orientation) and ~ (resonance width) where obtained from 

simulated spectra fitted to experimental spectra of pure PC vesicles (DMPC or DPPC 

MLV). The ellipsoid ratio (r) , whicb is the ratio ofthe major (c) and minor (a) axes of 

an ellipsoid (Fig. 5.4), was then adjusted to obtain the best-fit spectrum. 

5.4.5 Fourier transfonn infrared spectroscopy 

Samples were prepared by weighting the desirable quantity of perdeuterated DMPC 

or DPPC and TW80. The total mass of phospholipids and detergent was 4 mg and the 

pbospholipids (DMPC or DPPC) : Tween 80 molar ratio (q) was 3 or 4 for DMPC, 

and 3 or 9 for DPPC. Hydration of sample was done witb 11.2 )lL of D20, giving a 

total proportion of20 % (w/w) lipids in buffer. The formation ofvesicles was ensured 

by performing 5 cycles of vigorous vortexing, freezing (liquid N2) , and thawing 

(50 °C). The sample was then deposited between two windows of CaF2. All samples 

were duplicated. 

Experiments were perfonned using a Magna 560 FTIR spectrometer from Nicolet 

(Thenno Scientific, Madison, WI) equipped with a nitrogen-cooled MCT (HgCdTe) 

A detector. The temperature was adjusted using a home-build temperature controller 

(± 1 °C) and the stabilization time for each temperature was 3 minutes. Samples were 

deposited between two CaF2 windows (Spectral Systems, Hopewell Junction, NY) 

and a Mylar film spacer of 13 )lm (Goodfellow Cambridge Ltd ., Huntingdon, U.K.) . 

Spectra were recorded via the acquisition of 128 interferograms at a resolution of 

4 cm-1 using a Happ-Genzel apodization. Grams/7 AI (Galactic Industries Corp., 
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Salem, NH). The D20 spectrum was subtracted from each series of spectra. Then, the 

3100-2700 cm-1 region was baseline-corrected with a cu bic function . 

5.5 Results 

5.5.1 NMR characterization ofPC/TW80 model membranes 

Phospholipids harbour a phosphate in their polar headgroup which allows observing 

by 3 1P SS-NMR changes in the morphology and orientation of mode) membranes. 

The 31 P chemical shi ft depends on the orientation of the phospholipids with respect to 

the external magnetic field (B0) . The chemical shift anisotropy (CSA, i1cr) thus 

represents the superposition of ali chemical shifts for the distribution of orientations 

of the phospholipids in non-oriented samples. The CSA is also indicative of the 

dynamic properties of the phospholipids as increased lipid motions will result in 

spectral averaging. For phospholipids with axial synunetry, the CSA can be written 

as follows: 

(3.2) 

where Œ/ and Œ .1 are the parallel and perpendicular components of the CSA tensor 

which can be measured from the 0° (le ft edge) and 90° (right edge) frequencies of the 

powder spectrum of non-oriented static samples123
. For oriented samples, only a 

single well-resolved 31P resonance remains at the right edge. 

Lipids with deuterated acy! chains (DMPC-d54 and DPPC-d62) we used to probe the 

hydrophobie core of the membrane by 2H SS-NMR. The doublet spacing of 

individual CD2 bond resonances, also cali the quadrupolar splitting (i1vo), gives 

insight on the degree of organization of the acy] chains. The i1vo is defined 

as follows: 
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3 e2qQ 2 
LlvQ = 4-h- (3 cos fJ - l)SCD (3 .3) 

where e
2:Q is the static quadrupolar coup ling constant ( -167 kHz), e is the angle 

between the bilayer normal and the extemal magnetic field, and Scv is the arder 

parameter of 2H in C-2H bonds 141
• 

173
. An increase (decrease) in !J.v0 is characteristic 

f . (d ) . 1" "d d 142 173 o an mcrease ecrease m 1p1 or er · . 
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Figure 5.2 31P NMR spectra of DMPC/TW80 (left) and DPPC/TW80 (right) at 

37 oc and 57 °C, respectively, for different molar ratios (q) . Pure phospholipid 

spectra (bottom) are shawn for comparison. The magnifying factor of pure 1ipid and 

non-oriented insets (DMPC/TW80 q6 and DPPC/TW80 q14) is 10X. Ail other insets 

for oriented mol ar ratio are magnified 1 OOX. 
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Mode! membranes were prepared using phospholipids with 14 and 16 carbon acy! 

chains (DMPC and DPPC, respectively). We first established the phospholipid:TW80 

molar ratios and temperature range at which the bilayer is oriented by 31P and 2H SS­

NMR, as summarized in Table 5.S1, and presented in Fig. 5.2 and 5.3 . Fig. 5.2 shows 

the orientation as a function of q for both PC/TW80 systems at - 15 °C above the 

lipids' Tm. DMPC/TW80 aggregates spontaneously align at molar ratios ranging from 

q2 to q5 , while DPPC/TW80 systems have a broader alignment range of q2 to q13. 

The 31P SS-NMR spectra show that a sharp signal appears at -1 5 ppm which 

corresponds to the 90° edge of pure PC powder spectra (Fig. 5.2), indicating the 

perpendicular orientation of the membrane normal (N) with respect to Ba (Fig. 5.4) . A 

small peak at 0 ppm emerges on the 31P SS-NMR spectra primarily at low q ratios, 

likely due to the presence of rapidly reorienting PC-TW80 mixed micelles . A small 

residual powder pattern appears at high q ratios. In most cases it remains absent, or 

below detection, but its presence, even when aggregates are aligned, suggests that 

PC/TW80 vesicles adopt a prolate-type morphology (Fig. 5.4) as opposed to a 

bilayered disk shape, like bicelles. 
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DMPC/TW80 DPPC/TW80 

DMPC DPPC 

30 0 -30 30000 -30000 30 0 -30 30000 -3000( 
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Figure 5.3 31P (first and third colurnns) and 2H (second and last columns) NMR 

spectra of DMPC/TW80 (left) and DPPC/TW80 (rigbt) with q3 at different 

temperatures . Pure lipid spectra of DMPC (bottom, Ieft) and DPPC (bottom, right) 

are displayed for comparison. 

Table 5.S 1 as weil as Fig. 5.3 show that the temperature is not a limiting factor 

for membrane orientation, as long as the experiments are carried out above the 
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phospholipids' Tm which is 23 °C for DMPC and 42 °C for DPPC240
. Similarly to 31P 

SS-NMR, 2H spectra of PC/TW80 membranes above the Tm are characteristic of 

bilayer alignment where the individual 2H signais are well resolved and the shoulders 

representing the Û0 orientation are completely absent (Fig. 5.3). The 6.vQ of 2H 

spectra for PC/TW80 bilayers do not change with increasing TW80 content (data not 

shawn). Furthermore, the oriented systems remain aligned weil above the 

phospholipids' Tm (Table 5.Sl). Just below the PC transition temperature, at 17 oc 
and 37 oc for DMPC/TW80 and DPPC/TW80 respectively, both 3 1P and 2H powder 

spectra were poorly resolved (Fig. 5.3). At these temperatures, significantly broader 

2H 6.vQ and 3 1P CSA imply the formation of large size aggregates with reduced 

elasticity. At even lower temperatures a single isotropie peak is obtained (Fig. 5.3). 

This isotropie chemical shift near -0 .8 ppm most likely corresponds to a small 

population of aggregates that are undergoing rapid motions, seemingly organised as 

mixed micelles104
. 

N 

x 

y 

Figure 5.4 Geometrie mode! of an ellipsoid in a .xyz 

plane where c and a are the major and minor axis, 

respectively, Ba is the extemal magnetic field , and N 

the membrane nonnal. 

We further investigated the conditions favoring the assembly of PC and TW80 as 

mixed micelles and as oriented aggregates. Influencing these two morphologies are 
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the surfactant molar ratio (q) and the temperature . Our results show that in most 

conditions there is a coexistence of both morphologies with sorne exceptions, as with 

DPPC/TW80 at q = 7 (Fig. 5.2), for example. With both DMPC/TW80 and 

DPPC/TW80 systems, the intensity of the isotropie peak decreases when the q ratio 

increases (Fig. 5.S1). This indicates that the vesicle morphology is favored when the 

PC content is high. Furthermore, an increase in temperature leads to a smaller fraction 

of mixed micelles for DPPC/TW80 (Fig. 5.S1B). The influence of the temperature is 

not as trivial for DMPC/TW80 (Fig. 5.S1A). In arder to limit the aggregates to a 

single morphology which can be oriented in the magnetic field, we thus recommend 

using higher molar ratios, i. e., q7 to q9 for DPPC/TW80 and q3 to q5 for 

DMPC/TW80, with temperatures at !east 15°C above the PC ' s Tm. This also 

prompted us to focus especially on molar ratios of q3 for DMPC/TW80 and q9 for 

DPPC/TW80 for further characterisations. 

lt is often desirable to use systems whose membrane normal is parallel to Bo since the 

axial movements of transmembrane peptides are negligible, as opposed to introducing 

powder motifs on the spectra when perpendicular to B0
146

. Parallel alignment can be 

achieved by altering the magnetic susceptibility anisotropy of the membrane by 

adding small amounts of trivalent lanthanide ions 146
. The alignment of PC/TW80 

systems with their membrane normal parallel to the magnetic field is shawn by 31P 

and 2H SS-NMR in Fig. 5.5. Indeed, the addition ofYb3
+ to DMPC/TW80 aggregates 

at a PC/Yb3
+ molar ratio of 105 "flipped" the bi layer normal from perpendicular 

(8 = 90°) to parallel (8 = 0°) to Ba. The spectral signature of a parallel alignment is 

characterized by a resonance shi ft to low fields (20 pp rn) for 31 P spectra, and a 

doubling of the quadrupolar splitting (26 to 52 kHz) for 2H spectra (Fig. 5.5, right). 

Also, paramagnetic ions tend to broaden resonances146
, as observed on the 31P 

spectrum (Fig. 5.5, bottom left) . 
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Figure 5.5 3 1P (left) and 2H (right) NMR spectra of DMPC/TW80 q3 at 37 oc 
without (top) and with (bottom) lanthanide ions using a DMPCNb3

+ molar ratio 

ofl05:1. 

The magnetic susceptibi lity of the phospholipids induces a perpendicular alignment 

of PC/TW80 systems in the magnetic field. This can result in vesicle deformation to a 

prolate shaped ellipsoid. The extent of deformation depends on curvature-elastic 

properties ofthe membrane (Eq. 5.1) . We fitted the 3 1P SS-NMR spectra to determine 

the degree of vesicle deformation of our systems at different molar ratios of PC and 

TW80 (Fig. 5.6) 138
. All PC/TW80 spectra fitting of lower q ratios suggest highly 

elongated systems (Fig. 5.6, bottom). With increasing molar ratios, the extent of 

deformation (ela) decreases and ultimately plateaus at 16 for DMPC/TW80 and at 25 

for DPPC/TW80. The aggregates ' morphology transitions to spherical when 

DMPC/TW80 reaches a molar ratio of 6, and 14 for DPPC/TW80. In these 

conditions, the agg1·egates are no longer aligned in the magnetic field . 
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Figure 5.6 31P SS-NMR spectra fitting using Eq. (5.1). Top: DMPC/TW80 q 3 at 

37 oc spectrum (black) overlaid with best-fit spectrum (grey) which corresponds to 

best-fit ellipsoid ratio (c/a) (top panel). Baseline zoom (lOX) of spectra fitting 

(middle panel) and 1 OX zoom of fit residuals (lower panel). Bottom: Best-fit ellipsoid 

ratios of DMPC/TW80 systems (grey) and DPPC/TW80 (black) plotted against the 

surfactant molar ratio. PC/TW spectra used for 3 1P fitting were recorded at 37 oc and 

57 oc for samples containing DMPC and DPPC respectively. Experimental ellipsoid 

ratio of pure PC ( dotted li ne) was added for comparison. 

When lipid systems are orientated, their bilayer normal 1s either parallel (with 

lanthanides) or perpendicular relative to the direction of the magnetic field . Oriented 

vesicles deform to oblate (cr 11) or prolate ( cr..L) ellipsoids, where the extent of the 
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defonnation is described by the ellipsoid ratio (r) which depends on the curvature­

elastic properties of the membrane (Eq. 5.1) 138
. The ellipsoid ratio (ela) is 

proportional to the magnetic field intensity (H) ; therefore vesicles should have a 

higher r value at higher magnetic fields . This was verified by recording PC/TW80 31P 

and 2H SS-NMR spectra at 9.4 and 14.1 T (400 and 600 MHz) (Fig. 5.7A). 3 1P SS­

NMR spectra were fitted to determine the extent of defonnation. As expected for 

oriented liposomes, the ellipsoid ratios were higher (r = 15) at 600 MHz than at 

400 MHz (r = 5). The orientation improvement is also revealed by the 2H NMR 

spectra which show an improved resolution of the quadrupolar splittings along the 

lipid acy! chains at higher field. Cholesterol (20 mol%) was added to the PC/TW80 

systems in an attempt to alter the bilayers' fluidity (Fig. 5.7B). The rigidifying effect 

of cholesterol is revealed by the increase in the quadrupolar splittings on the 2H NMR 

spectrum. As shawn by Vist and Davis with DPPC, the C-C bonds in the acy! chain 

are mostly in a more ordered ali-trans conformation in the presence of 20 mol% 

cholesterol, as opposed to the disorder induced by the rapid gauche-trans 

isomerization in pure phospholipids in the fluid phase83
. However its presence did not 

affect the lipid headgroup mobility but did improve the bilayer orientation, as shawn 

on the 3 1P NMR spectrum which is similar to the PC/TW80 membranes. 
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Figure 5. 7 Quality of orientation as a function of the magnetic field strength (A) and 

of the vesicle elasticity (B) . 3 1P (left) and 2H (right) SS-NMR spectra of 

DMPC/TW80 q3 model membranes at 37 °C. 31P spectra were fitted using Eq. (5.1). 

Best-fit ellipsoid ratios (r) are given above 3 1P spectra. (A) Spectra were recorded on 

400 (black) and 600 MHz (grey) spectrometers. (B) Spectra of lipid mixture with 

(grey) and without (black) 20 mol% cholesterol. 

5.5.2 Properties ofphospholipids and TW80 

We studied the thermotropism of PC lipids m the presence of TW80 by FTIR 

spectroscop/ 41 to better understand the partitioning of these two surfactants. Spectra 

of various mixtures of DMPC/TW80 (q3 , q4) and DPPC/TW80 (q3 , q9) were 

acquired along with pure lipid spectra for comparison. The wavenumbers for the CD2 

symmetric stretching vibration (v5CD2) were p lotted as a function of temperature in 

order to obtain thermotropic curves (Fig. 5.8A, B). 

As expected, the higher the PC content, compared to TW80, the more the 

thermotropic curves resembles that of pure PC (Fig. 5.8A, B). Additionally, TW80 
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slightly disrupts the cooperative nature of the lipids since a larger temperature span is 

needed to transition from a gel to liquid-crystalline state (Fig. 5.8A, B). The decrease 

in lipid cooperativity also suggests that the PC and TW80 molecules are 

not segregated. This is further confirmed by the phase transition temperature of the 

lipids as determined from the FTIR thennotropism curve (Table 5.S2). lndeed, the 

presence of TW80 does not significantly affect the PC's Tm· However, the transition 

between phases for DMPC/TW80 requires a larger range of temperatures to reach the 

final liquid-crystalline phase (Fig. 5.S2) . This is somewhat expected since the lipid 

mixture has a larger difference in acyl chain length (14:0 for DMPC and 18:1 for 

TW80) and this often results in lower miscibility characteristics where it is not 

uncommon b d . f h h . . 740 M fi to see a roa enmg o t e p ase transltwn- . oreover, or 

DMPC/TW80, the wavenumbers before and after the transition phase are at slightly 

higher values (-0.5 cm- 1
) than with pure DMPC (Fig. 5.8A) indicating a higher 

conformational disorder of the acy! chains. 
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Figure 5.8 Temperature dependance of 

CD2 symmetric stretching vibration 

(v5CD2) for PC/TW80 samples by FTIR 

spectroscopy. Thermotropic curves for 

DMPC (A), and DPPC (B) with and 

without TW80 at different molar ratios . All 

samples were duplicated and smce the 

repli cas reproduced very well (data not 

shown), the average of the v5CD2 values 

was used to plot the curves. 
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5.6 Discussion 

In this work, we have characterized PC/TW80 mode! membranes - a system that 

orients in the magnetic field and uses a gentle non-ionie detergent employed for 

protein purification. Instead of the classical bicelle morphology where the detergent 

and lipids are mostly segregated, these bilayers showed to adopt a prolate shape 

(Fig. 5.4) in which PC and TW80 molecules are not segregated, as revealed by FTIR 

analysis. TW80 is indeed regularly used for the conception of transferosomes in 

which it acts as a bilayer softening component. TW80 thus increases the elasticity of 

PC bilayers, allowing them to easily deform and achieve orientation in the magnetic 

field . Similar effects of peptides such as met-enkephalin and melittin have been 

reported in the past on phospholipid membranes242
• 

243
. TW80 seems to have a much 

greater fluidizing effect on DPPC bilayers sin ce a smaller proportion of the detergent 

was needed to maintain bilayer orientation. 

The reversible transition from liposomes to mixed micelles which is caused by the 

partitioning of the detergent in a lipid bi layer is a well-documented process244
. As the 

detergent content increases, detergent molecules partition into the membrane until 

reaching a saturation point. Further detergent addition leads to the disintegration of 

the membrane where detergent-saturated bilayers and lipid-detergent mixed micelles 

coexist. This phenomenon was observed in our study with PC/TW80 by 31 P and 2H 

SS-NMR where an isotropie peak was present at low q ratios. Also, the perturbation 

of the lipids ' cooperativity induced by TW80 was revealed by FTIR as a larger 

temperature span was needed to transition from a gel to liquid-crystalline state 

(Fig. 5.8). These results thus indicate that the closer the length of the PC acyl chain to 

that of TW80 (18 carbons with one unsaturation), the more stable the system. This is 

consistent with the NMR data (Fig. 5.2) where DPPC/TW80 systems (16 carbons) 

can orient over a wider span of q as compared to DMPC/TW80 systems (14 carbons). 

Most likely, the higher the difference in acy! chain length between PC and TW80 
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wou1d reduce the compaction of the hydrophobie domain since they would take up 

more volume, resulting in conformational disorder. 

Likewise, a mixture of a non-ionie detergent, Triton X-100 (TX-100), with PC has 

also been studied by severa! spectroscopie techniques99
· 

245
. Park et al. have more 

recently reported the orienting properties and practicality for membrane protein 

applications of PC/TX-100 aggregates by SS-NMR when used at a molar ratio of 

q599
. Goni et al. have characterized the interaction of TX-100 with PC liposomes 

using differentiai scanning calorimetry (DSC) , FTIR and NMR245
. Similarly to 

TW80, TX-100 produces an isotropie peak on 2H SS-NMR spectra, representative of 

fast-tumbling objects. As the detergent proportion increases (from qlO to q3) the t...v0 

of the 2H spectra decrease, caused by the partitioning of detergent molecules in the 

bilayer, thus disrupting the ordering of the lipid acyl chains. At q3 no f...vo changes 

are observed until q1 .22 when t...v0 collapsed. An isotropie peak also appears on 31P 

spectra ofPC/TX-100 liposomes when the molar ratio is below q3 , and when q<1.22 

only isotropie components are present. Conespondingly, no changes in t...v0 were 

observed in our study as the TW80 concentration increased, indicating that the lipid 

chain order was maintained regardless of the TW80 content. FTIR experiments were 

also conducted to study the gel-to-liquid crystalline phase transition of PC/TX-1 00 

systems. Contrary to TW80, TX-100 lowers the Tm ofDPPC and DMPC by -10 oc 
which is attributed to a decrease in energy of the hydrophobie bonds between the PC 

acy1 chains where their interaction would be perturbed. 

The use of mj]d detergents used in MP purification to enable the magnetic 

orientation of lipid bilayers, su ch as TW80, paves the way to explore a variety of new 

membrane systems for the study of MPs and peptides. The formation of 

"elastosomes" is a promising alternative to bicelles which orientation and 

morphology can be perturbed by the insertion of a peptide or protein 154 The 

fonnation of long ellipsoids is most likely to reduce the orientation mosaicity of the 
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bilayers, as compared to bicelles. Moreover, PC/TW80 membranes orient over a wide 

range of temperature and q ratios, and thus have a Jess restrictive phase diagram as 

compared to bicelles, which can limit certain applications108
. 

5.7 Conclusion 

TW80-based mode! membranes made of DMPC or DPPC were shown to be a close 

mimic of biomembranes since a very low concentration of detergent is needed to 

achieve bilayer orientation in the magnetic field . They also offer a wide range of 

molar ratios and temperatures to perform SS-NMR experiments, especially with 

DPPC. The same detergent can be used to extract membrane proteins and enhance 

membrane orientation while avoiding detergent removal. PC/TW80 mode! 

membranes are a great example on how to exploit a membrane softening detergent for 

the study of MPs. In the future, the activity of proteins in PC/TW80 elastosomes 

should be evaluated. 
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Figure S.Sl Molar ratio (q) and temperature influence the morphology of PC/TW80 

aggregates. The isotropie and oriented resonances from DMPC/TW80 and 

DPPC/TW80 31P spectra were integrated and the resulting ratios for the integration 

values (LsJforiented) were plotted as a function of the molar ratio. This was done for 

severa! temperatures above the Tm. Error bars included for DMPC/TW80 (3 7, 4 7 and 

57 °C) and well as for DPPC/TW80 (47 and 57 °C, q2,3 and 9). 
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Figure 5.S2 First derivative of the thermotropic curves for DMPC/TW80 and 

DPPC/TW80 at different molar ratios is plotted as a function of temperature to 

determine the temperature of phase transition (T111). 
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Table 5.S2 Phase transition temperatures (Tm) for DMPC and DPPC without and 

with TW80 at various molar ratios obtained by FTIR. Tm was obtained by applying a 

first derivative on the IR thermotropic curve and plotting it as a function of 

temperature (Fig. 5.S2). The resulting maximum, which represents the inflex ion point 

of the thermotropic curve, is the Tm. Also noteworthy, the acyl chains ofthe PC lipids 

used in our IR experiments are deuterated (DMPC-d54 and DPPC-d62). Deuteration is 

known to decrease the Tm by 3 to 5 degrees compared to the 

d d
. . 246 247 protonate IspersJOns · . 

Sample Tm (0 C) 

DMPC 19.5 

DMPCffW80 q3 20.5 

DMPCffW80q4 22.5 

DPPC 38.5 

DPPCffW80 q3 37.5 

DPPCffW80 q9 37.5 



CHAPITRE VI 

CONCLUSIONS ET PERSPECTIVES 

Les résultats de cette thèse peuvent être subdivisés en deux parties : 1 'étude du rôle et 

du fonctionnement du hERG et le développement de membranes modèles. Dans la 

première section, on a étudié la structure, la fonction et le rôle du filtre de sélectivité 

du hERG qui serait impliqué dans le syndrome du QT long (chapitre III) ainsi que le 

rôle du segment S4S5 dans le mécanisme d'ouverture et de fermeture du canal bERG 

(chapitre IV). Par ailleurs, nous avons développé un nouveau modèle membranaire 

pour des applications structurales en RMN (chapitre V). Les conclusions de ces 

études sont présentées ainsi que les perspectives futures. 

6.1 Résumé et conclusions du rôle et de la fonction du hERG 

6.1.1 Étude de la stmcture, de la fonction et du rôle du filtre de sélectivité du hERG 

Le hERG reçoit énonnément d 'attention depuis sa découverte en 1994 puisque celui­

ci est ciblé par une large gamme de médicaments cardiaques et non cardiaques qui 

peuvent engendrer des arythmies potentiellement fatales, un effet secondaire 

entièrement non désirë. Étant donné les nombreuses différences par rapport aux 

autres canaux potassiques qui dépendent du voltage, il est primordial d'étudier la 

structure du hERG, car celle principalement prédite par homologie de séquences n 'est 

pas suffisante pour bien comprendre sa fonction et son rôle dans le ALQTS . 

L'utilisation de peptides correspondants aux régions spécifiques du hERG s'avère 

être une stratégie très utile, tel que démontré au chapitre III, où 1 'on décrit 1 'étude 

d 'un peptide de 17 acides aminés qui comporte le filtre de sélectivité du hERG. Cette 
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étude est importante, car la regwn du hERG est ciblée par les médicaments 

cardiotoxiques, dont les acides aminés Thr623 , Ser624 et Val625 du SF19
· 

20
. Notre 

étude démontre que le SF est non structuré, avec et sans potassium. Ceci est en accord 

avec la flexibilité requise pour qu'il puisse s'adapter aux changements de 

conformations nécessaires pour coordonner le passage des ions K+ (Fig. 1. 7)54
· 

184
· 

186
. 

On démontre aussi qu'il aurait la possibilité d ' interagir avec la membrane, vu sa 

proximité et son affinité pour la surface de la membrane, et que cette interaction 

diminue en présence d'ions K+. Certaines études démontrent l' importance des 

interactions lipide-protéine pour stabiliser les changements de confonnation des 

canaux K/ 48
-
250

. De plus, nous avons étudié l'interaction du SF avec des 

médicaments cardiotoxiques, dont le bépridil, la cétirizine, la diphenhydramine, la 

prométhazine et la fluvoxamine, provenant de différentes classes pharmacologiques, 

ayant des structures variées et étant reconnus pour leurs risques à prolonger 

l' intervalle QT et à induire des torsades de pointes. La prométhazine aurait le 

potentiel de cibler le SF pour induire le ALQTS. Nos résultats appuient la possibilité 

du rôle indirect de la membrane dans le ALQTS, car les médicaments cardiotoxiques 

ont une haute affinité pour celle-ci , et leur présence affecte l ' affinité qu ' a le SF pour 

la membrane. Il y a déjà 20 ans, Sargent et Schwyzer ont décrit le rôle catalyseur de 

la membrane pour les interactions ligand-récepteur251
. Pour mieux comprendre le 

mécanisme du ALQTS, il est important d'étudier le rôle potentiel de la membrane via 

ses interactions avec les molécules hERG-actives. Certaines études démontrent que 

les molécules amphiphiles, telles que le médicament thiopental de sodium et la toxine 

SGTx 1, peuvent modifier les propriétés mécaniques de la membrane et accéder à 

certains sites de laison du DSV de canaux Kv en se partitionnant dans la 

b 252 253 L · 1 ~ 1 d 1 b ' ' ' mem rane ' . es connaissances sur e ro e e a mem rane ont ete avancees par 

Chartrand et al. dans un article auquel j'ai contribué (Annexe A). Notre étude apporte 

donc des nouvelles connaissances au niveau de la structure et du fonctionnement du 

SF ainsi que du mécanisme cardiotoxique des médicaments . 
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hERG 
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Le mécanisme d 'ouverture et de fermeture du hERG est unique, mais primordial pour 

la régulation normale des battements cardiaques chez 1 'humain. Au cours des 

dernières années, plusieurs études ont confinné l' importance du rôle du segment 

in trace 11 u 1 aire S4S5 pour l'activation et la désactivation du 

canal hERG59, 66, 67, 69, 71, 155. 

La séquence du S4S5 des canaux Kv 1 à Kv9 contient deux résidus leucine qui sont 

hautement conservés, mais remplacés par des tyrosines dans les canaux Kv 10 à 

Kv 12254
. La structure du canal Kv 1.2 ayant été cristallisée démontre que ces leucines 

se retrouvent du côté du segment S4S5 qui fait face à la membrané8
. De plus, la 

structure par RMN d'un peptide de 20 acides aminés correspondant au segment S4S5 

du hERG a été déterminée et démontre une hélice amphipathique où son côté 

hydrophobe contient les tyrosines Y542 et Y54557
. Au chapitre IV, on a confinné 

que les résidus Y542 et Y545 du segment S4S5 interagissent avec la membrane et/ou 

avec des domaines protéiques du hERG pour stabiliser la conformation ouverte de ce 

canal lors de la désactivation. La structure cristalline du chimère Kv 1.2/2.1 révèle que 

les deux tyrosines du segment S4S5 pointent vers la membrane et sont entourées 

d'une concentration importante de lipides58
. Notre étude affinne que le segment S4S5 

interagit avec plusieurs cibles (domaines du hERG et la membrane) afin de 

transmettre les mouvements du DSV au domaine du pore pour permettre son 

ouverture/fenneture. Certaines études ont constaté 1' interaction du S4S5 avec la 

région intracellulaire du pore ainsi gu 'avec les domaines cytoplasmiques59
• 

67
· 

71
. Par 

électrophysiologique, nous avons démontré que la Y542 du segment S4S5 du hERG 

interagit avec le DSV pendant la désactivation pour stabiliser la conformation 

ouverte. De plus, nous démontrons que la Y542 interagissait avec des résidus des 

domaines transmembranaires, mais les interactions faibles indiquent gu ' il y aurait 

d'autres facteurs à considérer, dont l'interaction avec la membrane. D'autre part, la 
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Y545 semblerait plutôt stabiliser un état intennédiaire entre la confonnation ouverte 

et fermée. La nature de ces interactions ne peut être déterminée pour l'instant, mais il 

se pourrait que ce soit avec la membrane. Les tyrosines Y542 et Y545 stabilisent la 

conformation ouverte des canaux Kvll.l où ils joueraient des rôles distincts , mais 

importants pour conférer au hERG sa désactivation particulièrement lente. Notre 

étude clarifie donc le fonctionnement particulier du canal potassique hERG via 

l' étude RMN et d'électrophysiologie du segment S4S5 important pour la 

santé humaine. 

6.2 Vers de nouvelles membranes modèles pour les études de RMN - Résumé et 
conclusions 

Dans un contexte d'études structurales de protéine membranaires par RMN, il est 

inévitable de s'intéresser aux membranes modèles dans lesquelles ces protéines 

pourraient être réinsérées. Dans le cadre de cette thèse, nous avons voulu développer 

un nouveau système membranaire modèle, composé de lipides et de Tween 80, un 

détergent « doux », et d'en étudier les propriétés. 

Une variété de modèles membranaires existent déjà, tels que résumés dans 

l'introduction et dans l'article de revue (Annexe B) auquel j'ai participë0
. Alors que 

les détergents sont souvent employés pour la détermination de structure des PM par 

RMN, leur morphologie ne ressemble pas du tout à l'environnement natif des PM. Il 

est souvent souhaité de les éliminer lors que la purification des PM - une étape 

fastidieuse et longue diminuant souvent le rendement final en protéines réinsérées 

dans les membranes. 

Nous avons donc développé un nouveau modèle membranaire composé d 'un mélange 

de détergents et de lipides pour des applications en RMN à l'état solide qui évite 

l'étape de l'élimination du détergent. Ce système, composé de TW80 et de DMPC ou 

de DPPC, à été caractérisé par RMN de 1 ' état solide et par infrarouge. Nous 
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démontrons la grande utilité du système PC/TW80 pour des applications RMN 

puisqu'il s'oriente dans le champ magnétique sur une large gamme de températures et 

de ratios molaires. À la différence des bicelles, cependant, le système PC/TW80 est 

formé de liposomes et non pas de disques, ce qui en fait un modèle plus proche dans 

sa morphologie de la cellule biologique. Il est possible de faire basculer 1' orientation 

des systèmes PC/TW80 avec l'utilisation d 'une faible quantité d'agents 

paramagnétiques de sorte que la nonnale de la bicouche soit parallèle (au lieu de 

perpendiculaire) au champ magnétique. Nos résultats de FTIR confirment que nos 

systèmes adoptent une morphologie ellipsoïdale, car les molécules PC et de TW80 ne 

sont pas ségrégées comme pour les bicelles. Les bicelles ont la caractéristique 

d 'effectuer un mouvement dynamique que l'on appelle le wobbling, qui peut aussi 

être induit ou amplifié par 1 ' interaction avec les protéines et les peptides 

membranaires . Ce mouvement dynamique va moyenner la distribution des 

orientations lipidiques, décrivant en partie le paramètre d'ordre Seo (Éq. 2.16), et 

donc, réduire l'écart quadripolaire (~vQ) · Il est facile d'imaginer que les élastosomes 

de PC/TW80 - liposomes hautement déformés dans le champ magnétique - subiront 

potentiellement moins cet effet de wobbling vu leur longue taille, surtout à des ratios 

molaires (q) faibles (Fig. 5.6). L' effet des protéines sur les systèmes PC/TW80 reste à 

être évalué. La taille et la morphologie de membranes modèles, en général, peuvent 

changer lorsque 1' on ajoute les protéines (ou peptides), tel qu 'observé avec le peptide 

transmembranaire KALP21 dans des petites bicelles255
. De plus, l ' effet d 'ajouter une 

protéine ne sera pas nécessairement le même pour une autre, tout comme un peptide 

transmembranaire n'affectera pas la bicouche de la même manière qu 'un peptide qui 

se lie à la surface256
. Le choix du modèle, plus précisément sa taille, va aussi 

influencer certains paramètres, tel que le degré de solvatation des têtes polaires 

lipidiques et donc celle de la protéine (ou du peptide). Les systèmes lipidiques de 

grande taille ont tendance à être des meilleurs mimétiques pour cette raison, car ils 

incorporent mieux les protéines et les peptides. Toutefois, ils sont limités à des 

techniques qui accommodent leur grande taille, telles que la RMN de l' état solide. 
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Le TW80 est utilisé régulièrement pour la conception de transférosomes, des 

systèmes vésiculaires permettant la livraison transdermique où il agit comme agent 

qui ramollit les bicouches23
3. 

234
. Il pourrait donc être utilisé pour transférer d'autres 

molécules membranaires, telles que les PM. Dans notre étude, le TW80 augmente 

1 'élasticité des bi couches de PC afin qu'elles puissent se déformer et s'orienter dans 

le champ magnétique. Ce système mime bien la biomembrane, en fait de composition 

et de morphologie, en plus d'être très intéressant pour les applications RMN. 

L'utilisation de TW80 pour purifier les PM, les réintroduire dans un membrane 

modèle et pour orienter les bicouches dans le champ magnétique ouvre la possibilité 

d'explorer une nouvelle variété de systèmes membranaires pour l'étude de peptides et 

de PM par RMN. Parmi ces PM, l' étude structurale du bERG bénéficiera du 

développement de nouveaux systèmes membranaires parallèlement au développement 

de nouvelles techniques biologiques pour produire le bERG de façon abondante et 

permettre de l'extraire de sa membrane native, de le purifier et de le reconstituer dans 

une membrane lipidique. 

6.3 Perspectives pour 1 ' étude du canal bERG et de la membrane par RMN 

Dans cette thèse, nous avons raffiné le modèle structural du bERG en détenninant la 

structure de son SF, dans des conditions mimant les concentrations intra- et 

extracellulaires de potassium, et en étudiant son interaction avec la membrane et des 

médicaments cardiotoxiques afin de tnieux comprendre son rôle dans le ALQTS 

(chapitre III). De plus, nous avons contribué à améliorer les connaissances sur le 

mécanisme d'ouverture et de fenneture particulier du bERG en étudiant le rôle du 

segment S4S5 et de la membrane dans la déactivation lente (chapitre IV). 

Le bERG a longtemps été considéré comme une mauvaise cible, car son blocage 

occasionne des effets secondaires non désirés et potentiellement fatals257
. Les 

analyses de dépistage du blocage du bERG et de la prolongation de 1 'intervalle QT 
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sur 1 ' électrocardiogramme ne sont pas infaillibles. Par conséquent, 1 ' inhibition du 

bERG, de même que pour la prolongation de l' intervalle QT, ne restent que des 

marqueurs de risque pour l ' arythmogénèse258
. De ce fait, il est estimé que près de 

60 % des nouveaux médicaments thérapeutiques étant considérés bERG-actifs sont 

abandonnés au stade précoce du processus de développement de médicaments même 

si leur potentiel d ' induire les torsades de pointe (TdP) n'est pas connu258
. Il est alors 

essentiel de raffiner le modèle structural du bERG afin de mieux comprendre son 

fonctionnement et son rôle dans le ALQTS . 

6.3.1 Raffiner le modèle structural et mieux comprendre la fonction du bERG 

Pour mieux comprendre la fonction des protéines membranaires en général, et du 

bERG en particulier, on doit étudier sa structure. Pour ce faire , on peut adopter 

plusieurs stratégies. Idéalement, le bERG serait étudié in vivo, c'est-à-dire dans un 

organisme vivant. Cette stratégie est très difficile à réaliser en raison de la diversité 

moléculaire de l'échantillon compliquant l ' analyse spectroscopique. Par contre, ce 

domaine d 'étude commence progressivement à être exploré en RMN en solution et à 

l' état solide259
· 
260

. Par exemple, le groupe Marcotte développe des outils pour étudier 

les cellules intactes, donc in vivo, par RMN de 1 'état solide261
. On peut donc 

envisager, possiblement dans un avenir proche, pouvoir surexprimer des protéines 

marquées dans des cellules pour ensuite les étudier dans leur environnement natif. Par 

exemple, la surexpression du bERG pourrait être effectuée dans des œufs de Xenopus 

laevis étant donné que sa surexpression à déjà été réalisée. On peut aussi étudier le 

bERG in cel!, autrement dit comme in vivo sauf que les cellules ne sont pas vivantes 

pendant l'analyse de RMN. Les cellules étant mortes, il y a moyen de vérifier que 

l ' environnement natif n ' est pas perturbé tel que démontré par le groupe de Baldus qui 

a surexprimé la PM PagL de Pseudomonas aeruginosa dans une souche mutante 

d' Escherichia co li (E. co !i/ 62
. 
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Cmmne troisième stratégie, on peut exprimer le hERG en entier, le purifier et le 

reconstituer dans une membrane artificielle. Le choix du système d'expression est 

important ce qui est surtout vrai pour les protéines membranaires d'origine humaine. 

Par exemple, on peut employer un système d 'expression bactérien, tel qu'E. coli qui 

est de loin 1' organisme le plus utilisé pour la surexpression des protéines comme le 

témoigne la structure tridimentionnelle de la rhodopsine sensorielle de la 

cyanobactérie Anabaena, un homodimère de 81 kDa, qui a été obtenu par RMN de 

l' état solide263
• 

264
. En principe, les bactéries permettent d'obtenir un rendement 

protéique supérieur aux organismes eucaryotes, tels que les levures, mais ce n'est 

souvent pas le cas pour les protéines membranaires humaines, comme le hERG. Étant 

donné la taille de certaines PM, celle du monomère hERG étant de 127 kDa, leur 

surexpression dans un système bactérien est souvent toxique pour les bactéries, ou 

mène à la formation de corps d'inclusion. Cette stratégie présente plusieurs défis mais 

il y a beaucoup de progrès dans ce domaine pour les PM265
. 

On peut aussi choisir d 'étudier les segments de la protéine plutôt que la protéine 

entière, tel que décrit aux chapitres III et IV. Cette stratégie est utile pour aider à 

résoudre sa structure entière. De plus, il est possible d'étudier les interactions entre le 

hERG (ou ses segments) et ses partenaires, tels que les médicaments cardiotoxiques 

(chapitre 11) ou d'autres protéines (ou domaines protéiques du hERG), afin de nous 

renseigner davantage sur son fonctionnement et son implication dans le ALQTS. De 

même, on pourrait con finn er certaines interactions en substituant les résidus que 1' on 

soupçonne être importants pour les interactions bERG-partenaire et les remplacer par 

des acides aminés de nature semblable. L ' interaction avec le partenaire serait vérifiée 

par RMN, mais cette fois-ci avec les protéines (ou peptides) mutants. Il serait aussi 

intéressant de vérifier par RMN si la structure du hERG (ou de ses segments) change 

en présence des médicaments hERG-actifs, ou autres domaines du hERG dans le cas 

des segments. 
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Si l' on choisit de purifier le hERG en entier, il doit être reconstitué dans un 

environnement qui ressemble à son environnement natif afin de conserver sa structure 

et fonction naturelles. Vu sa taille énorme (plus de 500 kDa pour sa fonne 

tétramérique), cela représente un défi colossal. En RMN en solution, on peut utiliser 

des solvants organiques, mais ils maintiennent rarement la structure native des PM, 

ou des micelles de détergents, qui imposent un haut degré de courbure aux PM. En 

plus de former de gros complexes avec des détergents, les protéines membranaires de 

grande taille, incluant le hERG, ne sont pas appropriées pour la RMN en solution, 

telles que décrit au chapitre III, car elle est limitée à des tailles de 100 kDa. Pour 

étudier la structure du bERG en RMN en solution, il serait envisageable d' étudier 

plutôt de longs peptides, tels que des domaines transmembranaires intégrés dans des 

membranes par exemple, car la région transmembranaire de ce canal (S 1 à S6) ne 

représente que 22 % des résidus totaux. Pour des raisons de confidentialité, mes 

contributions dans un autre projet, concernant 1 'expression et la purification du 

domaine du pore du hERG (S5 à S6), ne seront pas présentées dans cette thèse. 

En RMN de l' état solide, on peut utiliser des membranes modèles, mais pour obtenir 

une résolution spectrale semblable aux molécules qui se réorientent rapidement en 

solution, on peut employer deux stratégies : les membranes orientées ou la rotation à 

l'angle magique. La rotation à l'angle magique utilise des membranes modèles non 

orientées et consiste à faire tourner l'échantillon à haute vitesse à un angle de 54.7° 

par rapport au champ magnétique externe pour moyenner les interactions qui 

dépendent de l'orientation des noyaux afin d'obtenir des pics fins90
. Le hERG en 

entier pourrait difficilement être reconstitué dans des membranes modèles orientées, 

vu sa taille et sa complexité (tétramètre). Par contre, 1 ' étude des longs segments 

transmembranaires du bERG pourrait profiter de ce modèle, tel que celui que nous 

avons développé avec le Tween 80, où l' environnement lipidique se rapproche de 

celui de la biomembrane tout en pennettant d'étudier sa structure et son orientation, 

ce qui est décrit plus en détail aux chapitres II et V. 
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Plusieurs études mettent beaucoup d'emphase sur le rôle du segment S4S5 pour 

transmettre les mouvements du domaine sensible au voltage (DSV) à la porte 

d'activation (région intracellulaire du pore)59
· 

67
. La proximité du segment S4S5 avec 

l'hélice S6 du bERG en conformation fermée a été démontrée ainsi que sa proximité 

avec la région distale du domaine intracellulaire N-tetminal en confonnation ouverte 

(domaine PAS/7
• 

71
. Le groupe de Kong a étudié l' interaction du segment S4S5 avec 

le domaine N-terminal par titrage par RMN en solution38
. Ils ont aussi démontré que 

le segment S4S5 (nonapeptide) se structurait en hélice-a159
. De même, le groupe de 

Vandenberg a obtenu la structure d'un peptide S4S5 de 20 acides aminés s 'organisant 

en une hélice-a plus longue que celle qui a été signalée par Gayen et al. 57 La longueur 

du nonapeptide peut faire questionner la validité de la structure, surtout que Gayen 

et al. considèrent qu'un seul tour d'hélice est suffisant pour satisfaire aux critères 

structuraux d 'une hélice-a. Il serait donc intéressant de vérifier les interactions du 

segment S4S5 plus long (chapitre IV) avec Je domaine N-terminal du bERG par 

RMN en solution. En utilisant un protocole déjà établi par Je groupe de MacKinnon37
, 

Je domaine N-terminal peut-être facilement exprimé avec ou sans marquage 

isotopique. La RMN en solution peut ensuite servir pour attribuer les résonances des 

peptides S4S5 et N-terminal afin d'y déterminer les sites de liaison sur le domaine 

N-terrninal en présence du segment S4S5, et vice versa. Similairement, le groupe de 

Barros a fait une étude électrophysiologique pour vérifier la proximité de régions 

spécifiques du S4S5 avec ceux du domaine N-terminal du bERG dans des oocytes de 

Xenopus laevis 71
. Ils ont introduit des résidus cystéine par mutagenèse dirigée aux 

résidus du N-terminal et du S4S5 qu'ils soupçonnaient interagir ensemble. Par la 

suite, ils ont vérifié la présence de liaisons disulfures qui leur a confinné 

leur proximité. 
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6.3.2 Développement de nouvelles membranes modèles avec d 'autres détergents 

On a longtemps pensé que les lipides n'étaient que des molécules amphiphiles servant 

de support, et que seules les protéines effectuaient les tâches physiologiques. En fait, 

les cellules contrôlent avec précision leur composition membranaire afin de moduler 

la distribution et 1 ' activité des protéines qui la compose266
. Différentes espèces 

lipidiques (cholestérol, lipides saturés/insaturés, chargés/neutres) peuvent accomplir 

diverses fonctions, telles que la formation de radeaux lipidiques, leur implication 

dans la signalisation cellulaire et même la régulation de canaux ioniques267
. Entre 

autres, le mésappariement hydrophobe entre les PM et la bicouche est un mécanisme 

de contrôle servant à trier les protéines de 1 'appareil de Golgi, du réticulum 

endoplasmique et de la membrane plasmique268
• 

269
. Par exemple, les cellules font 

varier leur composition en cholestérol - qui a tendance à épaissir la bicouche 

lipidique. L'on retrouve une quantité plus importante de cholestérol dans la 

membrane plasmique, moins dans l' appareil de Golgi et encore moins dans le RE, ce 

qui est proportionnel à leurs épaisseurs respectives270
. 

L'importance de la membrane a aussi été mise en évidence dans les chapitres III et IV 

où elle aurait un rôle indirect dans ALQTS et dans le mécanisme d'ouverture et de 

fenneture du hERG. De ces faits, il est indispensable de développer de nouveaux 

systèmes membranaires qui peuvent à la fois mimer adéquatement l'environnement 

natif des protéines d ' intérêt, ainsi gu 'améliorer les analyses biophysiques. 

Par RMN, certains types d'études des PM, telles que polarization inversion spin 

exchange at the magic angle (PISEMA) et la RMN de l'azote-15 , est facilitée lorsque 

le système protéine-membrane est aligné dans le champ magnétique271
· 

272
, tel que 

discuté aux chapitres 1 et IV. Certains détergents, tels que le Tween 80, peuvent agir 

comme ramollissant de membranes. C'est en conférant une morphologie plus 

élastique à la membrane gu' elle se déforme à haut champ magnétique dû à 

1 ' anisotropie de susceptibilité magnétique des phospholipides qui la constituent. 
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Idéalement, ce même surfactant peut aussi servir d ' agent solubilisant lors de 

l' extraction des PM et comme intermédiaire de reconstitution. En principe, cette 

stratégie pourrait être utilisée pour des mélanges de PC et d'autres détergents 

communément utilisés avec les PM. Choisir un détergent pour l' étude de protéines 

membranaires n ' est pas toujours facile , car il n'existe aucune règle définie à ce sujet. 

En réalité, il est rare de trouver un surfactant universel alors le choix du détergent et 

du lipide est souvent une question de chance où l' on doit considérer les propriétés de 

la protéine à étudier et des expériences à réaliser. 

Malgré cela, les détergents restent les surfactants les plus utiles pour étudier la 

structure des protéines membranaires par RMN en solution considérant leur 

versatilité à solubiliser, purifier, transférer, renaturer et reconstituer les PM. Pour 

choisir les détergents qui serviront à développer de nouvelles membranes modèles, on 

va surtout viser des détergents qui sont doux , donc préférablement non chargés ou 

zwitterioniques, afin de favoriser le bon repliement et le maintien de 1 'activité de la 

protéine d ' intérêt244
. De même, un détergent qui peut rendre la membrane plus 

élastique peut être avantageux en RMN à l' état solide, tel que démontré avec le 

Tween 80 au chapitre V. Les propriétés moléculaires des détergents (Tableau 6 .1) 

aideront à choisir un modèle prometteur. 



157 

Tableau 6.1 Propriétés moléculaires de détergents courmmnent utilisés dans les 

transférosomes et pour 1 'étude de protéines membranaires90
· 

273
. 

Surfactant Classe CI\1C 'lio~br~ !\lasse ~o~éculaire 
(ml\1) d'agregation monomcnque (g) 

SDS 

DPC 

DHPC 
(C6-PC) 

DDM 

OG 

CHAPS 

Brij 35 

Tween 80 

Tween 20 

Triton X-1 00 

Acide cholique, sel 
sodique 

Span 80 

Ionique 

Zwitterionique 

Zwitterionique 

Non-ionique 

Non- ionique 

Zwitterionique 

Non-ionique 

Non-ionique 

Non- ionique 

Non- ionique 

Non- ionique 

Non-i onique 

Non- ionique 

3 80 288 

1. 5 70 352 

15 35 454 

0.2 140 528 

25 27 292 

5 615 

0.09 40 1200 

0.01 60 1310 

0.06 1228 

0.09 120 538 

0.3 140 625 

9 à 15 3 178 

428 

SOS: dodécylsulfate de sod ium, DPC: dodécy lphosphocholin e, DHPC: dihexanoylphosphocholine, DOM : dodecyi-P­
maltosid e, OG: Octyl P- D-glucos ide, CHAPS : 3-[diméthylammonio]- 1-propanesulfonate, Brij 35: éther lauryl 
polyoxyéthyl ène, Tween 80: monoo léatc sorbitane de polyoxyé tl1y lène 80, Tween 20: mono laurate sorbitane de 
polyoxyéthy lène 20, C12E8: octaé thylèncglyco l monododécy l éther, Triton X-100: éth er de polyé thylèncglycol ct 
d'octylphénol, Span 80: monooléate sorbitane 

L 'étude des PM par RMN requiert une concentration importante de protéines, 

relativement à celle des surfactants, afin d 'obtenir un signal suffisamment élevé. Il est 

donc favorable d'utiliser un détergent ayant un nombre d ' agrégation faible, comme 

l'acide cholique à sel sodique, la DHPC, l'OG et le Brij 35 (Tableau 6.1). Les 

détergents ayant un nombre d'agrégation faible favorisent les petits complexes 
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surfactants/protéines qui se réorientent rapidement en solution, ce qui est idéal pour la 

RMN en solution . De plus, les PM ont tendance à précipiter lorsqu'elles sont 

appariées à des détergents ayant des CMC trop élevées . Il est donc préférable 

d'utiliser des détergents ayant des CMC basses, tels que Je Brij 35 , le Tween 20 et 

C 12E8, ou simplement de rester largement au dessus de la CMC. Certains détergents , 

tels que la famille des Span, augmentent l'élasticité des liposomes pour les rendre 

plus flexibles (transferosomes) afin qu'ils puissent franchir la couche externe de 

1, ' .d 1 274 275 c d ' . 11 .1 ep1 erme, e stratum corneum · . es etergents sont potent1e ement ut1 es pour 

former des membranes modèles qui s ' orientent dans le champ magnétique. Lorsque 

l'on emploie des membranes modèles mixtes (à plus d'un surfactant) il est aussi 

important de vérifier la miscibilité entre les surfactants. 

De la même manière, le choix du lipide peut aussi être optimisé. Il pourrait être 

intéressant de travailler avec des lipides qui ont des températures de transition basses 

pour l' étude structurale des PM, comme la palmitoyl-PC (POPC) et la dioleoyi-PC 

(DOPC) qui ont des Tm de -2 oc et -17 oc (Avanti Polar Lipids, lnc.) , 

respectivement. Travailler à basse température permet de ralentir la dynamique des 

protéines, simplifiant leurs mouvements, ce qui augmente la sensibilité (signal/bruit) 

en RMN à l' état solide tout en maintenant la phase liquide cristalline276
· 

2 77
. Le point 

de Krafft, étant la température minimale à laquelle les surfactants forment des 

micelles, est un paramètre qu'il faut aussi considérer en travaillant à basse 

température, car en dessous de cette température la CMC n ' existe plus . 

Les efforts mis ces dernières décennies sur le développement de nouveaux modèles 

membranaires ont porté fruit en RMN en solution et à l ' état solide. Parmi les 

structures des PM obtenues, la taille est passée de 4 kDa278 jusqu 'à 43 kDa279 par 

RMN en solution ainsi que de 4 kDi80 à 83 kDa263 par RMN de l' état solide. Il y a 

plus de 30 ans, le SDS281 et la DMPC282 étaient le détergent et le lipide, 

respectivement, les plus employés. De nos jours, la disponibilité de nouveaux 
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modèles membranaires est en pleine croissance. Notre équipe a publié un article de 

revue extensif détaillant les modèles membranaires disponibles jusqu'à présent pour 

l ' étude des protéines membranaires par RMN, auquel j ' ai participé (Annexe B), 

permettant d'étudier des protéines de plus en plus grosses et ouvrant donc des 

perspectives pour l'étude structurale du hERG par RMN. 

6.3.3 Le bERG, une cible thérapeutique et son rôle dans le cancer 

Dans cette thèse, on focalise principalement sur les effets indésirables du blocage du 

bERG (prolongation du QT, TdP, arythmies fatales). Étant donné les progrès récents 

sur la caractérisation de la fonction du bERG, celui-ci pourrait aussi être exploité 

comme cible thérapeutique. Par exemple, Je bERG est la cible primaire des agents 

antiarythmiques de classe IIf57
. Cette catégorie de médicaments perturbe le courant 

potassique du bERG en prolongeant la repolarisation, donc 1 ' intervalle QT. Ces 

médicaments pourraient donc servir comme stratégie thérapeutique pour les gens 

atteints de la maladie génétique du syndrome du QT court (short QT syndrome; 

SQTS) pour empêcher les arythmies liées aux courants réentrants causés par 

ce syndrome257
. 

Le bERG est surtout exprimé dans les cardiomyocytes mais se retrouve aussi dans 

d 'autres tissus, tels que les cellules neuronales, pancréatiques, chromatines et dans les 

muscles lisses du tube digestif199
. La présence du hERG dans les cellules tumorales a 

encouragé son utilisation comme cible thérapeutique afin de diagnostiquer, traiter et 

1 1 . d ?57 c asser p usteurs types e cancers- . 

En oncologie, énormément d' efforts sont mis pour cibler spécifiquement les cellules 

cancéreuses. Le bERG est exprimé constitutivement dans plusieurs lignées cellulaires 

tumorales199
· 

283 où son expression est plus fréquente que dans les tissus non 

cancéreux284
• 

285
. Plusieurs groupes de recherche ont tenté de déterminer le rôle du 
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bERG dans le cancer. Certains ont démontré que l'expression du bERG facilitait la 

prolifération des cellules tumorales286 et qu'en utilisant des médicaments qui le 

bloquent ils pouvaient inhiber la prolifération61
· 

287
-
289

. De plus, l'expression du bERG 

dans des lignées cellulaires cancéreuses peut aussi faciliter la propagation du cancer 

(migration) puisqu'elles perdent l'inhibition de contace87
· 

290
. De plus, le bERG 

semble réguler l ' invasion des tumeurs, car il est souvent retrouvé dans les cancers 

métastatiques291
. Son rôle dans 1 'angiogenèse des tumeurs serait aussi mis en 

évidence, car son ouverture et sa fermeture sont modulées par l'hypoxie292
. Les 

tumeurs sont souvent caractérisées par un manque d'oxygène, car la croissance des 

tissus cancéreux devance souvent la néovascularisation. Or, la surexpression du 

bERG modulerait la sécrétion de VEGF, un facteur de crOissance de 

1 'endothélium vasculaire293
. 

En résumé, l'identification et la caractérisation de la fonction du bERG dans plusieurs 

tissus est prometteur pour exploiter le bERG dans la pathologie du cancer. Le bERG 

pourrait donc servir de marqueur pour dépister le cancer, et de cible thérapeutique. 

Par exemple, 1 'astémizole, un antihistaminique ayant une capacité d'inhibition du 

bERG, serait un bon candidat de médicament anticancéreux. Les histamines sont 

connues pour favoriser la prolifération des cellules nonnales et malignes . Il a été 

démontré de manière in vivo et in vitro que 1 'astémizole bloque les canaux Kv 11.1 , 

comme plusieurs autres antihistaminiques, et inhibe la prolifération des cellules 

cancéreuses294
. Les effets secondaires cardiovasculaires sont rares, donc 1 'utilisation 

de médicaments qui bloquent le bERG serait une stratégie innovatrice pour combattre 

le cancer. 

Le canal bERG a longtemps été la cible la plus redoutée puisqu ' il a toujours été un 

grand défi de prédire l ' interaction de celui-ci avec les médicaments . Poursuivre les 

études structurales et mécanistiques du canal Kv 11 .1 nous pennettra de mieux 

comprendre le processus par lequel les médicaments anti-hERG l'inactivent et 
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éventuellement de surmonter la complexité de la nocuité des médicaments. Dans ce 

contexte, tout progrès, y compris le développement de nouveaux modèles 

membranaires, tels que le PC/TW80, est appréciable pour aider à répondre à ces 

questions cruciales du point de vue de la santé publique. 

La détermination structurale et dynamique d'une protéine membranaire entière, telle 

que le hERG, est motivée par ces enjeux capitaux pour la société, mais en l'état actuel 

des possibilités apportées par la science, cette tâche est très difficile et nous avançons 

progressivement. La cristallographie de rayons X et la RMN sont sollicitées pour 

résoudre ces problèmes, et bénéficient également des progrès considérables réalisés 

en biochimie des protéines membranaires. Dans le but d'utiliser au mieux la RMN des 

solides pour franchir ces obstacles, nous nous sommes d'abord limités à l'étude 

structurale des zones les plus cruciales de cette protéine. Mais nous avons également 

préparé l'avenir en développant de nouvelles membranes modèles qui pourront être 

utiles à des études plus complètes et espérer enfin, un jour, connaître la structure et le 

mécanisme de cette protéine littéralement au cœur de l'organisme humain. 
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ANNEXE A 

POTENTIAL ROLE OF THE MEMBRANE IN HERG CHANNEL 
FUNCTIONING AND DRUG-INDUCED LONG QT SYNDROME 

Étienne Chartrand, Alexandre A. Arnold, Andrée Grave!, Sarah Jenna et Isabelle 
Marcotte 

Biochimica et Biophysica Acta 1798 (20 1 0) 1651-1662 

A.1 Résumé 

Les canaux potassiques human ether-à-go-go related gene (hERG) se trouvent dans 

les membranes des cellules du myocarde où ils assurent une activité cardiaque 

normale. L'interaction de médicaments avec ce canal, un effet secondaire que l' on 

nomme le syndrome du QT long acquis (ALQTS), peut mener à des arythmies et 

même à l' arrêt cardiaque. Le canal hERG est un membre unique de la famille des 

canaux potassiques voltages dépendants, car la boucle extracellulaire du domaine du 

pore reliant l'hélice transmembranaire S5 à l' hélice du pore est particulièrement 

longue. Considérant la proximité du segment S5-P à la surface de la membrane, nous 

étudions l' interaction du segment central I583-Y597 avec des bicelles. Les 

expériences de RMN en solution et à l' état solide, ainsi que les résultats de 

dichroïsme circulaire démontrent la forte affinité entre le segment 1583-Y597 et la 

membrane dans laquelle le segment S5-P interagirait principalement avec la surface 

de la membrane de manière non structurée. On a observé que la structure de ce 

segment dépendait de la composition des membranes modèles. La présence de 

micelles de détergent et de charges négatives favorise la confonnation hélicoïdale. 

Nos résultats suggèrent que l'interaction entre le S5-P et la membrane pourrait 

participer à stabiliser des conformations transitoires du canal, mais que la structure en 

hélice serait déclenchée par des interactions avec d' autres domaines du hERG. 

Puisque des sites de liaison de médicaments ont été identifiés sur le segment S5-P, 
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nous avons vérifié son rôle dans le ALQTS. Les quatre médicaments ALQTS-actifs 

qui ont été étudiés ont démontré plus d ' affinité avec la membrane qu 'avec le 

segment S5-P. Nos résultats indiquent donc deux rôles possibles de la membrane 

quant au fonctionnement du canal hERG et dans le ALQTS. 
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The human ether-à-go-go related gene (hERG ) potassium channels are locared in the myocardium cell 
membrane where they ensure normal cardiac acrivity. The binding of drugs to this channel, a side effect 
known as drug-induced (acquired ) long QT syndrome (ALQTS ). can lead ro arrhythmia or sudden cardiac 
death. The hERG channel is a unique member of the family ofvolrage-gated K+ channels because of the long 
extracellula r loop connecring its transmembrane 55 helix ro the pore helix in the pore domain. Considering 
the proximal position of the 55-P lin ker to the membrane surface, we have invesrigated the interaction of its 
central segment 1583-Y597 wi th bicelles. Liquid and solid-state NMR experiments as weil as circula r dichroism 
results show a strong afliniry of the 1583-v'97 segment for the membrane where ir would sir on the surface 
with no defined secondary structure. A structural dependence of this segment on madel membrane 
composition was observed. A helical conformation is favoured in detergent micelles and in the presence of 
negative charges. Our results suggest rhat the interaction of the 55-P linker wirh the membrane could 
participate in the stabilization oftransient channel conformations. but helix formation would be triggered by 
interactions with ether hERG demains. Because porential drug bind ing sites on the SS-P linker have been 
identified . we have explored the role of thi s segment in ALQTS. Four LQTS-Iiable drugs were studied which 
showed more afli nity for the membrane rhan this hERG segment. Our results. therefore, identify rwo possible 
raies for the membrane in channel functioning and ALQTS. 

1 . Introduction 

HERG (human erher-à-go-go-relared-gene) potassium chann els are 
essen rial for the normal electrica l activity of the hearr. Locared in the 
myocardium cell membrane. the structure of these voltage-gated K+ 
channels (VGK ) has never been detennined experi menta lly. Homology 
models of the hERG K+ channel have been p roposed based on its 
primary sequence and the X-ray structure of various bacte rial K+ 
channels [1-3]. The pred icted structure consists of four monomeric 
s ubunits. each conta ining six transmembrane spanning helices 51-56 
[4]. The first four helices (51-54) comprise the primary voltage sensor 
while 55 and 56 form the pore domain. The K+ selecriviry fi lter and a 
s ma ll pore helix (P) involved in inter-subunits contacts are fou nd on the 
extracellular loop thar links 55 to 56. The loops from each monomer 
meet into the pore to form the selective K+ doorvvay of the channe1[5l. 

lnherited mutations in the hERG gene ca n cause the lo ng QT 
syndrome (LQT5). a card iac repo larization disorder that predi sposes 
individuals to ventricu lar arrhythmia that ca n lead to s udd e n death. 
Howeve r. A(cquired )LQT5 can also be induced by the blockage of the 
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P.O. Box 8888. Downtown S1ation. Montreal (Qc). Canada H3C 3P8. Tel.: + 1 514 987 
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doi: 10.10 16(J.bbamem.201 0.05.019 

10 2010 Elsevier B.V. Ali rights reserved. 

hERG channels by prescription drugs. This sid e effect has resulted in 
significant labelling restriction s o r drug withdrawal from th e market 
by regulatory agencies worldwide [6.7 ]. lt is now routine practice in 
th e pharmaceutical industry ro test compo unds for hERG-channel 
activity. and LQTS is a common reason for drug failure in early 
p reclin ical safery tr ials {8]. 

The proble m of ALQTS is correlared with the w ide spectrum of 
hERG blockers. 5everal classes of structura lly different therapeutic 
molecules such as antibiorics. antihi stam ines. antipsychoti cs and 
antiarrhythmics have LQT5 side effects [9-12]. Elecrrophysiology and 
in silico studies show thar most hERG-channel blockers wo uld exert 
their act iviry by binding one or several sites located in the pore 
domain . This reg ion is composed of 55 and 56 which inner cavity is 
lined by aromatic and polar residues tha t permit hydrophobie. 
e lectrostatic a nd polar interactions with a w ide range of compounds 
[1.4.13-16]. Tyr652 and Phe656 1oca ted on 56 are especia lly importan t 
for the binding o f many drugs [1 . 15- 19]. The role of the extrace llular 
$5-P lin ker has a Iso been poi nted our with residues such as Ser620 [14]. 
Thr623

, 5e r624 and Val625 {161 bei ng invo lved in the binding of LQT5-
prone d rugs. Toxins such as ErgToxin and BeKm-1 are known to bi nd 
to this region ofhERG while they do not bi nd to other members of the 
VGK family {20,211. Howe ver. some toxin s s uch as agirox in a nd 
charybdo tox in are known to bi nd the 55-P loop of VG K channels but 
not the hERG. 
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The hERG channel is a unique member of the VGK family because 
of irs long exrracel lular loop connecring SS ro the pore helix. i.e. 43 
amino acid residues vs. 12- 23 residues in most K- channels 122.231. 
Liu er al. 1241 showed thar mutations in the 15 amino-acid residue 
centra l segment Js83- Y597 of the SS-P linker Jead to hERG channel 
dysfunction. They rhus suggesred its role in the degree of inactivation 
and K+ selectivity 1251. Their analysis of these mutations also 
suggested a helical periodicity of J583- Y597 1241. Recent nuclear 
magnetic resonance (NMR) structural work performed on this 
segment a iso showed a hel ica! conformation in sodium dodecylsulfate 
(SDS) and dodecylphosphocholine (DPC) micelles 123.261. A mode! 
was proposed in wh ich the NH2-termina l would be located close to 
the pore enrrance, wirh a 20 A 583- 597 helix thar wou id be 
sufficienrly long to interacr wirh the voltage-sensing domain 1241. 
From these studies. it was suggested thar the J583- Y597 exrracell ular 
segment of the hERG would undergo dynamical structural cha nges. 
approaching the pore entrance to participare ro the funcrion of the 
channel outer mou th I23.2SI.lt is clear thar this long hERG 55-P lin ker 
is a cri rica! region of the channel. therefore iris of great importance to 
identify its dynamic and structura l raie in the channel function . 

Considering the proximal position of the 55-P linker to the 
membrane surface, the aim of this work was to investigare the 
interaction of the !583

- Y597 segment ofhERG with madel phospholip id 
membranes. To the besr of our knowledge. no information regarding 
its interactions with membrane has been published. Moreover. to 
explore the ra ie of this S5-P lin ker moiety on the drug-induced LQTS. 
we have also srudied irs interaction wirh LQTS-Iiab le drugs. This was 
done by combining liquid- and solid-srare NMR and using bicelles as 
madel biomembranes. Bicelles are generally composed of dimyris­
roylphosphatidylcholine (DM PC) and dihexanoylphosphatidylcholine 
(DHPC) in a molar ratio (q) which determines the membrane size. 
shape and properries 127- 291. By adjusring the q ratio. fasr-rumbling 
and magnetically aligned bicelles (q>2.3) can be prepared. therefore 
these membranes are runable for liquid- and solid-stare NMR 
experimenrs. respective/y. Simi larly to natural membranes. bicelles 
have a planar surface and their lipids are in the liquid-crysral phase. 

Four drugs with reported QT prolongation effect were selected for 
this srudy because of their different structures. octanol - warer 
partition coeffic ients ( logP). and pharmacologica l classes. as shawn 
in Table 1. Bepridi l, a calcium antagonisr initia lly developed as an 

Table 1 
Structures and logP values of the studied c.udiotoxic drugs. 

Drug logP Structure 

Bepridil 533 

Cetirizine 2.98 

Diphenhydramine 3.44 

Pent.amidine 1.32 

antianginal agent, was wirhdrawn from the marker for causing 
Torsades de Pointes (TdP) 130-321. Diphenhydramine and ceririzine 
are respective/y firsr- and second generation anrihisramin es thar 
showed inhibition of hERG channels 133-35 1. while pentamidine is an 
antiprotozoal agent reported to cause QT prolongation and TdP wh en 
given in intravenous form 136-381. 

Using 1H liquid-state NMR wirh Pulsed Field Gradient (PFG ) self­
diffusion measuremenrs. the membrane affinity of 1583

- Y597 and the 
drugs. as weil as the drug/ segment association are evaluated. 
Saturation rransfer difference (STD) 1H NMR experiments are used 
ra determine the location of the hERG segment in the membrane. 
Two-dimensional 1H NMR and circular dichroism specrra provide 
srructural data on the peptide in warer. bi celles and various detergent 
micelles. Finally, so lid -sta te 31 P and 2H NMR are employed ro probe 
the effect of the peptide and the cardioroxic drugs on the polar and 
hydrophobie regions of the membrane. respective/y. 

2. Materials and methods 

2.1. Macerials 

The hERG exrracellu lar linker segment with sequence JGWLHNL­
GDQIGKPY was synthesized by GenScripr Corporation ( Piscataway, Nj. 
USA) w ith >95% purity. Protonared and deuterared dimyristoyl- and 
dihexanoylphosphatidylcholine (DMPC. DMPC-d 54• DHPC, DHPC-d22 ). 

dimyristoylphophatidylserine ( DMPS). dodecylphosphocholine ( DPC). 
1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholi ne ( lyso-myristoyl­
phosphatidylcholine. LMPC) and 1-myrisroyl -2-hydroxy-sn-glycero-3-
phosphoglycerol sodium salt ( lyso-myristoylphosphatidylgycerol. 
LMPG ) were purchased from Avanti Polar Lipids (Aiabasrer. AL USA) 
while hexamerhyldisilane (HMDS) and deuterium-depleted warer. 
deurerared sodium dodecylsulfare (SDS-d25) . pentamidine isorhionare. 
bepridil. cer irizine and diphenhydramine hydrochlorides were 
obtained from Sigma Aldrich (Oakville. ON. Canada) and used wirhour 
further purification. Deu terium oxide (0 20 ) was purchased from CDN 
Isotopes (Pointe-Claire. QC. Canada). 

2.2. Sample prepararion 

2.2.1. Nuclear magnecic resonance 
Bicelles were prepared by mixing freeze-dried DMPC and DHPC 

with the desired long-ta-short-chain (q) ratio in aqueous solut ion. 
with or wirhout hERG segment, and submitted to a series of three 
freeze ( liquid N2 ) / thaw (50 "Cl / vortex shaking cycles un til a 
transparent non-viscous solution was obtained. Hydrarion percen­
tages (weighr/ weight) were 96% for high-resolution NMR and 80% for 
so lid-stare NMR. and q ratios were as follows: q = O.S for bath 
translational diffusion and satu ration rransfer difference measure­
menrs. q = 1 for che mica! shi fr ass ignmenr and analysis. and q = 3.5 
for solid-state NMR experiments. Tota l lipid / peptide (L/ P) molar 
ratios of 25: 1 and 100:1 were used for so lid -stare NMR. and 50:1 for 
high- resolurion 1H NMR. ln ali NMR experiments the peptide 
concentration was 5 mM and the surfactant concentration was. thus. 
maintained weil above the crit ica l micelle concentration (CMC) of 
DHPC in the bicelle mixture (15 mM ) 1391. The sarne sample 
preparation was applied to SDS mice lles. Because this segment is 
be lieved to be dynarnic and possibly involved in the K+ channel 
funcrio n, deionized warer (pH = 5.5 ) was used to avo id salt 
interference 1231. 1H diffusion NMR experiments were carried out in 
D20 w h ile ail high-resolution NMR experiments were do ne using 10% 
0 20 . Ali two-dimensional NMR experiments were carried ou t using 
lipids and SDS with deurerated acy! chains to minim ize the 
conrribution of the lipid resonances ro the 1H NMR spectra. Orienred 
bice lles for so lid -stare 2H NMR were prepared with DMPC-d54 in 
deuteriurn-depleted H20 . 
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2.2.2. Circular dichroism 
Bicelles and micelles were prepared as described above. Bicelles 

containing OMPS (Bicelles/ PS ) were made by substitution of 25% of 
DMPC with the negative/y charged OMPS. For ali sam pies. a hydrarion 
percenrage of99% was employed. The concentration of hERG 1583- Y597 

segment was kept to 0 .13 mg/ ml (76 >lM ) wh ile lipid or surfactant 
concentrations were 33 mM (bicelles ). 22 mM (Bicelles/ PS ). 30 mM 
( DHPC). 15 mM ( DPC, LMPC, LMPG ). Alllipid or surfactant concentra­
rions were rhus kept above rheir CMC ]39.40]. The surfactant/ peptide 
molar ratio was 200 :1 to provide an appropriate micelle:peptide 
stoichiometry thar limirs possible peptide aggregation. ln the case of 
bicelles (q = 1 ). a total lipid-ro-peptide molar ratio of 600:1 was 
employed ro ensure thar at /east rwo bi celles were available per 1583-
y s97 segment in the sample. This can be assessed knowing 
concentration of DMPC and DHPC. the q ratio and the surface a rea 
of phosphatidylcho lines ]41 ]. 

2.3. Solution-and solid-scace NMR 

Ali spectra were recorded on a hybrid liquid / solid-state Va rian lnova 
Uniry 600 (Varian, Walnut Creek. CA. USA) specrro meter opera ting at 
frequencies of 599.95 MHz for 'H. 246.86 MHz for " rand 92.1 25 MHz 
for 2H. The ' H chemical s hifts were internally referenced by adding a 
s mall a moun t of 2,2-dimethyl-2-silapenta ne-5-sulfonic acid (DSS ) set 
to 0.0 pp m. Ali " p NMR specrra were externa lly referenced with respect 
ro the signal of 85% phosphoric acid set to 0 ppm. 

2.3. 1. Pulsed-field gradient (PFG) diffusion experiments 
'H NMR self-di ffusio n measurements at 25 •c were performed 

with a double-resonance 3-mm indirect z-gradienr probe using the 
water-suppressed LED pulse sequence (water-sLED ) ]42] . A hard 90° 
pulse of 5.5 fiS was used. The gradient pu lse du rat ion o was 6 ms and 
diffusion ti mes ( ~ ) were varied berwee n 100 and I SO ms ro e ns ure 
chat th e ec ho intensiries were attenuated by at least 80%. 24000 data 
points were obtained and typica lly 48 scans were acquired for each 
selected g radient st rength with a recycle delay of 5.0 s. A complete 
attenuation curve was obtained by m easuring 15 grad ient strengths 
which were linearly incremenred berween 2 .1 and 31.5 G/ cm. 

Trans lationa l diffusion coefficients (Ds) were ca lculated using the 
following equatio n ]42]: 

A(G) = A(O) exp [- ( -yôG)2 (~-ô / 3 )Ds ] (1) 

where A(G) is the echo ampl itude. -y is the 'H gyromagnetic ratio. The 
gradi ent strength was ca librated using back ca/cu/arion of the coi/ 
constant from a meas urement of the diffusion constant of H20 traces 
in 0 20 using Ds = 1.9 x 10-s cm2/ s at 25 ·c ]43 ]. 

2.3.2. Saturation transfer difference (STD) experimencs 
The STD experim e nts consisted of a trai n of 50 ms Gaussian 

se lective pu lses separared by 1 ms delays and followed by a WET 
warer suppression and detection [44-46]. The satu ra tion frequencies 
were alternared between the resonance to be satu rated 
and - 25 ppm. The Gauss ian pulses were app lied with radio­
frequency field srrength of 120 Hz and saturation times were varied 
berween 250 ms and 5 s. The recycle delay was 3 s. 

2.3.3. High-resolurion 1 H rwo-dimensional experiments 
1 H tor a l corre latio n spectroscopy (TOCSY ) spectra were reco rd ed 

with a 90° pu lse of 5.5 fiS. and spin- Jock times of 25. 50 and 100 ms 
with MLEV17 spin- Jock fields of 15kHz ]47]. A spectra l width of8 kHz 
was used in borh dimensions with 512 and 1024 complex data points 
in the indi rect and direct dimensions, respective/y. 16 rransients were 
accum ulated wirh a repetition delay of 1 s. Two-dimensional nuclear 
Overhauser spertroscopy (NOESY ) spectra ]48,49] were recorded 

using a pulse length of 5.5 fiS with mixing times varying from 100 ro 
750 ms. A spectral widrh of 8kHz was used in borh dimensions with 
1024 data points in F2 and 512 increments in Fl. A total of 16 
rran sie nts were recorded with a re petition delay of 1 s. 

2.3.4. Solid-srare NMR experimencs (SS-NMR) 
So lid -state NMR experi ments were carried o ur using a 4-mm 

broadband/ 1 H dual -frequency magic-ang le-spinn ing probe head. JI P 
NMR spectra were reco rded using a phase-cycled Hahn echo pu lse 
sequence with gared broad band proton continuous wave decoupling 
at a field stre ng th of 50 kHz ]50]. The 90° pulse length was 5 fiS , the 
interpulse de lays were 30 fiS and typica lly 4800 scans were acquired 
with a recycle delay of3 s. 2H NMR sperrra were obtained using a so l id 
echo pul se sequence ]5 1] with a 90° pulse length of3 fiS , an incerpulse 
delay of 45 fiS and repetition delay of 500 ms. At leasr 8000 data points 
were obra ined and ryp ica lly 5000 scans were acquired. The quality of 
the bicelles' magnetic orientation with or without the peptide was 
sufficient to e na ble the direct measurem ent of quadrupolar s pl itt ings 
on the 2 H spectra wi rh no de-Pakeing. 

2.3.5. Data processing 
Diffus ion. sm and SS-NMR data were processed using matNMR 

]52 ]. High-resolurion 2D NMR spectra were processed using the 
NMRPipe package ]53 ] and analyzed w ith the software NMRView for 
che mica l shift assignment and NOE ca librations ]54]. 

2.3.6. Circular dichroism ( CD) specrropolarimerry 
CD analyses were pe rformed on a ]ASCO J-815 spectrometer Uasco 

ln c.. Easton. MD. USA ) at - 23•c. Data were collected using a 1-mm 
100 QS cuvette over the wavelength range 190-250 nm and with a 
resolution of 0.2 nm, a bandwidth of 1 nm. and a response rime of 
0.5 s. The signa l was ave raged over 5 scans w ith bl ank subtracrion of 
the li p id or surfactant suspension. ln order to estimate the contribu­
tio ns of diffe rent struc tural e le ments. CD specrra were deconvoluted 
using DI CHROWEB an d the SELCON3 or CONTIN-LL a lgorithms ]55]. 

3. Results 

3. 1. lnteracrion of 1583-1"'97 wirh mode/ membranes 

3.1. 1. Does chis exrracellu lar lin ker segrnenr bi nd even weakly ro 
che membrane? 

The centra l segment J583-Y597 of the SS-P lin ker of the hERG 
cha nnel displays a srrong amphiparhiciry, therefore its potential 
binding to t he membrane needs to be addressed. As a first step, we 
have recorded 1H NMR spectra of this peptide in warer and in the 
prese nce of membrane mimetic mi lie us. lnitially. TOCSY spectra (nor 
shown ) were acquired ro assign the 1H che mical shifrs of the hERG 
segment in water, bicelles and SOS micelles. The chemica l shi ft va lues 
are show n as supplemencary marerial. 

The 1 D 1 H NM R spectra show major changes for the amide and 
a roma tic region s wh en 1583- Y597 is in deurerared bicelles ( Fig. 1 B) and 
SDS-d 25 micelles (Fig. 1 C). ln d1ese conditions resonances are shi fred 
and considerably broadened as compared co the peptide in warer 
(Fig. lA ). This most likely results from a reduced mobiliry of the 
pe ptide upon b inding to large bicellar or micellar objects. 

ln order to quantify the affiniry of thi s hERG segment for the 
membrane. we have determined the fraction of peptide bou nd to the 
membrane. This was do ne by meas uring the self-d iffus ion coefficients 
of the peptide in H20 and in the presence of bicelles (q = 0.5 ) by 1H 
NMR using pul sed fie ld gradient stimulared echo (PFGSTE ) ex peri­
ments ]46.56-58 ]. If t he hERG segme nt is in rapid excha nge o n the 
NMR timescale berween th e free and the bou nd states a nd assuming a 
rwo-sire model as proposed by Stilbs ]59], t he diffusion coefficient 
(Dobsl of the bice ll e-associated peptide wi ll be an average of diffus ion 
coefficients for the free (Drreel and bo und (Doound) states. ln our study. 
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Fig. 1. Amide .and aromatic regions of the 1H NMR spectra of hERG 1581- v597 in 
(A) warcr. (B) biccllcs (DMI'C·d .. / OHI'C-d22. q= 1 ). and (C) 5DS-d25 micelles ( lipid or 
surfactan t - to~peptide molar ratio of 50:1 ). 

D rrcc refers to the diffusion coefficient of the peptide in water and 
Doound ro the diffusion coefficient of the bicelles in warer. Following 
such a madel, the percentage of peptide bou nd ro rhe membrane can 
be calcu lated as follows: 

D o<~· obs- frcc x 100 
D bound - D~rcc 

(2) 

This mode! cana iso be a pp lied ro assess the binding of a drug with a 
membrane or a peptide. 

Dd'rrce is the corrected free diffusion coefficient because in a bi celle 
environ ment, rhe diffusion of rhe free hERG peptide (or drug) in rhe 
aqueous so lution can be hindered by the actual presence of the 
bicelles. lt is rhus essenrial to con·eCI Drrcc by inrroducing an 
obstruction factor A thar can be defined, for spherica l abjects, 
according ro the following equation : 

A = 1 / (1 + 0.5<J>) (3) 

where <Pis the volume fraction of rhe obstrucring partiel es. A factor A 
of0.935 can be calcula red for a 14% w/ w bice lle solution at 20 ·c using 
a spheri ca l mode! as proposed by Gaemers and Bax 160]. Because a 
radius of 43 A is predicted for bicelles with q = 0.5 and a bilayer 
thickness of - 40 A 1611. we have approximated the bicelles as 
spherical abjects and used this correction factor in our d iffusion 
measurement calculation as was done for the neuropeptide mer­
enkephalin 1571. Sin ce rhere are no analyrical expressions ro ca lcula re 
obstruction factors for disco idal abjects. the besr approximation for 
which an ana lyrical expression exisrs would be spheroids 160.621. 
leading ro an obstruction factor of 0.925. The commonly used 
spherical approximation, rhus, appears to be excellent for isotropie 
bicelles with q = 0.5 as used in our study. 

The value of D obs used in the calcu la tiens wa the average of the 
diffusion coefficients obtained for three p ptid r <onanc Although 
the diffusion coefficient of bicelles can be measured with the PFG5fE 
experiment from the signais of DMPC/ DHPC directly, it can also be 

measured more accurate ly and conveniently from the signal of a small 
amount of a hydrophobie probe molecule known to be completely 
partitioned within the hydrophobie core of the bicelles. lndeed. in the 
case of bicelles with low q ratios, the lipids are rapidly exchanging 
between the solution and the micelle-like abject 163 ]. As a consequence, 
the apparent diffusion coefficient obtained directly from lipid signais is 
usually from 5% to 10% higher than the actual diffusion coefficient of 
bicelles determined from the diffusion ofrhe probe molecule l56l .ln this 
work. a sm ali a mount of hexamethyldisilane ( HMDS) was added to the 
bicellar sam pies and its resonance used to measure the diffusion of the 
whole bicelle. HMD5 has been widely used for this purpose in diffusion 
srudies of micellar and bicellar systems 156.591. 

Table 2 presents the diffusion coefficients measured for pure 
bicelles. free and membrane-associated i583- Y597 peptide as weil as its 
percentage of association to the bicelles as ca lculated from equa­
tion (2). Ali the plots of the normalized natural log signal intensity 
versus squared gradient strength G2 were linear (not shown ), 
consistent with a fast-exchange scenario (or a single-state case ). 
This also inclicates thar there is no influence of intennolecular NOEs 
on the diffusion results 164.651. The translational diffusion coeffi cients 
for the bicelles are in good agreement with the va lues reported in the 
literature 146,63 ]. Our results show that98% of the peptide wou id bi nd 
to the mode! membranes at the lipid / peptide (L/ P) molar ratio 
studied (100:1). This constitutes the extreme case of the mode! 
presented in equation (2) in which the association equi librium is 
displaced towards a bou nd state, i.e. a single-state mode!. 

3.1.2. ls che membrane perlltrbed by rit e hERG segment? 
Considering the strong affinity of the J583- Ys97 segment of the 

extracellular hERG loop. we have examined its effect on the phospho­
lipid membrane. 31 P and 2H 55-NMR experiments are well-established 
techniques to study the effect of peptides or drugs on mode! and natural 
membranes. The high NMR sensitivity and 100% natural abundance of 
the 3 'P isotope as weil as the presence of a single phosphorus nucleus in 
the phospholipid headgroup allow exploiting 31 P NMR ro obtain 
valu able information on the polar region of lipid membranes 166[. The 
hydrophobie region on the ether hand can be studied by 2H 55-NMR 
using phospholipids with deuterated acyl chains. The quadrupolar 
interaction is highly sensitive to motions in the bilayer. rhus perturba­
tions of the hydrophobie core can be probed [67.681. 

Fig. 2A presents the 3 1P 55-NMR spectra of DMPC-d54 / DHPC 
bicelles with and without the I1ERG peptide at 37 ·c. These spectra are 
typical ofwell-oriented bilayers with the normal perpendicular to the 
direction of the magnetic fie ld. As assignecl in previous work 127[, the 
upfield resonance corresponds to the long-chain DMPC whereas 
DHPC resonance appears at the downfield side of the specrrum. This 
can be explained by the reorientation or fast lateral diffusion of the 
short-chain phospholipids on the highly curved region fonned by the 

Tob1e2 
Translational diffusion coefficients ofbicelles (q = 0.5 ), hERG 1583- Y$97 and cardiotoxic 
drugs used to CJiculate the fra ctaon of bou nd peptide and drugs. 

Sy rem 

in warer wnh Bicelles wilh J583- Y597 with Biœllesj J583-y597 

Bi ce lles 0.29 
hERG 1583- Y507 1.72 0.3 1 

98% 
Bepridil 3.82 0.28 3.43 

100% 18% 
Ceririzine 3.97 0.33 3.70 

99% 13% 
Pentamidine 3.57 0.37 3.27 

97% 16% 
Diphenhydramine 4.94 0.42 4.68 0.38 

97% 9% 98% 
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Fig. 2. (A) " P and (B) 2H SS-NMR spectra or DMPC/ DHPC bicelles (q = 3.5) without 
(solid line) and with (dashed /ine ) hERG 1581-Y597 at 37 ·c with a lipid-to-peptide 
rnolar ratio of 100:1. 

bicelle rim J69.70J or OH PC-rich defects of a perforated lamellae 1711. 
Fig. 2A shows thar the hERG peptide hasan effecr on both DMPC and 
DHPC resonances in bi celles ar a L/ P ratio of 100:1 as seen by changes 
in the phospholipid chemical shifts. i.e. -5.91 to - 4.53 ppm for DHPC 
and - 12.47 to - 9.75 ppm for DM PC. These changes cou ld be 
explained by an effect of Jle583

- Ty.S97 on the lipid bicelle dynamics. 
to which could be superimposed a deshielding effect of charged or 
aromatic moieries in the phosphorus atom vicinity. A broadening of 
the phospholipid resonances is a Iso observed wh en the hERG segment 
is added to the bicelles, with an additional upfie ld shoulder on the 
DMPC resonance. This peak broadening could result from a grearer 
distribution in bicelle orientation in the presence of the peptide 
( mosa ic spread ) 1721. A srrong perturbation of the headgro up region 
of the membrane is thus evidenced and this effecr was even more 
subsranrial ar an L/ P ratio of 25:1 where the bicelle morphology 
appeared robe desrroyed (data not shown ). 

The 2 H spectra of DMPC-d54 bicelles at 37 ·c with and wirhout the 
Jle583

- Ty.S97 are shown in Fig. 2B. Aga in, rhese specrra are typical of 
bicelles wirh the ir lipid bi layer normal orien red perpendicularly to the 
magneric field direction 127.281. Well -defined doublets can be 
arrributed to most of the deurerons along the lipid acyl chain. wirh 
the innennost doublet ascribed to the terminal CD3 and the largest 
quadrupolar splitting to CD2 attached to the glycerol backbone near 
the polar- apo lar interface. The bicelle orientation is preserved when 
the hERG peptide is incorpora red in an L/ P ratio of 100: 1. This is nor 
the case for high segment proportions (L/ P = 25:1 ) where th e bicelle 
orientation is totally lost ( not shown). The resolution of the doub let 
for the various deuterium positions is decreased when the hERG 
peptide interacts with the bicelles. This cou ld be attributed to an 
increase in mosaic spread of bicelle orientation. as poss ibly suggested 
by 31 P NMR, or changes in transverse relaxation. 

To better understand the effect of the hERG segment on the 
hydrophobie core of the bilayer. we have plotted the quadrupolar 
spl irting ( ~vQ) values along DMPC acyl chains. Changes in ~J/Q values 
allows determination of variations in the lipid chain order 1671. The 

measured ~11Q values shown in Fig. 3 dis play significant changes upon 
addition of the hERG segment to the bi celles. On average. this peptide 
decreases ~J'Q values by - 10% in the characteristic plateau region closer 
to the headgroup for an L/ P ratio of 100:1, wh ile C-02· bonds deeper in 
the bilayer are weakly affected. Although this difference of perturbation 
along the acyl chains suggests a non-transmembrane orientation of the 
peptide, the center of the bilayer is intrinsically disordered, thus less 
sensitive to perturbations. The re fore the orientation ofhERG 1583

- Y597 in 
the bicelles has been ascertained by conducting additional NMR 
experiments described in the next section . 

3.1.3. Does the IŒRG 1583-r97 adopr a preferred orien ration with respecr 
ro rhe membrane? 

Both the liquid-state NMR translational diffusion measurements and 
SS-NMR experiments presenred in the preceding sections indicare a 
strong interaction of the hERG exrracellular linker segment with d1e 
membrane. The 31 P and 2H SS-NMR experimenrs show thar the 
membrane is srrongly perturbed and it is worthwhi le to examine whether 
the peptide adoprs a preferred orientation in the bilayer. For this purpose, 
we have canied out STD experiments 1441 on bicelles in the presence of 
hERG lle583

- Ty.S97
• ln these experiments. specifie lipid resonances are 

sarurated and the effecr of this saturation on the hERG segment 
resonances is mon itored . More specifically, we have saturated lipid 
signais from the headgroup (choline ). interface (glycerol ) and hydropho­
bie regions (terminal methyl) and monitored the variations in the 
saturation transfer build up and maximum values for different residues 
along the peptide. Ir was thus possible ro assess its position inside the 
membrane. as was done by Wang. Lind and colleagues l46.73j. DMPC/ 
DHPC-<122 bicelles were employed for STD experiments in order ro probe 
the peptide penetration in the planar section of the bi layer and minimize 
contacts wirh high-curvarure regions. 

Fig. 4 shows the sa turation transfer curves of the HN protons for 
Trp585

, Asn588
, Asp59

'. lle593
, Lys595 and Tyr597 when the choline. 

glycerol and terminal merhyl groups are saturared. These residues 
were chosen so as ro span the complete length of the peptide. ln ail 
cases, the saturation transfers are efficient w ith maximum plateau 
values close ro 0.3. These resulrs are consistent wirh th e previously 
derermined scenario in which the peptide is srrongly bound ro the 
bilayer J4SI. ln effect. the satura tio n transfer will increase as the 
eq uilibrium berween the bound and free states is disp laced towards 
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chains in bi ce lles with and without hERG 1581 - Y597 segmenr (q = 3.5, lipid- to-pep[ide 
molar ratio of 100:1). 
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are satura[ed. 

the bound form [45[ . For residues close to the segmen t extremiti es 
(Trp585 and Ty~97 ). the tra nsfer from the lipid terminal methyl gro up 
is very weak or nul! and max imum to the choline protons. Note that 
for both these residues. th e choline resonance at 3.25 ppm fall s close 
to the H11 resonances wh ich cou Id be directly saturated . Therefore. it is 
important to a se the p n t ration o f th e residue in th e membrane by 
comparing sa turation transfers from three different lipid s ites. Should 
one of these sa turati on curves be overestimated. the two other wou ld 

hold. For the amide proton of res idues 588. 591. 595 and 597 the 
maximum saturatio n transfer takes place with the glyce rol position. 
w hereas the transfer from th e lipid choline group decreases when 
going from Asnsss to Lys595 then increases for Ty~97 . lle593 shows the 
highest a turation tran fer from the cho li ne headgroup. The sa tura­
t ion t ra nsferred from the li pid methyl groups remains consta nt for 
central res idues 588 and 591. decreases for ll e593 and is nul! for the 
term inal Tyr597 
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The trends extracted from the analysis of Fig. 4 indicate thar the 
peptide does not span the membrane and remains in the headgroup 
region in the vicinity of the glycerol interface. lt can be tentatively 
proposed that the central part of the peptide is buried deeper in the 
membrane than the termina l parts, however. the interpretation of th is 
data in rerms of accu rate distances is difficult as spin diffusion effects 
cannat be ruled out ]46,73], in particular for such large abjects as 
peptide/ bicelle systems with slow correlation times. Spin diffusion 
can take place within the phospholipids, leading to an indirect 
sa turation rransfer ro the peptide from a part of the lipid thar is not 
directly in contact with the saturated lipid moiety. To quantify this 
possible effect. we have measured spin diffusion within DMPC by 
monitoring the STD s igna l of the terminal methyl group when the 
choline protons were satura red and vice versa. Our data (not shawn ) 
indicare thar this sa turation transfer is negligible since it is less than 
3% of the max imum lipid-peptide saturation transfer. lt shou ld be 
noted thar no peptide-lipid cross peaks cou ld be detected in the 20 
NOESY spectra with mixing times up to 750 ms (data notshown ). We 
suggest thar fast dynamics and longitudina l relaxation du ring the NOE 
mixing rim e could result in cross peaks too weak to be detected . 

3. 1.4. Does rhe membrane environment influence /583-r9 7 structure? 
Clearly, the previous interpretation of the STD experiments raises 

the question as to what structure this hERG extracellular loop 
segment adopts when interacting with the membrane. The structure 
of the lle583- Ty~97 segment, as part of longer hERG segments, has 
recently been elucidated in water and SDS micelles by Torres et al. 
]26], and in water, DPC and SDS micelles by jiang et al. ]23]. Using CD 
and NMR, both studies determined that the hERG S5-P loop was 
unstructured in wate r and formed an a-helix from residues 585 to 
593 ]26] or an a-helix from residues 583 ro 590 and a 3 10-helix from 
positions 591 to 593]23]. These differences hint to potentia l structural 
changes as a functio n of the membrane milieu. ln arder ro verify any 
particular structural behaviour of the S5-P segment in membranes, CD 
studies were carried out with hERG 1583

- Y597 segment in various 
membrane mimetic environments frequently used in membrane 
protein structu re determination ]74]. Negatively charged SDS and 
LM PG micelles, zwitterionic DPC. LMPC and DHPC micelles as weil as 
DMPC/ DHPC bicelles were evaluated. LMPC, LMPG and DHPC are the 
most lip id-like surfactants ]74 ]. Because a helical structu re of the S5-P 
segment was reported in SDS micelles. bicelles with 25% (Bicelles/ 
PS25%) and 50% of negatively charged OMPS were a Iso used to verify 
the effect of negative charges on the segment structure. 

Our CD results (Fig. 5 ) clearly demonstrate thar the membrane 
mime tic environment can inn uence the structure of the hERG peptide 
1583-v597 First, an a-helica l structure is favoured in SDS {data not 
shawn ), DPC. LMPG and LMPC micelles as suggested by the positive 
ellipticity seen between 190 and 195 nm and a negative minimum 
at - 205 and 222 mn. ln arder to quantify the contributions of different 
structural e lements, CD spectra were analyzed with the DichroWeb 
progra m ]55]. According ro this analysis. the hERG peptide wou Id be 
57% a-helical in SDS and LMPG, 54% in DPC and 6 1% in LMPC micelles. 
These results are consistent with previous work published ]23.26]. 
Fig. 5 shows thar the hERG loop segment does not adopt a we ll­
defined structure in water or DHPC micell es. A maxim um at -225 nm 
is seen in the CD spectra of the peptide in water and DHPC micelles. 
Beca use of the presence, in the hERG segment, of a glutamine residue 
which can have propensity to ado pta polypro line Il conformation, the 
poss ibi lity of such secondary structure cannor be excluded, albeit the 
abse nce of a negative band centered at - 205 nm ]75 ]. The CD spectra 
measured in bicelles shows a highe r residual molar e ll ipticity between 
190 and 195 nm and a decrease of intensity berween 210 and 220 nm 
as co mpared to the pure random coil signature. This could be 
attributed to a small proportion of a-helices. These spectra are 
therefo re not characteristic of a purely unstructured peptide. 
DichroWeb deconvolurion of 1583-Y597 CD spectrum in bicelles 
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Fig. S. Circular dichroisrn spectra or hERG IS81- Y597 in H20 (pH = 5.5) and in various 
membrane mimel'ic environments: DMPC/ DHPC bicelles and bicelles with 25 mol% 
OMPS (q = 1 ). DHPC. DPC. LMPC and LMPG micelles. 

indicares an increased co ntribution of helices (30%) , strands (20%) 
and rurns (20%) while the "unordered" co ntribution is smaller as 
co mpared to the peptide spectrum recorded in water or DHPC. 
lnterestingly, spectra obta ined in negative ly charged bice lles made of 
25% OMPS display the characteristic s ig nature of an a-helica l 
structure. The a-helica l co ntent increases to 54% and 65 % for bicelles 
comprising 25 and 50 mol% ( not shawn ) of OMPS. respectively. 

Because phosphatidylcho lines are highly abundant in cardiomyo­
cites ]75.76] . we have further investigated the structure of the hERG 
1583-v597 segment in zwitterionic DMPC/D HPC bicelles usi ng 2D 1H 
NMR experirnents. ln contrast to surfactant mice lles, bicelles display a 
planar bilayer region thar is similar to thar of biomembranes. Ha 
secondary chemical shifts can be used as a tirst step for structural 
characterization. As was shawn by Wishart er al. ]77]. a negative 
deviation of the Ha chemical shift value from random coil values is 
indicative of an a-helical stru cture. Fig. GA compares the Ha secondary 
chemical shifts of the lle583- Ty~97 in bicelles, SDS micelles and water 
obtained from TOCSY spectra. Ali backbone resona nces could be 
assigned except HN of lle583 and Gly584 and Ha reso nances of Gly584 

an Leu589
, possibly due to signal overlap within the peptide or from the 

protonated phospholip id headgroups. Viltua lly ali sidechain resonances 
(96%) could be assigned (supplementary data). Examination of Fig. 6A 
shows th at the Ha chemical shifts of the hERG segme nt in bi celles follow 
the sa me trend as those obtained in SDS micelles. with similar alrhough 
ge nerally smaller devia rions from random coi l va lues. Although the Ha 
secondary chemical shifts indicate a propensity towards a helical 
structure, no contacts indicative of a defined secondary structure could 
be detected by 2D NOESY experiments with mixing times up to 250 ms. 
as shawn in Fig. 6B. Our CD and NMR results indicate thar the peptide, 
despite adopting a n a-helical conformation in srrong surfactants such as 
SDS or DPC and displaying a helica l propensity in bicelles. does not adopt 
a defined conformation when bou nd to these madel membranes. 

3.2. /nreracrion of cardiacoxic drugs wirh !583 - y597 and 
mode/ membranes 

Previous work has demonstrated thar drugs such as doferilide and 
vesnarinone can induce LQTS by binding s ites on the SS-P extracel­
lular loop of the hERG channe l ]14,16]. Therefore, we have 
investiga ted the potential ro le of the ce ntral segment 1583-Y597 in 
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Fig_ 7. " P (left) and 2H (right ) 55-NMR spe<:tra of DMPC/ DHPC bi ce lles (q = 3.5 ) at 37 ·c in the presence of (A) pentamidine. (8} d iphenhydramine. (C) cetirizine and (D) beprid il 
(doaed !ines ) wilh a drug-ro-lipid ratio of 100:1. The reference spectra ofbicelles are superimposed for comparison {solid line). 

Bicelles were used as madel membranes because they are 
amenable to bath liquid - and so lid -srare NMR. ln addition. their 
composition and morphology provide a good mimic of natural 
membranes. Lipids a re determinants for channel function and thei r 
compos ition greatly influences membrane structural and physical 
properties. such as curvarure and nuidity thar are invo lved in the 
regula tion of the ga ri ng ofK+ channe ls 175.85,86 1. Mammalian plasma 
membranes are composed of dive rse lipids co mp rising cholesterol. 
sph ingolipids and phospholipids. wirh phosphatidylcholines the most 
abundant 1871. Furthermore. phospholipids are not symmetrically 
distributed within the bilayer of the plasma membrane. Zwirterio nic 
phosphatidylcholines are more concenrrared in the ou rer Jea fl er whi le 
nega rively charged phospha tidyl serines are fou nd in the inner Jea fl er 
I76J. This further exp ia in the choice of a zwitte rionic DMPC/ DHPC 
bice ll ar system for our NMR work. 

The combination of liquid- and solid -srare NMR experiments 
showed thar the studied hERG segment in teracts strongly wirh the 
membrane where it wo uld most Jikely lie on the surface. This 
inte raction perturbs th e lipid headgroups dynam ics and increases the 
acyl cha in mobility close to the interface. The bilaye r integrity is 
however preserved . The interaction of the J583- Y597 peptide wirh the 
made l membrane is consistent w itl1 a "fioppy" outer mourh . as 
proposed by Liu e t al. J24J. Based on secondary structure ana lyses and 
cysteine-scanning muragenesis. they demonstrated thar the confor­
mariona l flexibility of the outer mou th plays a key role in the hERG 

channel funcrion. This flexibility and signilîcant length of the SS-P 
lin ker co u id allow ir to reach the me mbrane surface where its strong 
aflîn ity might allow the srabilization of certa in cha nn el conformations 
during the garing process 15]. 

We have rhen derermined the structure of J583- Y597 in zwitterionic 
bice lles. This step was important as previous NMR studies were 
performed in detergent (SOS and DPC ) mice ll es 123 .26] . Our 
multidimensional 1H NMR experiments and chem ica l shift ana lysis 
indicare tha r the J583- Y597 segment shows no delîned secondary 
structure. These Jî ndings are con lîrmed by CD spectroscopy wh ich 
also shows thar the hERG linker segment is unsrrucrured in warer 
wh il e ir is structured in most of the detergents used in membrane 
structure determination . including SOS 174.88 ]. Ir rhus appears thar 
the membrane environment strongly influences the st ructure of this 
hERG loop segment 

Jn teres ringly, th e CD spectra of negarively charged bice ll es 
containing 25% and 50 mol% (nor shawn ) of OMPS d isplay th e 
characrerisric s ignais of an a - he lical structure. and the heli cal co ntent 
increases with surface charge. lt is th us clear thar the d1arge of the 
made l membrane has an effect o n the J583 - Y597 structure. The 
membrane potentia l in the ca rdiomyocytes changes rapidly during 
the gating process. Therefore. according to ou r results. we ca n 
hypothes ize that this rapid chan ge in surface charge co uld possibly 
resul t in a mod ification of the co nformation of th e extrace llular 
segme nt ( Jie583

- Tyr'97
) of the hERG channe l. 
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We believe that the apparent contradiction between the structure of 
the peptide in DMPC bilayers or in surfactant micelles might be of 
functional importance. Torres et ai.{26J and jiang et ai.{23J have shawn, 
using electrophysiology experiments, that the S5-P linker interacts with 
other parts of th e channel. tt is th us possible thar hydrophobie regions of 
the hERG channel might provide an addirional driving force thar wou Id 
enable the srructuring of the region from W585 to 1593

. the segment that 
has been shawn to adopt an alpha helical conformation isSOS or DPC 
micelles {23.26{. According to our results. an interaction with the 
membrane bi layer wou Id not be sufficient for this segment to adopta 
helica l structure. Thus, should the funcrional structure of W585-t593 

actually be an alpha-helix, it would resulr from prorein-protein 
interactions rather than protein-membrane interactions. For lack of 
structura l data on the complete hERG po re in a membrane milieu. the 
question of the in vivo structure of segment ls83- ys97 remains open. 

Considering the structural nexibility of the 55-P linker, a madel in 
which segment ls83- Y597 would bind competitively (or at different 
stages of the ga ting process) to other parts of the pore channel or the 
membrane can be hypothesized. The concomitant structural changes 
could provide additional conformarional nexibiliry ro the ou rer mou th 
region. This is consistent with the rote of the extracellular pore loops 
in the pore domain of ion channels. i.e. to provide architectural 
versatil ity {5{ . 

The results obtained by 1H NMR d iffusion experiments show thar 
the four hERG-active d rugs srudied in thi s work have a weak affiniry 
for the ls83- ys97 segment. The experiments were do ne at a drug/ 
peptide molar ratio of 1 :1, we il a bave what cou ld be expected 
biologica lly. This segment wou ld, th us, most likely not be targeted by 
bepridil. cetiri zine, diphenhydra mine and penram idine in the ALQTS 
mechani sm. Previous studies on bepridil suggesr that thi s anriangine 
med icine would bind sires close to the pore helix {Thr623, Ser624. and 
Val625 ) and Phe6s6 on 56. However. these drugs showed a marked 
affiniry for the membrane environmenr of the hERG channel. tt is th us 
conceivable thar the partition of rhese drugs in the membrane could 
change its local properries, rhus affecting the channel function . For 
example, voltage-ga red K+ channels such as the Shaker are known to 
be mechanosensirive and can respo nd to membrane stretch [76{. 
Therefore the movement of VGK channels du ring the ga ting can be 
a ltered by the lipid -prorein interface {76J. Studies have shawn thar 
the conformation of channels such as the Mscl can be changed by 
deformation of the lipid bi layer {89{. The lipid ann ul us composition 
around membrane proreins such as ion channels plays a rote in its 
conformation and could be involved in triggering events {86{. 
Therefore, perturbation of this annular shell by drugs is a possible 
drug action mecha nism as suspected with anaesthetics {90{. A similar 
mechani sm of action has been evidenced with the volrage-sensor 
toxin VsTxl with the Kv2 .1 channei{91J. Finally, the QT prolongation 
induced by these drugs would most like ly be explained by a 
preference for other binding sites on other hERG domains. They 
could, for example, traverse the membrane ro access putative LQTS­
provoki ng target res idues which lie in the cyrosolic (intracellular) 
parts of the hERG channel, as was observed for tetracaine which 
interaction with mem brane lipids enhanced its access to the 
rransmem brane pore {92J. Therefore, our drug-membrane interaction 
results open the possibiliry of a membrane caralysis madel for drugs 
involved in the ALQTS, as ca n be observed for receptor liga nds {93{. 

S. Conclusion 

Using a liquid- and solid-srate NMR approach, we have shawn thar 
extrace ll ular S5-P linker segment 1583- Y597 of the hERG channel 
srrongly interacrs with madel PC membranes where it would rest in 
the polar region . This segment does nor adopt a well-defined 
secondary structure despite its strong interaction with this speci fie 
membrane bilayer. as confirmed by circular dichroism analysis. lts 
conformation, however. was shawn to vary as a funcrion of the 

membrane nature and charge, rhus proving its s trong structural 
nex ibi liry. These res ults show thar the membrane is likely to play an 
important rote in hERG channel functioning, possibly by sta bilizing 
transient conformations during th e ga ting process. The interaction 
with this hERG segment of four cardiotoxic drugs, namely bepridil, 
cetirizine, diphenhydramine and pentamidine, was shown to be 
negligible. However, these drugs proved to have a strong affiniry for 
the membrane. rhus opening the possibility for a membrane­
mediated ALQTS mechanism or membrane ca talysis. 
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Tableau A.Sl Proton chemical shifts of the hERG peptide in water at pH 5.5 and 

25 oc and in bicelles DMPC/DHPC q= l at pH 5.5 and 25 oc (grey color). 

Residue NH CaH Ci3H CyH Others 

lle1 8.1 3.82 1.88 CyH 3 0.91 CéH 3 0.88 

CyH 2 1.18, 1.45 

lle1 3.81 1.83 CyH3 0.80 CéH3 0.70 

CyH2 1.17, 1.50 

Gly2 8.52 3.91 

Gly2 3.92 

Trp3 8.13 4.7 3.17, 3.26 C(2)H 7.22; N( 1 )H 10.14 

C(7)H 7.46; C(6)H 7.21 

C(5)H 7.12; C(4)H 7.60 

Trp3 7.63 4.55 3.31, 3.38 C(2)H - ;N(1)H 10.37 

C(7)H 7.42; C(6)H 7.03 

C(5)H 6.94; C(4)H 7.47 

Leu4 8.13 4.22 1.45 1.39 Cé H3 O. 77, 0.83 

Leu4 8.10 4.07 1.30 1.57 Cé H3 0.91 , 0.95 

His5 8.33 4.53 3.03, 3.16 C(2)H 8.53; C(4)H 7.19 

His5 8.10 4.39 3.28, 3.31 C(2)H 8.61; C(4)H 7.29 

Asn6 8.24 4.68 2.82, 2.88 NéH2 6.88, 7.56 

Asn6 8.36 4.56 2.79, 2.92 NéH2 6.95, 7.66 

Leu? 8.31 4.28 1.61 1.60 Cé H3 0.83, 0.90 

Leu? 7.83 1,69 CéH3 0.93 

Gly8 8.45 3.88 

Gly8 8.35 3.83, 3.93 

Asp9 8.41 4.65 2.72, 2.81 

Asp9 8.03 4.61 2.89 

Gl n10 8.36 4.32 1.95, 2.08 2.30 NEH2 6.84, 7.46 

Gln 10 8.13 4.36 2.04, 2.17 2.78 NEH2 6.93, 7.45 

lle11 8.11 4.12 1.85 CyH3 0.84 CéH3 0.88 

CyH2 1.17, 1.44 

lle11 7.85 4.11 1.94 CyH3 0.92 CéH3 0.85 

CyH2 1.21 , 1.56 

Gly12 8.37 3.88 

Gly12 8.23 3.88, 3,92 

Lys13 8.02 4.58 1.72 1.38 CéH 2 1.64; CEH2 2.95 

N(H 3• 7.50 

Lys13 7.92 4.56 1.64, 1.70 1.40, 1.36 Cé H2 1.65; CEH2 2.96 

N( H3• 7.55 

Pro14 4.36 1.86, 1.94 2.17 CéH 2 3.57, 3.73 

Pro14 4.44 1.88, 1.92 2.15 Cé H2 3.54, 3.75 

Tyr15 7.97 4.50 3.02 C(3,5)H 6.84; C(2,6)H 7.13 

Tyr15 7.75 4.54 3.00, 3.04 C(3,5)H 6.81 ; C(2,6)H 7.10 
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B.2 Résumé 

L' environnement natif des protéines membranaires est complexe et les scientifiques 

ont ressenti Je besoin de Je simplifier afin de réduire le nombre de variables. 

Toutefois, la simplification excessive peut engendrer des problèmes expérimentaux, 

ce qui pourrait contribuer au fait que les protéines membranaires ne soient 

représentées que faiblement dans la base de données structurale et c' est la raison 

qu ' elles sont difficilement étudiées par spectroscopie de résonance magnétique 

nucléaire (RMN). Les progrès technologiques permettent l' utilisation de modèles plus 

complexes et, dans Je contexte de la RMN, une grande variété de mimétiques 

membranaires sont maintenant disponibles. Cet article de revue fournit un guide pour 

la sélection de systèmes de membranes modèles appropriés pour 1 ' étude RMN des 

protéines membranaires, en fonction de la protéine et de l'information recherchée. À 

part les bicouches (de tailles, morphologies et lamilarités variables), les bicelles 

(orientées et isotropes) et des micelles de détergent, cet article de revue va aussi 

décrire les mimétiques membranaires les plus récents, tels que les amphipols, les 

nanodisques et les micelles inversées. La RMN en solution et à l' état solide, ainsi que 

des techniques moins communes, telles que la DNP et la MAOSS, y seront abordées. 
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ABSTRACT 

The native env iron ment of membrane proteins is complex and scienrists have felt the need to simplify ir ta 
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oversimplification which contributes ra why membrane proteins are under-represented in the protei n 
structure databank and wh y they were difficult to srudy by nuclear magneric resonance ( NMR) spectroscopy. 
Technological progress now allows dea ling with more complex models and , in the conrexr of NMR studies, an 
incredibly large number of membrane mimetics options are avai lable. Th is review provides a guide ro the 
selection of the appropriate model membrane y stem for membrane prote in srudy by NMR. depending on rhe 
protein and on the type of information thar is looked for. Beside bilayers (of various shapes, sizes and 
lamellariry). bicelles (aligned or isotropie) and detergent m icelles, this review wi ll also describe the most 
recent membrane mimerics such as amphipols. nanodiscs and reverse micelles. Solution and solid-srare NMR 
will be covered as weil as more exotic techniques such as DNP and MAOSS. 
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1. Introduction 

Biologicalmembranes are complex natural barriers which isola te the 
content of the cell s from the extracellular environment while 
con trolling exchanges with the externa l milieu. They also compart­
mentalize a variety of cellu lar organelles such as the endoplasmic 
reticu lum (ER), mitochondria. chloroplast, Golgi appara tus. lysosome 
and nuc.leus. The total surface area of internai eukaryote cell membranes 
is of7000 ~2• i.e., ten times thar of the plasma membrane, highlighring 
the important biologica l role of organelle membranes III. Biomem­
branes consist of phospholipid bil ayers (most! y replaced by glycolipids 
in algae and plant chloroplasrs), wh ich may also conta in cholesterol and 
are spanned by membrane proteins (MPs). Cholesterol is not round in 
prokaryotes and is replaced in yeasts. fungi. algae and plan ts by 
ergostero l, sitosterol and lanosterol 121. The lipid composition of 
biomembranes varies in the different cell types. organelles and 
organisms as illustrated in Table 1. These differences can be explained 
by the functions of the membranes and organelles. For example, 
cholesterol and phospholipids are synrhesized in the ER. explaining its 
high membrane phospholipid content 13 1. The li pid composition may 
even va ry between two monolayers of a bilayer and within different 
regions of a bilaye r as evidenced by the hypothesized "lip id rafts" 141. 

Table 1 

1963 
1963 
1963 
1965 
1966 
1966 
1967 
1968 
1968 
1968 
1968 
1968 
1969 
1970 
1970 
1970 

The variability in membrane composition is also observable between 
Gram (-) and Gram ( +) bacteria. While bath bacteria have an inner 
phospholipid membrane with comparable composition, Gram (-) have 
an additional outer membrane, of which the extemal monolayer is 
enriched in lipopolysaccharides 151. Although not entirely understood . 
the incred ible diversity of lipids in membranes. and its conservation, is 
an indication thar they must play specifie ra ies in biological processes. 

The membrane and its constituents are involved in essential 
biochernical processes such as molecular transport, signalli ng, cata lysis. 
cell-cell in teractions and fusion. The protein content of membranes is 
variable and depends on the cell type and activity. For instance, hum an 
erythrocytes con tain 40% of lipids and 60% of proteins while myelin 
is composed of 80% of lipids and 20% of protei ns in weight 16,71. MPs 
are divided inra three classes according to rheir interaction wirh the 
membrane, namely intrinsic transmembrane proteins spann ing the 
membrane. peripheral proteins which do nor inreracr wirh the mem­
brane core. and lipid-anchored proteins cova lently bound to one or 
severallipid molecules 111. 

Because one-third of the human genes codes fo r MPs 181. their 
structure-fonction relationship is of great interest considering their 
involvemem in many pathologies. For exa rnple. mutations in the 
vasopressin recepror and cysric fibrosis rra nsmembrane conductance 

Lipid composition of selecte-d biomembranes expressed in average weight:% of totall ipids except for Peas. Chlamydornonas reinhardtii and Aspergillus niger membranes where the 
composition is in mol% of lotal lipids. 

Ccli/Organelle PC 

Eukaryores 
Erythrocyte (hu man) 17.3 1.2621 20 
Erythrocyte (rat) 12621 34 
Myelin (rat brain) 12631 11 
Rough endoplasmic reticulum (rat liver) 1262.2631 58 
Mirochondria (rat liver) 1262.2631 

lnner 43 
Outer 47 

Golgi apparatus (rat liver) 1262.2631 43 
Nuclear membranes (rat liver) 1262.2631 55 
rea rool plasma membranes (plant) 12641 57 
Pea leave chloroplast membranes (plant) 12651 
Clrlamydarnanas reinlrordrii (alga) 12661 
Aspergillus niger (fungus) 12671 37 
Candida albicans (yeast) 12681 32 

Prokaryores 
Escherichia coli (Gram-negative bacteria ) 15.269] 

limer 
Ouler 

Bacillus subtilis (Gram-positive bacteria) 12701 

PE 

16 
11 
t4 
18 

25 
22 
16 
20 
38 
0 

32 
21 

60 
61 
t3 

PS PC 

0 
0 
0 
0 

0 
6 
3 
0 

33 
13 
77 

Pl 

0 
0 
0 

6 
t2 
8 
9 
0 

SM 

20 
tG 

t l 
3 
0 

25 (LPS) 
6 (CL) 

PC = phosphatidylcholine, PE = phosphatidylethanolamine, PS = phosphatidylserine, PC = phosphatidylglycerol. Pl = phosphatidylinosi tol. SM= sphingornyelin. CL = cardiolipin. 
CL = galactolipids (monogalactosyldiacylglycerol digalactosyldiacylglycerol. sul foquinovosyldiacylglycerol), LPS = lipopolysaccharides, Ste= sterols (mostly cholesterol). 

"' Mostly sitosterol. 
b Moslly ergosterol. 
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regulator (CFTR ) protein are respectively responsible for X-linked 
nephrogenic diabetes insipidus (ND! ) 191 and cystic fibrosi s Il 01 . A 
defect on aquaporin AQPO in lens liber cells is involved in congeni­
tal cataracts Ill]. and there is evidence thar channel s of the TRP 
(transiem recepror porential ) superfamily are invo lved in kidney 
disorders. cancer and hypertension 112-14 ]. Sometimes. a single 
mutation in the transmembrane part of a protein prevents dimeriza­
tion and causes various cancers as in the case of the ryrosine kinase 
recepror family IlS]. Therefore. severa! MPs garner the attention of 
the pharmaceutical industry. For example the transacrivation of the 
epidermal growrh factor recepror ( EGFR ) is being studied in order to 
prevent the progression of chronic kidney disease 116], and the 
calcitonin gene related peptide (CGRP) receptor is targeted to treat 
migraine headaches 117]. Since voltage-ga ted sodium channels are 
expressed in different cancers. they are beco ming targets for drug 
design 1181. and so are G-protein-coupled receptors (GPCRs ) 119]. 

The arduous crystallization as weil as the difficulty to ob tain enough 
quantities of pure and active MPs has limited the number of known 
three-dimensional structures which account foronly 3%ofthe idenrified 
three-dimensional (30) structures of proteins 120]. Nuclear magnetic 
resonance (NMR) is a unique rool to determine MP structure and 
dynamics in native-like conditions 12 1 ]. NMR can tack le sa mples that 
are so lid or liquid. viscous or fluid . oriemed or isotropie, sratic or 
spinning, cold or warm. etc. lt is a non -invasive technique that can give 
access ro very accurate local distances. orientations or dynamics. the 
docking ofbiomolecules. but a iso the full high -resolution 30 structure of 
a protein by measuring a wealth of structural constraims through 20 or 
30 spectra . Beside protons. NMR mostly exploits 13

(, 
15N and 2 H when 

srudying MPs. Sin ce those isotopes are not narurally abundam. proteins 
have to be isotopically enriched. either unifonnly or specifi cally 122- 241. 

The structural complexity of biological membranes. however, 
constitutes a challenge for NMR. This obliges the reconstitution of MPs 
in membrane mimetics which are generally prepared using lipids or 
detergents. The composition of d1ese mimetics needs to be chosen 
carefully as ir stro ngly influences seve ra! physical properties such as 
shape, curvature, thickness, lateral pressure, dielectric constant and 
hydration 125]. Ir can also modulate the structure and activiry of MPs 
including ion channels 126-28]. A variery of membrane mimetics are 
avai lable for NMR studies ofMPs which can be selected accord ing to the 
experiment ro be performed. This review anicle first describes crucia l 
parameters that should be examined in order to choose the suitable 
mode!. Ir then presents the numerous options available depending on 
the type of NMR srudy to be pe1formed. For each membrane mimetic. a 
thorough description of the surfactant and of the protein-surfactant 
complex (PSC ) will be given.as weil as ge neral guide li nes for making th e 
complex. a discussion on the advantages and drawbacks of each 
approach, and severa! recent examples of successful NMR applications 
in the study of MPs. The reader is referred to the list of abbreviarions for 
complete nomenclature of the lipids and detergents. 

2. Parameters dictating the choice of a model membrane 

Because MPs are very hydrophobie molecu les and peptide chemical 
synthesis yields decrease with length, larger proteins must be over­
expressed in host organisms su ch as Escherichia coli or yeasrs. or by th e 
newly designed cell-free expression system. preferably with an affiniry 
tag for purifi ca tion 124.29-31 ]. Du ring its ex pressio n. an MP is either 
targeted ro the membranes of the expressing organism or imo 
inclusion bodies (or protein precipitates ). Subsequently, these pro­
tein s need to be purified. re-natured and reconstituted so they can 
regain a native and active structure. Because MPs are hydrophobie 
molecules they need to be transferred to membrane mimetics in order 
to be manipulated in sol ution , which is a very delicate step. The 
membrane mime tics should meet two criteria: first. ir should reflect ,1s 
closely as possible the natural environmentofthe prote in ro reproduce 
the MP-environment interactions and allow th e prote in to achieve its 

(A) '.....--.......--.......--.. .orx: "-" "-" "-" "-" 0 H 

HO''. '''OH 

HO 
o,p 

(8) ~o;5~o- Na ' 
0 
Il 

(C)~o-r-o~N.~ 
o- l' 

(F) 
0 0 . . . . . u Il 
~o~o-P-o_ .....--.. ~ 

,•\ 1 "-" ' N' 
~OH o- 1' 

0 

Fig.. 1. Molecular strucrure of commonly used surfactants for the prepar .. 1rion o membrane 
mimetics: (A) octyglucoside (OC). (B) sodium dodecylsulfare (SDS). (C) n-<lodecylpho­
sphocholine (DPC). (D) lyso-myristoylphospharidylglyœrol (LMPG). (E) dihex.lnoylpho­

sphatidylcholine l DHPC). (F) dimytisJoyl-phosphatidylcholine (DMPC). 

native state and. at the sa me rime, ir must Jead to well -resolved NMR 
spectra. The parameters robe considered wh en choosing a membrane 
mimetic for the NMR study of a MP can therefore be divided into 
biological and technical requirements thar will be examined below. 

2.7. Biological requirements 

Membrane mimetics are prepared by se lf-association of surfac­
tants in aqu eous so lution . Surfactants can be divided into rwo large 
classes. i.e .. those which fonn micelles (ca lled dete rgents) and those 
which form bilayers (i.e .. lipids) . While deterge nts can be used to 
so lubilize MPs by extracting them directly from th e ir native 
membrane, the incorporation of MPs into lipid bilayers requires an 
additional reconstitution step. To some extent. a detergent micell e 
w ill never fully mimic a biomembrane which is primarily a lipid 
bilayer 125]. Nevertheless. the selection of surfactants shou ld as muchas 
possible take imo accoum the physical characteristics of the biomem­
brane to be mimicked. To begi n with, biological membranes are Jipid 
bilayers - 4 nm thick in a liquid crystalline phase. Therefore an ideal 
mode! should be morphologically similar at access ible temperatures 
since changes in the membrane fluidiry will affect the equilibrium 
di stribution of the different conformers 125]. The structures of 
commonly used surfactants a re shown in Fig. 1. 

As discussed previously. inter-specifie and inter-organelle mem­
brane compositions vary. Cholesterol. for example. is not found in 
prokaryote membranes, and PC is the most abu ndant phospholipid in 
eukaryote cell membranes while PE is dominant in many bacterial 
strain s. The nature of the lipids (charge, acy! chain length , insatura­
tions ) composing a biological membrane is important because ir 
dictates the propensiry to form a bilayer, as weil as the membrane 
thickness. curvature. fluidiry or stiffness !32.33!. For instance. cho­
lesterol. which rigidifies the lipid acy! chains. tun es the membrane 
fluidity. The ba lance between the mechanica l properti es of the 
biomembrane as derermined by the nature of its lipid co ntent can 
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also have a signi fi cant importance on protein structure and function 
]26.34]. ln consequence, the mode! membrane thickness. curvature 
and stiffness ca n modulate the folding, function and equilibrium of 
MPs ]34-36] . For example. the presence of sphingo mye lin is required 
by the pore forming equinatoxin Il ]37] . The fun ction of th e 
mechanosensitive channe l of large conductance (Mscl) from f. coli 
was shawn to be dictated by its interaction wirh surrounding lipids 
depending on their chain lengths or headgroups ]38,39]. Similarly, the 
charge of the membrane co nstituents counts wh en studying MPs and 
peptides which have an affinity for cha rged lipids, as it is the case for a 
variety of antimicrobial peptides ]40-43]. Likewise. lipid composition 
can affect the orientation of transmembrane !1 elices in a membrane. 
Studies show th at the tilt of such helices is affected when the mode! 
membrane phospholipid chain lengths do not match the hydrophobie 
length of the protei n ]44,45]. A review on the interaction of helica l 
transmembrane proteins with membrane lipids can be consulted ]46]. 

The litera ture shows examples where MP structures differed 
depending on the composition of the membrane mimetics used in 
NMR. This stresses the importance of knowing the physico-chemical 
properties of the mimetics discussed in this rev iew. in arder to explain 
their effect on the protein structure. lt should be remembered that 
biological moleculesaredynamicand tha tsample preparation can trap a 
molecule in a variety of states th at may be "native" or not. Current efforts 
in structural biology focus on trying to determine the lower populated 
intermed iate states that are thought to be more informative than the 
more stable, low-energy states that protei ns take along a speci fi e 
mechanism pathway ]47]. For exa mple. the structure ofphospholamban 
was studied by NMR in different conditions and gave various 30 
structures in bi layers with different thickness and fluidity such as pure 
POPC bilaye rs. POPC/ POPG bilayers. mechanically aligned DOPE/DOPC 
bilayers or DPC micelles ]48-51 ]. ln such a case. as discussed below. 
ali structures were considered "active" in different relevant states. 
Similarly. the structure of membrane-bou nd a-synucle in was shawn to 
be modulated in presence of curved vesicles and micelles or flat bi celles, 
confinning the importance of the environment upon protein folding 
into its final structure ]52]. The cha llenge of finding the be sr membrane 
mimetics is not specifie to NMR structure dete rmination. For exa mple, 
the influenza virus M2 proton channel was studied in bilayers made of 
pure lipids of various lengths (DLPC, DMPC, DOPC) as weil as in 
mechanically aligned DO PC/DOPE bilayers and DHPC micelles and gave 
different results by solution . oriented and magic-angle spinning solid­
state NMR techniques ]53-58] but a iso by X-ray crysta llography in OG 
micelles ]59]. ln thi s particu lar case, the structures were not ali 
considered "native-like". Cross and co-workers recently discussed the 
bias introduced by the crysta l packi ng on the one ha nd ( high pressure 
and presence ofPEG that resu lted in an artificial di mer and no pore) and 
the extremely high curvarure of the detergent micelle that left the solid­
state NMR structure the most relevant one ]25]. 

The assess ment of MP activity, especially in detergent solution, is a 
challenge for NMR as weil as for 2D and 3D crysta lliza tion methods 
]60 ]. ln favorable cases. protein activity cou id be assessed in situ using 
complementary srudies, e.g., by measuring the binding, by isothe rmal 
t itration calorimetry, of a known liga nd requiring a specifie protein 
conformation ]61]. ln other insta nces, it is essential to ascertain that 
the membra ne mimetic did not irrevers ib ly denature the prote in. To 
excl ud e such mimetics. it is often possible ta reconstitute the MP in a 
native-like environment and verify the loss of activi ty. 

2.2. Experimental requirements 

The choice of membrane mimetics ta study M Ps sho uld a iso be 
di ctated by the type of information that is sea rched for and by the 
NMR experiment to be performed. Parameters such as experiment 
t i me, temperature. pH, hydra ti on and surfactant-ro-MP ratio must be 
considered. 

The structure determination ofMPs requires 2D NMR expe rim ents 
that are usually perfo rmed over long periods of time. Therefore. the 
stabili ty of membrane mimetics is of great importance as they should 
maintain the functiona l state of the protein and limit its conforma­
tional fl exi bility ]34]. ln so lution NMR, for exam ple, Krueger-Koplin 
et al. ]62] have eva luated 25 detergents such as SDS and lyso­
phospholipids using 1H- 15N HSQC experiments. Their study showed 
that LPPG ge nera lly prod uced high-q uali ty spectra with sa mple 
lifetimes greater than 1 month for five proteins tested. Nevertheless. 
other detergents were a lso favorable depending on the MP studied. 
However, the presence of multiple conformations was suspected for 
ce rtain rest proteins in SOS micelles. as sugges ted by an abnormally 
high number of cross peaks. 

An appropriate membrane mimetic sho uld a iso have a temperature 
range of stability covering thar of the experi ment to be performed -
which can be up to 37 •c in some cases while certain solid-state NMR 
experiments are carried out at sub-zero temperatures ]63 ]. The 
temperarure ca n affect the qual ity of the NMR spectra as weil as 
sa m pie li fe ti me. ln so lu t ion NMR. Krueger-Koplin et al.[62] report th at 
the spectra l in te nsities and li newidths of sub uni t c from 
B. pseudojirmus observed by 1H- 15N HSQC varied between 22 and 
48 •c when studi ed in LOPG and LPPG micelles. Surfactant stabi lity 
with respect to pH is a iso desired to a void potential hydrolysis of ester 
links (in the case of phospholipids. for exa mple ) and subsequent 
membrane di sruption. Model s using ether- linked phosp holipids have 
shawn improved stability at low pH a lthough with a different phase 
behaviour ]64]. 

Membranes are hydrated systems, and a mini mum hydration 
value must be ma intained in arder to ensure that the structure 
survives. The primary hydration shell of a lipid is composed of about 
20 water molecules ]65]. which imposes a water content of around 
50% in weight and no Jess than 30% for correct swelling. ln addition, a 
high lipid-to-MP ratio shou ld be achi eved ta provide sufficient 
hydrophobie environment. A typical ratio used in NMR is between 
4:1 and 1:1 (in weight ) ]24.56.63.66- 69]. A ratio of 1:1 is close to the 
one found in biomembranes and guarantees a high NMR se nsitiviry 
and , at the sa me ti me, that each pro rei n is surround ed by at !east one 
layer of lipids. Standa rd functional reconstitutions, on the other hand , 
are typically done a ratio of 80:1 in weighr ]70]. ln ali instances. NMR 
tubes are fil led with large amounts of water and lipids or detergents 
and very low quantities of protein mate rial. 

As was mentioned prev iously. mem brane mimetics can be divided 
into micelles and bilayers. They can also be classified as oriented vs. 
isotropie systems or according to othe r physical parameters (size, 
com position, charge etc. ). Si nee the na ture of the sa m pie wi ll dicta te 
the NMR ex periment (and vice versa ), the followi ng sections wi ll be 
presented according ta the most important of the parameters: the 
correlation time of the protein-surfa ctant com plex (PSC). PSCs are 
highly dynamic structures with slow, inte rmedia te, and fast local and 
global dynami cs depending on the overall molecular weight of the 
complex ]71 ]. The weight and shape of thi s complex. the temperature 
and viscosity of th e milieu w ill mostly affect the global correlation 
time TC of the system. Fast-tumbling small PSCs (< 100 kDa) can be 
stud ied by solution NMR ]62,72- 77]. whi le s low reorienting aggre­
gates are more amenable to so lid -sta te NMR ]78,79 ]. Protein size and 
PSC ntmbling rate are related bu t not direcrly proporrional. Firsr. the 
surfactant molecules co ntribu te to a t !east half of the molecular 
weight of a PSC. Second , wh ile a prote in such as the light-harvesting 
complex 2 (LH 2) is only 16 kDa small, itorganizes in the membrane as 
a nonamer of 150 kDa and ca n only be stud ied by so lid -state NMR 
]80[. Wh ile prote in size is genera lly inverse ly proportiona l to spectra l 
sensi bility. the LH2 nonamer of 150 kDa is actually ni ne times more 
sensitive th an the 16 kDa mono mer si nee the signa is of each mono­
mer add up. ln the following section, slow-tumbling membrane 
systems w ill be divided inra two sections depending on their ability to 
align in th e magnetic field BO of the NMR specrrometer. 
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Fig. 2. Cartoons depicting severJI membrane mirnerics described in the text. (A) 
detergent micelle, small uni!Jmellar vesicle (SUV) and large unilame!IJr vesicle (LUV). 
(B) large unilarnellar vesicle (LUV) and mulrilamellar vesicle (MLV). 

3. Slow-tumbling objects 

NMR spectroscopy and spectral resolut ion respective ly rely 
and depend on magnetic interoctions that are often orientation­
dependen t. With objects thar are fa st-tumbling (under 50 ns correla­
tion time ). the effect of such interactions is suppressed and hi gh­
resolution spectra can be obtained. ln the case of slow-tumbling 
objects thar we will exa mine in mis section, other approaches have to 
be followed to rega in the high spectral reso lution-this is the field of 
solid -state NMR. One such approach is magic-angle sp inning (MAS ) 
where the "solid" sam pie is spun at high rates at an angle of54.7" with 
respecr to th e magneric fi eld , yie lding spectra al ike ro rh ose obtained in 
the presence of fa st molecular tumbling in solution. A second approach 
is sa m pie orientation, if possi ble, w here the orientation depe nd ence of 

the magnetic interactions is fixed to a s ingle va lue rather than 
averaged out. Finally, another option for slow-tumbling objects is to 
retain the orientation dependence of magnetic interactions and 
extract mea ningful data from poorly resolved NMR spectra. 

3. 1. /son·opic membrane systems 

3. 1.1. Mu lri lamellar vesicles 
Lipids in water organize as closed bilayers ca lled vesicles or 

liposomes. Depending on their preparation. they can have va rious 
sizes and Jamell arity. Spontaneously, li pids in water form large 
multilamellar vesicles (ML Vs ) that are inhomogeneous in com posi ­
tion. but on th e order of1 fUTI diameter and up to a dozen bilayers 1811 
(Fig. 2). Very easy to prepare, ML Vs can incorporate any type of lipids 
and ca n be tai lor-made to mimic any biologica l membrane compo­
sition . Nevertheless. MPs do not inse rt spontaneously into Jipid 
membranes and an ad ditional reconstitution step is necessary 124.82 1. 
Whethe r produced chemically or biologically, in biomembranes or in 
inclus ion bodies. MPs have to be solubil ized to facilitate the ir 
manipulation . Some MPs. usually small peptides, are very resistant 
and ca n be dissolved in orga nic solvents wi th the appropriate Jipid 
mixture and even dried out entirely without los ing their ability to fo ld 
back to an active structure 142,49,66,83-88 1. ML Vs conta ining MPs are 
obtained by rehydration of su ch a mixture. 

More fragile MPs have to be solubilized using detergent molecul es. 
They ca n either be studied in deterge nts (Section 4.1) or be transferred 
to another environm en t such as vesicles. supported membranes 
(Section 3.2.1 ), bi ce lles (Section 3.2.2), nanodi scs or amph ipo ls 
(Section 4.4 ). The ge ne ra l procedure consists in making ternary 
complexes of MP, detergent molecu les and the new surfactant in 
which the MP wi ll be reconstituted. The detergent is subseq uent.ly 
removed by one of seve ra! methods. the most popular ones being the 
use of polystyrene beads (biobeads) or simple dialysis until the 
detergent concentra tion is below the critical micelle concentration 1701. 

Although the vesicle multilamellarity is not biologically relevant. 
the local constraints in the MLV membrane are th at of a ce li because of 
the ves icl e size and curvature. ln addition. thi s type of sample is 
advantageo us for NMR analysis because it is highly concenrrated in 
lipids and embedded proteins. A typical sa m pie may conta in a ratio of 
1:1 (in weight ) of lipids-to-water. and 4 :1 of lipids-to-protein 1241. 
The multilamellar nature of these abjects makes them improper for 
the study of lipid asymmetry or transport ac ross the membrane si nee 
it is difficu lr to defi ne an exterior and an inte ri or of the vesicle and 
beca use of inter-bilayer e ffects. The large size of these abjects and the 
resulting s low tumbling a iso make them unsu itable for solu tion NMR. 
but they a re appropriate for so lid -state NMR ap plications. 

NMR spectra of static so lids are poorly resolved. but focusi ng on 
specifica lly labell ed parts of the molecu le, one ca n still obtain crucial 
dynamic or stru ctural in form ation . Solid-state 2H and 3 'P NMR can be 
employed to study lipid/prote in interactions in MLVs incorporating 
deuterated lipids 185.89]. Using 2H NMR. jones er al. l66] have measured 
the orientation and local dynamics of the prote in EGF receptor contain­
ing deuterated alan ines in POPe ML Vs, with and without cholesterol. 

Spectral resolution can be increased by spinning the sa m pie at the 
magic ang le. ln the 1990s. the technology was insuffi cient for 
resolving ali atoms of a protein in a sample. but by specifica lly 
labell ing sorne n e and 15 N atoms. one cou id measure very accu rate 
distances in a protein. W ith a technique ca lled Rotational Resonance 
( R2 ) and only two n e atoms, Griffin and co-workers cou ld determine 
th e conformation of the sma ll re ti na! mo lecu le ins ide a macromolec­
ular complex formed by the 26-kDa MP bacteriorhodopsin, lipids from 
the bacterial mem brane and water 1901. With a similar techniqu e 
ca lied REDOR, two n e and one 15 N atoms. Schaefer and co-workers 
cou ld derermin e the seco nda 1-y structure and orientation of the 
antibacterial peptide maga inin in DPPG or DPPG/ DPPC MLVs 183]. 
With three 13C and one 15 N atoms, Sepa rovic and co-workers cou ld 
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Fig. 3. 1 D " C solid-st,l te NMR spectra ofdifferently pre)ldred a -spectrin SHJ samples. Sample (A) was end re ly lyophilized from aqueous low-sa lt buffer. Sample ( B) was parti y lyophilized 
from aqueous low-sa lt buffer. Sample (C) was lyophilized from a solution containing poly-ethylene glycol and sucrose. Samplc (D) was precipitaœd from a (NH, J,S04 -rich solution. 
Remark: the proreins in s.1mple (0 ) are micro-crysrallized 
Adapred from (92( with permission. 

locate the conformationa l fl exib ility of an a-heli x of the nicotinic 
acetylchol ine receptor in DSPC or POPC ML Ys 186]. 

Si nee the seminal work of Oschkinat and co-workers 191). magic­
angle spinning NMR has become an important technique thar 
provides new protein structu res itemized in the Protein Data Bank 
(PDB) 1211. MAS-NMR is now tackling samples made of uniformly 
labelled proteins embedded into hydrated MLYs and has helped to 
determine a number of 3D structures such as protegrin in POPC ML Ys 
1871 or the Influenza M2 channel in DLPC or DMPC ML Ys 156,671. The 
membrane environ ment should provide a native/active conformation 
for the protein. which wo uld also be an advantage for NMR since a 
single conformation would give a highly resolved spectrum. whe reas 
any other preparation thar may resu lt in a distribution of conforma­
tions wou id compromise the quality of the spectra. as illustrated by 
Fig. 3 on a soluble prote in 192]. Neverthe less. membranes are a iso rich 
in slow dynamics and spectra may still suffer from a distribution of 
active conformations. Temperature is a parameter thar can be used to 
either slow dawn or accelerate conformational exchange 167.68.93). 
Reso lu tion and sensi tivi ty in solid-state NMR is currently insufficient 
for routine 3D structure determination of uniformly la be lied MPs in 
ML Ys. Nevertheless. thi s area is constantly evolving. especia lly with 
the development of Dynamic Nuclear Polarization (DNP) 194) or new 
isotopie labelling techniques 1951. 

Severa! large transmembrane proteins are being ass igned in a 
membrane environment, and the structure is on the way. su ch as for 
the phospholamban penta mer in DMPC or DO PC/DOPE ML Ys 1691. the 
outer membra ne protein Gin ML Ys made of E. coli lipid extracts 1681. 
the potassium channel KcsA in aso lectin MLYs 163). the cytochrome 
bo3 oxidase in MLYs made of endogenous E. co li lipids 193 1. the 
sensory rhodopsin in purple membrane lipids MLYs 1961 or the 
mechano-sensi tive channel Mscl in DOPC MLYs 1241. DNP is one of 
the most fascinating recent developments in solid -state NMR for 
signa l enhancement. and one obvious application is the study of MPs. 
Such an approach is currently being followed by the group of Griffin 
on frozen bacteriorhodopsin in MLYs with deuterated lipids. warer 
and glycerol used for cryoprotection 1941. 

3. 1.2. Gianr and large unilamellar ves icles 
Severa! methods exist to make uni lamellar vesicles, the most 

popular cnes being reverse-p hase evaporation of organic so lve nts. 
extrusion through polyca rbonate filters or sonication 181). Most 
ves icles can be prepared with almost any type of lipids. The major 
advanrage. as mentioned before. is thar the inner layer. the outer 
layer. the interior and the exterior of the liposome are easily defi ned, 
and the transport of solutes through a protein can be measured 
across the membrane. Other properties depend on the liposome 
diameter thar can range from 10 !JlTI (Gia nt Unilamellar Yes icles or 
GUYs ) dawn to 100 nm for typical L..1rge Unilamellar Yesicles (LUYs). 
or even 20 nm for Small Uni lamell ar Yesicles (SUYs) obtai ned by 
sonication. 

GUYs and LUYs have a small curvature and , hence. provide a 
native-like local environment for MPs. They also have large interior 
volume and, rhus. a low membrane concentration in the sample 
re ndering them unfavorable for NMR which is an insens itive 
technique. For these reasons. GUYs are never used in NMR and LUYs 
are mostly srudied for looking at li pids. but not at MPs. The use of 
SUYs for the study of MPs by so lution NMR will be reviewed be low in 
Section 4.3. 

The combined eiTect of vesicle rumbling (radius R. viscosity 17 and 
rate 1/t,) and lateral diiTusion (constant D and rate 1/ rd) can lead to 
partial or complete averaging of NMR interactions. Assuming thar the 
eiTective correlation rime l v is described by the following equa­
tion 197): 

(1) 

Bloom et al.l97) have shawn thar lipid diffusion a round the vesicle 
was independent of vesicle size and thar high-resolution t H NMR 
spectra were obtained wh en the vesicle tumbling was fast enough. i.e .. 
wh en the ves icles were sufficiently small. 
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3.2. Orienced membrane systems 

Orienting ali molecules of a sample in the same direction can be 
difficult. Lucki ly, in the case of lipids. there are severa! cases w here 
they spontaneously align in a given direction. Peptides or proteins 
embedded into the lipid membrane can therefore be oriented as weil. 
We will exa mine two d iffe rent types of orien red membra ne systems: 
supported on glass plates or non -supported magnetically aligned 
bicelles. We wi ll also conside r the emerging fi eld of MAOSS which 
combines orienting and spinning of the sam pie. 

3.2. 1. Meclwnically aligned bilayers 
When hydrated w ith the adeq uate amo unt of water, al most ali 

lipids spontaneously align on glass plates w ith the bilayer normal 
perpend icu lar to the plates' plane. Furthermore. w hen introduced in 
the magnetic field, additional magnetic alignment s ignificantly 
improves the lipid mosaic spread (devia tion from perfectorientation ) 
to be down ro 0.3• 1981. The mechanical alignment of lipid bilayers 
supported on glass plates is, th ere fore. a very conveni ent way to orient 
a MP in the magne tic field . 

Oriented samples are prepared by spreading a lip id/ protein 
di spersion on glass plates. Typically, lipids and proteins are dissolved 
in an organic solve nt but if necessary, proteins can be reconstituted in 
a hydrated lipid membrane without using solvents. ln both cases, the 
dispersio n firsr has to be significanrly dehydrated and th e plates are 
s ubsequently rehydrated in a chamber for a coup le of days. 
Phospholipid a lignment can easily be checked by 2 H or 31 P NMR 
which provide characte ristic oriented lipid signa is. Each plate is a 
square of- 1 cm2

, and about twenty such plates can be stacked into a 
sea led NMR tube 199.1001. 

With the app ropriate NMR probe, any orientation of the supported 
bil ayers can be achieved, whereas bicelles (see next section ) can only 
adopt pa ralle l or pe rpendicula r ori entations. Glass plate supported 
membranes ca n be a ligned with a lmost any lipid , at almost any 
temperature. whereas bicell es only align in a specifie temperature 
range depend ing on rheir compositio n. Neverthe less. lipid bilayers 
will a lig n on a glass plate only within a specifi e hydration ra nge 
{typically around 40% by weight I991J, which is low co mpared to 
native membranes and ha rd ly permits the change of pH or solu te 
concentration once the sam ples are made. Furthermore, a significant 
fraction of the sample volume is occupied by the glass plates, thus 
reducing the sensitivity of the NMR experiments since a typical 
sa m pie will coma in a we igh t ratio of lipids-to-protein berween 3: 1 
1991 and 160:1 11001. and typ ica lly 20:1. 

While this system was first used to study lipid dynamics (see. for 
exa mple, Il Ol iJ, so lid-state NMR of mechanically a ligned membranes 
has generated the first 30 structure of a MP by NMR 1991. This se minal 
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work by the group of Cross has resu lted from a sysrematic 15N NMR 
study of gramicid in A in OMPC membranes started in 1986 11021 
where the peptide structu re is deduced from each peptide plane 
orientation determined independently. This approach has been 
improved by the gro up of Opell a with the development of PISEMA 
1103- 1061 and related sequences such as SAMMY iJ071 or HIM SELF 
11081 thar can be applied to uniformly 15N-Iabelled peptides. These 
sequences provide 20 spectra with parterns thar directly depend on 
heli x tilts in the membrane. as shaw n on Fig. 4 wirh the peptide tBid 
Il 061. ln so lid-state NMR. the approach of using orienred membranes 
on glass plates has been the most efficient, as of toda y, for providing 
new MP structures 1211. Since 1993 over half a doze n membrane 
peptide structures have been determ ined to high resolution, such as 
severa! M2 channels (from the nicotinic acetylcholine receptor, 
NMOA receptor and influ enza A virus) . in OMPC o r POPC/ OOTAP 4: 1 
mem branes. as weil as the small Vpu channel from HIV-1 in OOPC/ 
OOPG 9 :1 membranes 154,100,1091. Finally, a combination of solid­
state NMR on OOPC or DOPC/ DOPE 4:1 ( molar ratio ) membranes 
aligned on glass plates and solu tion NMR on MPs solubili zed in OPC 
detergents has a llowed th e determination of several dynamic and 
active structures of phospholamban, resting and active, co mpared to 
the sta t ic picture determined in solution on ly 148,5 11. As discussed 
be fore regarding the structure determination of the influenza virus M2 
proton channel l25l. thi s combination of different NMR techniq ues ­
especially if performed in the sa me membrane env iron ment- or NM R 
and crystallographic techniques, may we il be the best approach to 
compensa te for each tech nique pitfall. 

3.2.2. Magnetically aligned bicelles 
Bilayered micelles- or so-ca ll ed bicelles- have been introd uced in 

the 1990s as new membrane mimetics 1110,1111 and quick ly gai ned 
popularity co nside ring the numerou s advantages they offer for 
studying membrane peptides and proteins. The ir composi ti on and 
loca l morphology resemble those of biomembra nes - i.e .. a planar 
bil ayer of phospholipids - and they have proven their versati li ry as 
they ca n be used in both solu tion and so lid -state NMR. Moreover. 
bicelles are transparent and , th us, amenab le to optica l spectrosco py 
such as circular dichroism 1112- 1171. 

Bicelles are composed of long- and short-cha in phospholipids. 
generally DMPC and DHPC 11111 although DMPC can be replaced by 
large fractions of other saturated or unsaturated long-chain lipids 
w ith various headgroups, as weil as cholesterol, gangliosides and 
ceramides 1118- 133 1. Thereby bicell es can mimic a variety of bio­
membranes such as prokaryote. mitochondria, erythrocyte, myelin, 
neurons and skin 11341. Both lipids can be replaced by PCs with cha in 
length different by one or two carbo ns 11 30,1351 . DMPC and DHPC can 
also be replaced by analogs with ether lin ks in lieu of carboxy-ester 
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fig. 4. 20 Pl SEMA NMR spectra (AJ and Simulations (H-t- ) orthe umiormly :5N-Iabeled tH Id pepnde m onen red hp1d bilayers. The helicai tih angle is mdicated above each simuiarion. 
The experimenral specrra are best fitted for helix porallel to the membrane surface. or with a till under 20°. 
Adapied from 11061 with penniss ion. 
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Fig. S. Tile various nlOrphologies of bicelles: (A) large mîxed multilamcllar vesidcs, 
(B) perfor.ued rnultilamellar vesicles. (C) large rnagnetically aligned bicolles and (D) small 
isotropie bicelles. Large biœlles align wilh the nomléll to their bilayer perpcndicular to the 
ex1emal magnetic field 80, as shown on (C). 
Adapl'ed from 11411 with pem1is.sion. 

bonds ro access acidic and basic pH and improve bicelle stability 
)64.136.137). Recently. choles terol sulfate was shawn to improve the 
therma l stability of bicelles and broaden the interva l of temperature at 
w hich they align j138j. Jt is a lso possible to prepare bicelles mixed 
with no n-lip id surfactants such as bile sa lt analogues jll 0,139) or 
Triton X-100 jl40j. 

The morphology of bicelles has been the abject of mu ch debate and 
was extensively studied by severa! research groups. as reviewed by 

(A) 

~ 
200 100 0 

Marcotte and Auger j1 34j. However, recent 3 1P solid -state NMR 
studies published by Triba et al. j14lj support a made l in which the 
shape is d ictated by the long-ta-short-chain phospholi pid q ratio as 
weil as temperature. Bicelles can rhus be found as dises. vesicles or 
perforated vesicles as shawn in Fig. S. and therefore prepared 
according to the NMR experiment to be performed. Fast-tumbling 
discoid (isotropie ) bicelles are characterized by a low q ratio and used 
in solution NMR srudies of MPs. as will be described in Section 4.2, 
while high -q. magnetically self-aligning bicelles are prepared for the 
orientation measurements of MPs thar will be described below. For 
detailed applications of isotropie and oriented bicelles for the NMR 
study of membrane-associated surfactants and proteins. the reader is 
referred to severa! reviews )134.142.143 ). 

At temperatures above DMPC's gel-to-Ouid phase tra nsition 
(rypica lly> 30 •c). long-ta-short-chain lipid ratios q >23. and lipid 
concentrations of3-60% wjv in aqueous solution . bicelles are known to 
spontaneously a lign in the magnetic fie ld )141 ,144- 147) with their 
bilayer normal perpendicular to the direction of the magneric fie ld, as 
illustrated in Fig. SC. The magnetic alignment ofbicelles is attributed to 
the anisotropy of the magnetic susceptibiliry of the phospholipids. as 
detailed elsewhere jl34j. Although the average bicelle orientation is 
determined . rhe distribution and oscillation around this position have 
an effecton the NMR data jl41j. The mosaic spread affects the width and 
symmetry of resonances. and it is reported arou11d 6" )148). Osci llatio ns 
partially average magnetic interactions in molecules embedded in 
bicelles and addirional arder parameters between 0.7 and 0.9 therefore 
have to be incl uded to take this effect into account jll4j. 

Aligned bicelles can be prepared by mixing the phospho lipids in 
the appropriate butTer so lution . followed by a series of freeze (liq uid 
nitrogen )/ thaw (37 "C)jvortex shaking. leading to a transparent non­
viscous sample. Proteins can be co-solubilized with the phospholipids 
in solvents such as 2.2.2- trifluoroethanol (TFE ). followed by vacuum­
drying prior to hydration )88.11 3 ). ln sorne cases proteins do not 
survive organic sol ubi lization or full drying. rhus reconstitution 
protocols have been optimized ro incorporate MPs into bicelles 
without such damaging steps 1 1 14). Typically, a q value of 3 to 3.5 
is employed with 20- 60% w jv lipids in aqueous so lutions )44.84. 
1 08,114,120,149- 154). Detai ls on the preparation of bice ll es samples 
for solid-state NMR study of MPs can be fo und in De Ange lis and 
Opella jlSSj. Proteins as big as 350 residues have been successfully 
incorporated into orienred bicelles. as demonstrared wirh the G-

(D) (E) .... 
4 4~ 1 . •!-. V1 ) ~ · g' 
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Fig. 6. Solid·stale NMR spectra of the transmembrane domain ofVpu in lipid bilayers diiTerently aligned: on glass plates (A}. in .. flippedH bicelles (B) or in Nnormal'"bicelles (C-E). (A-C) are 
1 0 15N NMR spectra wh ile (D) is a 20 PISEMA NMR specrrum allowing for reS<Jnance assignment (shown in E) and helix tilt detenninaûon (detennined here to be approxinldtely 30" with 
respect ta the bilayer normal ). 
Adapted from I lS Il with pem1ission. 
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protein-coupled recepror CXCR1 ]156]. Fannucci er al.]157] observed 
thar large bicelles preserved the folded structure of the Ton box motif 
ofBruB, and Czerski and Sanders ]158] showed thar the integral MP 
diacylglyce rol kinase (DAGK ) ma inrained irs caralyric activiry w he n 
incorporared inro DMPC or DPPC bicelles. 

DMPC/ DHPC bicelles have a thickness of -4 nm similar ro a narural 
bi layer ]1591 as weil as a planar surface. They are a iso stable over a wide 
ex rent of io nie strengrhs and pH ]111.144 ]. as opposed ro acidic bicelles 
which are more fragile and subject to hydrolysis ]120,1221. Aligned 
bicelles have severa! adva ntages over rnechanically aligned bilayers: in 
the correct temperature range. bicelles tend to improve the resolu tion of 
15N and PI SEMA spectra as corn pa red to bilayers rnechanically a ligned 
on glass plates as illustrated in Fig. 6A and B with rhe transmembrane 
domain ofVp u ]151]. The sa rnple is easier ro prepare, better hydrated 
and the volume is large be cause of the absence of glass in the sa m pie. ln 
addition, MPs expressed in bacteria can be purified either w ith the 
bicellar long- or short-chain lipid to which the lipid compan ion can then 
be added in orderro obtain bicelles ]114.156.1601. However. itshou ld be 
noted thar the presence of a protein may affect the orientation of 
bicelles. as was observed w ith gramicidin ]881. 

Aligned bicelles are frequ e ntly used to determine the orientation 
of transmembrane he lices wirh res pect to the bi layer normal su ch as 
thar of antimicrobia l peptides but a iso large transmernbrane prorei ns 
su ch as the r\ -barrel tOm pA and OmpX. as long as their ax ia l diffusion 
is fast ]114.1541. This information - w hich is co mplernentary ro the 
structure thar ca n be obtained by so lid-srare NMR. soluti on NMR. or 
any other method - can be provided by 15N or 2 H NMR as the 15N 
chemica l shifr value or the 2H quadrupolar sp lini ng of speci fi ca lly 
labelled residues are ind icative of the chernica l bond orientation with 
respect to Bo direction ]1 08. 120.150 1. lmprovemenr over this 
approach with PISEMA re lated sequences has a ll owed the resonance 
assignmenr and helix tilt determi nation of the Vpu cha nnel from 
HIV- 1. as shown on Fig. 6C-E ]151 1. Similar approaches have provided 
the structure of a truncared construct of the mercury trans port 
membra ne protein MerF-t ]151 1. as weil as the orientation of severa! 
proreins su ch as the cytochrome b5 ]108 1. TatAd from 8. subrilis]153 1 
or the p7 protein of hepatitis C virus ]161 1 in lipid bilayers. Although 
a ligned bicelles are s low-turnbling abjects used in solid-state NMR. 
large bicelles ca n a iso be ernployed in solutio n NMR to in duce resid ual 
alignment in water-soluble prote ins a nd obtain residual dipolar 
couplings used in structure determination, as thoroughly detail ed 
e lsewhe re ]162. 163 1. 

Due to their large magnetic susce ptibility, the add ition of para­
magnetic lanthanides flip s the orientation of the bi cell e norma l from 

(A) h$• .. ·· 
. · UJ,I 

~ . 

Fig. 7. (A) Arrangement of glass plates and rotor used in MAOSS. (B) Arrangement of 
pc! ymer sh('ets Jnd ret cr uscd in the Jl!c;narivc MAOSS appïû.ïCh. {C) 1 D 15N MA CSS 
NMR spectrum of a peptide. obtained using the approach describcd in (B). 
1\dapred from 11751 with permis ion. 

perpendicular to parallel to the static magnetic field direction. This 
effect achieved ar very small la nrhanides/ lipids molar ratios ( <0.1 ) is 
we il detai led by Prosse r er a1.]1 64] and will nor be discussed further 
he re. The advanrage of this merhod is to double the NMR freque ncy 
range of 15N che mi ca l shifrs ( Fig. 6B compared to 6C ), th us improving 
the resol ution of the amide spectra l region. as de monstrated w ith the 
fd coat and Vpu proteins ]841. The same effect is observed on 2 H NMR 
spectra. Another advantage of the para ll el alignment is thar protein 
orientation in the me mbrane beco mes independent of its azim uthal 
orientation and axial diffusion rare. Specrra obrained ar o• and 90 " 
a lignments ca n a iso help confirming the orientation of proreins such 
as the large oute r MPs from E. coli]114,154l or the small MerF-t and 
V pu transmembrane a-heli ces ]44, 151.152]. The presence of para­
magnetic ions may perturb protei n activity, shift a min o ac id 
resona nce frequen cies or cata lyze lipid hydrolysis. a lthoug h lip ids 
with chelating headgro ups can be used to sequester the lanthanides 
away from the prote in ]1651. However the protein moieties within the 
hydrophobie core of the bicelles should not be affected ]84 ]. 

ln order to a void the use oflanthanide ions altogether. iris possible to 
prepare parallel-aligned bicelles by replad ng DMPC with phospholipids 
containi ng a biphenyl group on one acy! cha in. such as DBBPC orTBBPC 
]166.1671. The large positive magnetic susceptibili ty of the bip henyl 
groups is responsible for flipping the bicelle orientation. Although th e 
tem pe rature ra nge where "bipheny lared" bicelles align is larger 
compared ro DMPC/DHPC bicell es. the composition domain for which 
orientation occurs is reduced ]1661. These new bicelles have yet to be 
proven general for the incorporation ofMPs, but they have already been 
successfully a pp lied ro the srudy of the Pfl coat prorein [168]. 

3.2.3. Spinning orienced sysrems 
Al igned bi layers can also be utili zed in combinarion with MAS to 

improve the resolu tio n, signal - to-noise rat io and se nsitivity of the 
NMR measurement of orientation. This approach introduced as MAOSS 
(magic angleoriented sam pie spi nn ing ) was proposed by Glaubitz and 
Wa tts in 1998]1691. The original membrane system consists of a series 
of lipid bilayers deposited on glass dises which are then stacked and 
placed in a MAS rotorto orient their bi layer normal pa ralle! ro the rotor 
axis. as shown in Fig. 7 A. Purple membranes- an hexagonal crystalline 
lattice of the light-driven proton pump bacteriorhodopsin (BR ) from 
H. salinarium - cana iso be oriented on glass plates and spun ]1701. This 
strategy prese nts two assets from an NMR point ofview. Firstly, high 
se nsitivi ty in the orientation measure ment is achi eved si nce sma ll 
deviations fro m the normal result in dramatic spectral changes. 
Secondly. this orientatio n a ll ows ani sotropie motions such as 
rotatio nal diffusion to parrially average inte ractions which are 
predominantly di polar ]71 1. Residual interactions ca n easily be 
removed even at s low spi nning speeds of up to 3kHz. Mosaic sp read 
values are reported below 20" [ 171 1. Using this approach, high 
reso lution for 1H NMR reso nances can be obtained ]1691. MAOSS has 
also been employed for a 2H NMR study of photointe rmediares of 
specifi ca lly deuterated bacteriorhodopsin ]172] as weil as for the study 
of the M13 coat protein by 13C NMR ]1 73]. lnreresringly. this merhod 
ca n a lso be co mbined with sta nd ard so lid-state NM R ex perirnents 
such as REDOR where deviations from the non-oriented case can be 
analyzed in rerms of the rargered molecule orientation ]1 7 1 1. 

Certain disadvantages are however a iso associated to this method. 
For example. under MAS conditions, centrifuga i forces ind uce 
migration of the sam pie towards the edges of the plates. rhus limiting 
the spi nning rate. Likewise, the hefriness of the glass plates a iso makes 
ir difficult to sp in the sa m pie at high rates. a nd si nee glass occupies 
most of the rotor's vol ume, only a small a mount of protein is acrually 
introduced ]1 74 1. More recent! y Sizun and Bech inger ]175 1 suggested 
an a lternative approach ro obtain a bilayer with its normal oriented 
perpendicular to th e magnetic fie ld . ln su ch a case. the bi layer alone or 
with reconstituted peptides is first dissolved in chloroform or TFE 
then adsorbed onto a thin polymer foi ! from which the so lvent is 
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subsequenrly evapor,1red under vacuum. The resulring dry polymer 
sheet is then brought to desired humidity. rolled up and placed wi rh 
irs long axis pa ralle! to the rotor axis (Fig. 7B and 7C) ]170.174- 177]. 
Major advantages of thi s approach are the ease of preparation. the low 
cost of the requ ired mate rials. espena lly sin ce 1 his type of system can be 
prepared on various types of polymer foils such as polyerhererherketone 
( PEEK ) ] 174- 176]. polycarbonare ]174] and polyerhelene rerephrhalare 
(PET) ]170.177- 179]. 1n addition. samples can fir in 4-mm rorors and 
reach high spinning rares of up ro 10kHz as opposed ro rh e limired 
3-5 kHz of convenrional MAOSS ]175]. The reporred mosaic spread 
values are 3.7" ] 175] . below 8" ]178] and up ro 22" in rhe case of short­
chain lipids ]170]. However. in ,1ll c.1ses. spinning the sample should 
increase rhe qua liry of the orientation as a result of centrifugai forces 
]175.180]. 

Anorh er approach exploit s large magnetically aligned bicelles to 
determine rhe srrucrure of MP segments in combinarion wirh MAS. 
The high-reso lurion 1 H NMR specrra obtained can be used ro acquire 
2D experimenrs such as NOESY and ded uce srrucrurally-re levant 
information ]150]. 

4. Fasr-tumbling abjects 

As menrioned before. high spectra l resolurion ca n be obtained in 
solution NMR wirh abjects thar have a correla tion rim e below 50 n 
which corresponds ro an upper li mir of approximarely 1 DO kDa. ln 
some favorable ca ses. especia lly wirh protein s under 30 kDa. a 
complete interaction m.1p can be obrained and al low for rhe 
determination of a 3D molecular structure. Wi th such approaches. 
so lution NMR has elucidared the str uctures of some 6000 so luble 
proreins in rh e past 20 years ]181]. ln more challenging cases. pania l 
structural and dynamic information can sri!! be obrained. sometimes 
wirh rhe use of specifie isotopie labelling schemes ]182]. The most 
common way to study MPs by solution NMR is ro solubilize rhem in 
derergenr micelles ]62,72,74,75] but new systems are being developed 
]73.76.77 ] and will be descr ibed below. 

4. 1. Micelles 

Micelles are the most frequently used membrane mimerics for the 
structure determinat ion of peptides and proteins by sol ution NMR 
and have helped in so lv ing the structures of ca. 25 MPs in rh e pasr 
15 years ]21.62.74.76] . These aggregates are formed by se lf-assembly 
of amphiphilic molecules in solution in arder ro minimize the conracr 
of rheir hydrophobie rail s wirh rhe aqueous environment ( Fig. 2A). 
Bec a use they are small spheric,1 1 monolayers wirh a rough surface. the 
micelle morphology differs from rh ar of biomembranes. They cana iso 
adopl elliprical or rod - like shapes al high detergent concentrations or 
wirh weakly polar surfactants ] 183]. Micelles are formed ar a specifie 
detergent-dependent concen tration - the cri tica l mice lle concentra­
lion (CMC). They are a iso characrerized by an aggreg,uion number (N ) 
thar can be as low as 4 and up ro severa! hundred of molecules 
]76, 183, 184]. The molecular weight of a micelle is the re fore ti me 
the molecular weight of the detergent monomer. They are on the 
arder of- 3 nm radius. corresponding ro a correlat ion rime of ca. 25 ns. 
The micelle concentration ]Ml is relared ro rhe derergenr concentra­
rion ]Dl by the relation : 

]M = 1 D - CMC J N 121 

Mice lle form,1tion also occurs ar a crirical micelle temperatu re 
(CMT). SDS. for example. precipitates at temperat ures below 4 "C. 
Therefore. the incorporation of an MP inra micelles as weil as the NMR 
experi menrs must be performed above the Kraft poinr. i.e .. ar rhe 
tempera ture at which a Jurbid detergent so lution becomes clear due 
ro micelle format ion. 

ln rhe case of the rernary mixtu re of derergenrs. MPs and warer. 
the detergen l hydrophobie moieries ofren spontaneously caver the 
hydrophobie parts of the proreins l o form protein - derergem 
complexes (PDCs) rhat remain water-soluble. When the protein is 
small, the complex resembles a micel le in which the pro1ein is 
embedded. ln orher cases. the derergenr may play the role of a 
lifebuoy a round the MP. As discu sed by Strand berg and Ulrich i t is 
assumed thar each mice lle accommodares only one peptide ]41]. The 
fast rumbling of micelles in solution ofren averages our orienrarion­
dependant interactions in NMR such as di polar coupling and chemica l 
shi fr ,1nisotropy, rhu s leading ro high spectral resolution. Micelles are. 
rhus. weil indicated for srrucrure determination of MPs by solution 
NMR. If poss ible. perdeurerared detergents should be employed ro 
avoid overlap with the protein resonances on the 1H NMR specrra. 
Nevertheless. most modern NMR experimenrs make use of 15 

- or 
13C-filrered experimenrs. rhu s removing the detergent contribution in 
the specrra. even i f il is proronated ]185- 187] . 

Afrer purification, the NMR sample needs ro be concenrrated to 
obrain a high prorein concentration (on the order of 1 mM ). but the final 
detergent concen tration increases as weil. Delergent concentration can 
rhen be reduced . more easily when irs CMC is high. ln addition ro the 
m icelles and PDCs. detergent monomers are present in the solution (ar a 
concentration corresponding ro rheir CMC), hence conrributing ro the 
solution viscos iry and molecular rumbling rare. Since MPs may 
precipirare when solubilized at the CMC. it is advised ro mainr,1in 
them in so lution wirh detergents above the CMC. especia lly for 
derergenrs w irh high aggregar ion number . so tha l the micelle 
concentration ]M] exceeds the prorein concentration ] 184]. Detergent 
concentra tion should be oprimized on a case-by-case basis { 188] . 

The propert ies of PDCs highly depend on the physicochemica l 
properries of the detergents. DPC and SDS m icelles are the most 
common ly used for srrucrure determination of MPs and peptides 
]41 .189.190] and references in ]75]. Iris importa nt ro favor detergents 
wirh sma ll aggregarion numbers ro obra in small. fast-tumbl ing PDCs 
and increase the pro1ein signal because of the reduced surfactant 
proportion. For example. alrhough DDM is a mi id detergent thar rend s 
to main tain the funcriona lity of MPs, it form s large micelles ( - 60 kDa ) 
rh at reduce prote in signais in solution NMR borh bec a use the micelles 
rumble slowly- which broadens the prorei n signais- and because the 
prot em-to-surfacrant rat io is smaller ]60]. An ionie detergen ts such as 
SDS can be more denaruraring rhan the orher types, non-ion ie micelles 
being the mildesr ] 191. 192] . Zwirrerionic derergenr micelles such as 
DPC are used ro mimic eukaryore membranes whi le the negarive ly 
charged SDS micelles would resemble bacrerial membranes ]4 1]. 

Unforrun,1!ely. no rules apply when searching for th e right 
detergent; however Vinogradova er al. ]72] reporred thar the caralyric 
acriviry of DAGK was higher in micelles of medium-chain length 
derergems such as DPC or DM which rherefore should be considered as 
good models since their low molecular weight conrributes little to the 
overa ll weigh t of the PDC. The use of a mild detergent doe not 
guarantee thar a prorein will be pro perl y folded. rhough. Mo et al. ]l93] 
showed rhat the helical proreins bacreriorhodopsin and Sre2p from 
S. cerivisiae are found in parrially folded states in OG (ocrylglucoside) 
and DM micelles. respecrively. Comparison wirh different detergent 
types reveals rhat the small mulridrug-resistance pump (Smr) adopts a 
native conformation in bicelles and DM micelles. but not in LPPG and 
DPC micelles ]76]. One risk is thar the surfactant covers nol only the 
hydrophobie part of the prote in but a iso it s a nive si tes. th us affecting its 
activiry ]62.76]. As an illustration the E. coli enzyme PagP has no acriviry 
in OG and DPC micelles due ro detergent binding in the active sire. but 
recove rs irs acriviry in CYFOS-7 micell es (a DPC analogue wirh a cha in 
terminal cyc lohexyl group) ]187,194]. LPPG micelles ofren lead ro high­
qualiry specrra ]62.76] ; however. as seen for the protein Smr. il is not 
necessarily the ideal detergent for a given protein. The spontaneous 
curva ture of micelles does nor always accommodare MPs and the 
activiry of enzyme or ion channels can be compromised ]25.52.76, 194]. 
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Tablt.> 2 
Avt>r.lgf." ch.l r.Ktensut·s or detergents frequently employt>d for stntt1ur.ll NMR •a uchrs of prot em ~o . 

Ad.:tpll'd from I31.74.7G. I83. 188 I. Dctdtb on tlw prou:in structun· c.:ctn lx· fountl 111 12 11 

Detcrgc·n t Monomrr MW MonomN CMC N Mtrcll ctr MW TypiCJI NMR Somc MP structures solvt>d 
1g mol (mM ) (kDa rondtt tons by sohll ton NMR 

OtHon tc (nuld 
DOM (C12-DM) 511 0.2 140 72 
DM (CIO-DM 483 80 39 
OG (Œ-G) 292 20 90 2b 200 m 140 ·c PagP 

Zwntcnon1r 
DI'C I C12· fl(ot FOS- 12 352 1.5 70 25 200 mM 40 ·c GpA. OmpA. Pc~g. P . OmpX. OmpC. 

l'LN, DsbB, tl. DA K. Rv1761c. C04 

I.DAD (C12-DAD 229 75 17 300 mM 40 ·c VDAC 
r7-DHPC (07-PC 482 1.5 25 12 100 mM 50 ·c 5RII 
DHPC (DG-PC) 454 15 35 16 300 mM 40 ·c M2. DmpA. kpDmpA. l'FI 

An tonte 
LI'I'G ( LIG-I'G 507 0.02 160 81 200 mM 50 C DTr 
LMI'G (L1 4-I'G) 479 0.2 55 26 80 mM 40 C KCNEI 
SOS (CI2-S 288 80 23 500 mM 40 C Merl. I'XYD 1, FXYD4 

Mt X(Uf(.>S 

DI'C SDS 5: 11 150 mM DPC 30 c 22 
DHPC Dl\1fJ( 4 : l h{ tsotropt l btccii(•S l 200Dfii'C 125 200 mM 011/'C 40 c Blli(>J. ErbB2. EphA 1. u llb-)13 

50DM/'C 

Protcm r1bbrrv~r1 11o n s: u llb-IH ( lmrgnnollb-IH , Bn1pJ (Bmp3 lr<~nSml'mbrt~ n r clomillll ); CD4 (hun1.1n CD4 ). DAC K d!.lcylglycerol kmasl' ), DTF (C-protem-coupled receptor 
double transmcmbranr fragment): l:phAI ( l:phA I transmcmbranc donMln': l:rbB2 (ErbB2 tr.m smr mbr.lne srgment): FXYDI (hum.m FXY DI. Nc1.K-ATP.1SE' regui.Hory protem): 
IXYD4 ( hum.1n FXY0 4, CIIIF): CpA (hum.ln Glycophnn A tr.l nsmembranl' domam J, 13 13 mtr.l cellul.u loop oft hl' vasoprcssm V2 rcccptor}. KCN[ 1 ( hu man KCNEI ): M2 {l nnucnza 
M2 proton r h.lnnel ): Pf l {Pfl m.lJorro.l t protc1n ); PLN {htltnan phosphol.1mban ): Rv 176 I r (Rv176 1r from Mycob.lclerlum tuberculos ts): SRIJ {Sensory rhodopstn Il ): VDAC (human 
VDAC- 1 ). 72. {z.et.1Zcta transmembranc domët m). 

11 mol mol rauo. 

If possible. funcrional assays should be conducred ra identify the besr 
surfactant robe employed 160.721. 

The challenge 1s ta find the most appropnate detergent for the 
structural NMR srudy thal also solubilizes the protein in a native 
conformation - and no such universal detergent ex1 sts. Recemly the 
group of ietli spach 1 IBGI solved the s~ructure ofsensory Rhodopsin in 
c7-0HPC micelles after trying over 15 di fferent detergent molecules and 
severa! samples conditions (concentrallon. temperature. tsotopiC 
label ling scheme etc. ). showing thal NMR of MPs is not yet a routine 
technique. W e have reviewed in Table 2 the main characreristics of 
commonly used detergents for solution NMR studies of MPs and 

peptides and rypical conditions at which they have been used in 
structural determination of MPs (clelergem concentration and sample 
lemperature). The reader should refer to these conditions for initial 
screening. 

With the progress thal has allowed solution NMR to t,Kkle l.1rger 
abjects in solution . a grea ter number and diversity of strucrures have 
recenlly been solved for MPs solubil ized in de1ergents 1211- Among 
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the ca . 25 MP struclures determined 11115 way. over halfwere oblained 
on MP solubili zed in OPC. SOS wa s mostly used for small peptides 
whereas ore and OHPC were used for larger prat ems. From small a­
helical pro tein 1 1891 and large )'.-barrels 1 185. 187.195- 1971. applt­
callon s have now extended to larger a - he l ica! complexes such as the 
30 kOa pentamerofhuman phospholamban i4BI. the 20 kOa tetramer 
of the rnnuenza M2 proton channel 1551. the 18 kOa enzyme OsbB 
1 1 98!. the 43 kOa trimer of diacylglycerol k1nase 1 1991 and the 26 kOa 
sensory rhodopsin Il l 186J. This last example shows the potential to 
determine structures of other 7 o. -he lix complexes such as GPCRs. 
Because of the potenll,ll pharmaceutical appltcattons ofG PCRs and the 
extreme diffi cuhy 10 crystallize them in an active form . th1s is the 
eut-rent Holy Grail for solution NMR. 

4.2. lso1ropic bice lles 

The composlliOn and preparai ion of isotropie and aligned bicell es 
are very similar and the insertion of a MP in bice ll es 1s usually 
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perfonned by co-d issolution of the lipids ,md protem in aqueous 
solurion when bicelles systems ,1re prepared l112.133.200- 203j . or in 
solvenrs such as chloroform /methanol before evaporation (under a 
stream of inen gas or vacuum oven ) and rehydrauon li37.204j. For 
isotropie bi celles. a typiCal q ratio of 0.25-0.5 1s used wuh a hydration 
of 85-95% and lipid-to-peptide molar ra rios berween 25:1 and 100:1. 
Chain-perdeuterated hpids are usually employed to limit the1r 
contribution 10 the 1H signais l112.117.159.200.202.203.205j. 

Because they offer a small lipid bi layer domain. isotropie biCelles 
(Fig. SD) frequently prove advantageous over micelles for rhe study o 
MPs or MP segments. L.1u et al. 11331 showed a distortion of the a­
helical conformation of inregrin j\3 transmembrane domain in 
micelles a compared to bicelles. wh ile Li nd berg et ,11. 120 lj observed 
a different position of penetratin in SDS micell es vs. bicelles. wh ich 
could be forced by the curvature and ize of the micelle. l'oger et al. 
l137j showed thar bicelles preserve 1 he ligand-binding acuvity ofSmr. 
They a Iso fou nd thar bicelles. over a series of detergent micelles. were 
rhe best membrane mimencs for the solunon NMR structure 
determination ofSmr and other proteins thar must retain rheir narive 
conformation l76j. Although about rwice as large as micelles because 
they comprise approximately 200 DHPC and 50 DMPC molecules for a 
total of approxim,1tely 125 kDa ( for q = 0.25 ) 1137.1591. ISOtropie 
bicell es are very promising mimencs as shawn m F1g. 8A which 
compares 2D spectra of pSRII in bicelles and DHPC miCelles. ln the 
future. they should often replace micelles 111 the study ofMPs. helped 
by progress in solution NMR spectroscopy such as TROSYexperimenrs 
which have extended the weight limit of protein study to above 
100 kDa 147.182.2061. Actually. isotropie bicelles could be seen as just 
another detergent ( DHPC) so lubi li zing a complex made of a MP and 
lipids. and we have ,1dded this particular mixture to the hst of 
frequenr ly used derergenrs in solution NMR of MPs (Table 2). 

The reader is referred to l'rosser et al. l143j for detailed applicauons 
of isotropie bicelles for the NMR study of membrane-associated 
amphiphiles and proteins. Brieny. typica12D and 3D MR experiments 
used for structure determination can be c.1rried out on bicelle-inserted 
proreins l112.132.133.137.200.203.205,207j. The structure of a variery 
of MPs or protein transmembrane domains has been elucidated so far 
in isotropie bicelles. such as inregrin rn transmembrane segment 
j133.208j, the third heli x of rhe Amennapedia homeodomain protein 
of Orosophi/a i201J, Smr I137J, the transmembrane domain of the 
apoptotic protein BNip3 l209j. the dimeric transmembrane domain of 
rhe growth factor recep tor ErbB2 l210j. and of the receptor tyrosine 
kinase EpilA 1 12111. ro na me a few. 

4.3. Small uni/amel/ar vesicles 

SUVs are the smallest possible veS/cles w1rh a diameter of around 
30 nm-wh/Ch is still an arder of magnitude larger than a detergem 
micelle (Fig. 2A). They Me formed by son icati ng lipid dispersion in water 
wh ile cooling the sample to a void degradation from heating. Al most any 
type oflipids can be used- egg yolk phosphocholine is ofren preferred­
except that ves/Cie fusion and aggregation occur more slowly wi th an 
addition of 10% (molar ) of charged lipids (se rine headgroup for 
example). SUVs conraining MPs are obrained by somcan ng lipid 
dispersions with MPs reconstituted inra rhem. bur only resis tant 
proreins- usually small and globular - will srand such a procedure. 

The properties of SUVs ,1re opposite to those of LUVs: wh ile their 
curvature is very high - imposing ,111 asymmetrical distribution of lipids 
in the outer and lllller monolayers and a strong pressure on MPs- the1r 
inrermediate size provides very concentrated and moderately fast ­
tumbl ing sam pies. swred for solution NMR. A rypical MP sample in SUVs 
may conta in a ratio of 1: 10 ( in we1ght ) of lipids to water. and 30:1 
(molar) of lipids to proreins 12 121. Alrhough SUVs combine rhe 
advantages of a real lipid bilayer and a system amenable to solution 
NMR. they also have the inconvenient of being 1.1rge. diluted and 
unstable. They have, therefore. seldom been used for MP structure 

determination by NMR 12 121. 1-lowever. SUVs are often employed in 
NMR to study wa ter-soluble proteins that are known to interact with 
lipid membr,1nes 12131. 

4.4. Orher sysrems 

4.4.1. Orgamc solvenrs 
Since MPs are not soluble 111 water. thiS whole article rev1ews 

membrane mimeri cs thar can surround a protein ro make 11 soluble 
while retainmg its activiry. Membr.1ne m1metics and solvent viscosity 
are rwo f,Ktors thal slow down PSC tumbling and. rhereby. reduce the 
spectral resolution and sens itivity in solution MR. Hydrophobie 
molecules such as MPs are often soluble in low viscosiry organic 
sol vents without the need of additiona l surfactants. and rheir correlation 
Lime is much smaller 111 such environ ment. Pure or mixtures of orgamc 
solvents such as methanol. iso propanol. chloroform. TFE or DMSO have 
been employed. MR spectra of mali membrane peptides in TFE have 
g1ven results comparable to those solubilized in SDS l214.215j. Other 
small integral MPs have been studied in mixtures of methanol 
ch loro form water which were shown to m1mic the membra ne 
environment 1216- 2181. However. interactions in membranes are a 
su brie balance berween hyd rophobie and hydrophi lic conracrs. and rhis 
subtlery is lost in organic solvenrs. While such milieu will trigger and 
tabi li ze helices. it will also disrupt helix- helix contacts and. in most 

cases. MPs will not retain significant native structure in organic sol vents. 
Often limiteclto small and helic,11 membrane peptides, this approach has 
robe carefully vall dated ca e by case. 

4.4.2. Reverse micelles 
As stated before. spectral resolut ton 111 so lution NMR depends on 

molecular correlation rime which is function of size but also of 
viScosiry. Using a polar low-viscosiry nu ids ( alkanes for example) is an 
attractive option thar requires some optimizarion of rhe sample 
preparation. For instance. i the biological molecule srrucrure is nor 
retained in such an apolar solvent . it first requires to be encapsulatecl 
with warer in an appropriate reverse micelle l219j. Micelle su rfactants 
have to be screened in order to minimize the volume of the complex. 
The reverse mice lle encapsulauon approach for NMR study of MPs is 
also being developed by rhe Wand group 12201. The current best 
option. wh1ch was used to assign the NMR spect ra of the potassium 
channel KcsA 12201. is to encapsulare rhe protein in CTAB/DHAB: 111 
and to solubilize rhe complex in ethane and hexanol under high 
pressure (300 bar ). requiring a specialized commercially avail,1ble 
appararus (Daedalus Innovations). This assembly is shawn on Fig. 9A 
where the protein is surrounded by water ( in blue). CTAB and DHAB 
surfactants ( in red ). hexanol ( in green ) and ethane ( in grey). Thi s 
approach is also used to tudy llpid-anchored protems thal bmd to 
membranes via a covalently attached lipid or farry acid. such as 
recoverin or rhe HIV- 1 matri x protein, in their myris toylated form 
J221j. The clevelopment of tlm comp lex procedure 1s motivated by the 
possibiliry ro push the size limit of proteins thar cou Id be srudied by 
olution NMR. everrheless. in rhe case ofMPs. reverse micelles suffer 

from the same problem as detergent micelles. i.e .. rhe non-native 
env iron ment which may affect rheir function and stabiliry. 

4.4.3. Ampl!ipols 
Detergent molecules are used both to extract Ml's from their 

membrane environment and 10 keep them 111 solution by covering 
their hydrophobie parts. Alternanve molecules have been designed ro 
keep MPs in so lution wh ile preventing detergents ro disrupt subunits 
or cofacrors of the prote in. occupy its active site. or affect its function 
j191 .222.2231. Developed by the group of Po pot. amphipo ls are 
among rhe most promising new membrane mimetics for MR 12221. 
They are a fami ly of short amphipathic polymers carrying a large 
number of hydrophobie chains thal can replace detergent molecules 
a a lifebuoy around the MP with a very low rate of spontaneous 
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Fig.. 9. Modl•ls of (A pola s1um C"hannrl Kc-~A m r!'vrr~c m1crllt><i, R cytochronw br \ .unphqlOI romplrx .and (C rhodopsm n.modtsc complrx The modt!ls arr rcprest'nled 
.lpproxnn.nely 10 the sc.llf' givPn on thE" top ngh1 cornet 
Addptcd from 1220.2241 w1th pcrm1SSIDI1 

desorpt1on and a high affimty for prote1n transmembran~ urface; 
(F1g. 9B). The length and charge of .1mph1pols ,ue tunable. but the 
mosr common version is composcd of a -70 rcsid ue polyacryl,lt~ 

chain in whi ch some (-17 ) of tlw carboxylates have b~en r.1ndomly 
gra fted ocrylamine, and some (- 28 ) with 1sopropyl,1mtne. Carboxyl · 
ates can also be changed to obta1n a zwittenomc. sulfonated or non­
ionie version [224 [. Since amph1pols cannat extract a Ml' from liS 
membrane. the protein 1s usually transferred to them from ,1 PDC. JUSt 
like a reconstitution in lip id membranes: amphi pois are added to the 
PDC and rhe de tergent 1S removed through the usual procedure (see 
Ser non 3.1.1 ). 

The quasi absence of free amphipols rcduccs the viscosity of th~ 
solu tion and the prote in corre l,l[(an rime .1s comp.1red ro rhe detergent 
opti on. Amphi po ls have also been shown to ma intain solu biliry of ,1 
very broad ra nge of MPs such as the nutochondnal com plex 1. hu man 
GPCRs BLTl and BLT2 . bactenal outer MP> OmpA and OmpX. 
barteriorhodopsin. the SR calCium ATPase. the ntcotmtr acetylrholllH.' 
rece pror and . more importantly. to btorhemtcally stabli tze them. a~ 
compared ro detergent solutions [73.224.225[ . D~uter,lted .1mph1pols 
have been devised for NMR and although the complexes still tumble 
more s lowly rh an in detergent solunons. they are amena ble to so lu non 
NMR srudies [226-228[. Ftg. 10 compares 20 1 "N.'H[-TROSY specrra 
of OmpX in DHPC mtcelles and amp h1pols and shows th .1 t the 
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dtspers ton 1S tdenttral (227[. While rhe resolunon JS sltghtly worse 111 
amph ipols. tt was enough for unambtguous resonance ass1gnment of 
about GO% of the protcm residucs. An amphtpol-trappcd GPCR (hu man 
BLT2 ) was also used to dererm111e the structure of its bound ligand 
(leukotrtene B4 ) [22G[. Undcr these cond itions. funwonal foldtng 
y1c!ds of70t wcrc .Khtcved for the GPCR wh teh was shawn to be acttve 
for ove1 3 weeks-a duranon suffic ient ta perform ali relevant MR 
expenments. CompM.11lvely 111 detergents, BLT2 fold1ng y1eld neve1 
exceeded 4% and liS receptor bind111g capacity dropped after only 
10 days [229]. 

4.4.4. Nano/ipoproreins ( nanodiscs) 
NanollpOI>rotei ns (NLPs) .ue new mem brane sys tems for MP 

reconstitution [230- 233[. As shown 111 F1g. 9(, LPs are phosphol1p1d 
bli.1yers enCircled by stablilzmg amphtpathic heltcal membrane 
scaffo ld protems ( MSPs ) leadmg tu nanoscale dtsc-shaped obJeCt> 
also known as nanodt<cs. A linlc larger than tsotrop•c btcelles. these 
w.1ter-soluble assembltcs have a d1amctcr of -10 nm and a thtckness 
of -4 nm equ1valem to that of biomembranes. NLPs have severa! 
advantages for the NMR structural study of MPs· rheir s1ze ran be 
vaned berween 9.5 .md 15 nm dtameter [233-236[ but there 1S only 
one 1>rotein per parttc le. they are monoct1sperse. srable and can be 
casy diluted. conrcntratcd or dialysed if a change ofbuffcr" reqlllrcd. 
Because of the•r nat ltptd bilayer. NLPs are a better membrane 
m1metirs rompa red to mice lles which have ,1 trong rurvatur~ 

[232.233[. Bec.lllse of the stabiltry of the MSPihpld Interaction with 
temperature. NLPs are also better membrane models. romparecl to 
b1relles wluch dre table only 1n a small temperature range. A 
thorough revtew on LPs has bren recent ly pubhshed [233[. 

Nanodt cs are prepared by so111ra ting a purified MSP such as 
.1poliprotetn A· l (apoA-1 ) w1th phosphohp1d veste les (such as DM PC. 
DOPC. DPPC. POP(, DMPG, DOPG or gang!ios1des ) ,11 the gel - liquid 
nyst,11 pl1.1se trans1t1on of the ltp1d They c,m also be made by m1x1ng 
phospholiptds. with or withou t cholesterol. wllh the MSP 111 ,1 
detergent olutton ( ltke rholate or deoxychola te ) followed by a slow 
detergem removal v1a dta!ySIS or b10beads [230.233,237.238 [. The 
detergent solution cana iso be used to so lubihze the tntegral MP to be 
tncorpuratcd tnto the dises. Cell-free expression systems containmg 
nanod1srs are commerc1ally available [2391 and more techn tc,ll detatls 
on the prepMatton ran be fou nd tn Ref [233[. To avotd signal from the 
apol1poprorem and cons•denng the IZe of the MP norm.1lly studted . 
ISOtoptcally !abe lied prote ms of mt crest can be employed [240 [. 

A va net y of MPs have bcen reconsntutcd 111 .1 funrllonal form and 
>tud tcd tnto nanod1sc~. 111rludmg cytochrome P450' [237.241.242[. 
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bacteriorhodopsin j243j, human CD4 !2401 and G-protein-coupled 
receptors j244j . The s ize of NLPs makes them amenable to so lution 
NMR studies since their correlation ti me is equivalent to an isotropie 
rotation of a globu lar protein of ca. 200 kDa f232J. A 1H- 15 N-TROSY 
spectrum was co llected for the antibiotic peptaibol antiamoebin with 
amide proton resonances shawn to be a li nle broader to those 
obtained in isotropie bicelles (Fig. SB) J232j. The voltage-sensing 
domain of the KvAP channe l ( four transmembrane helices) cou id a iso 
be reconstituted into nanodiscs and gave solution NMR finge rprint 
spectra with broad resonances but with a large amide proton signa l 
dispersion . indicative of a native- like folding j245j. For large 
nanodisc-MP complexes. MAS solid-state NMR is an alternative as 
exemplified by the preci pitation of the nanodisc/CYP3A4 complex 
with polyethylene glycol ( PEG ) thar yielded high-quality 20 so lid­
state NMR spectra of the folded. active prote in !2461. 

S. Conclusion 

The biomembrane complexity is a challenge for the NMR structural 
s tudy of MPs: however this review shows thar a variety of artificial 
membranes are avai lable for applications in bath the solution and solid 
states. Systems of al most any size and lamellarity exist, either lipid- or 
detergent-based. self-o rienting or mechanically aligned. and even 
tunable to experimen ta l requirements such as bicell es. Detergents are 
most usefu l in structural studies because of their multiple raies in 
protocols su ch as solubilization . purification, transfer, re na tu ration and 
reconstitution ofMPs. New techniques have been proposed to help the 
study ofMPs such as MAS or reverse mice lles at high pressure. Likewise, 
new molecules Jike amphipathic polymers and lipid/ protein nanopar­
ticles have been developed with the same objective. ln search of 
additional oriented membrane systems with a large surface a rea, single 
bilaye red nanotubes formed by adsorption into the pores of anodic 
a luminium oxide dises have been proposed j247-250J. ln the recent 
yeats. a variety of new membrane mimetics have been used in NMR and 
prote in crystalli zation su ch as lipid cu bic phases !251-253 J, bola­
amphiphi le and diamine hollow cones j254J, and porous phospholipid 
nanoshells j255J, to na me a few. Their app lication in structural study of 
proteins can be expected in a near futu re. 

These efforts for identi fy ing new membrane mimetics have been 
fruitful in solution NMR since. among the - 30 MP structures so lved in 
the past 15 years, the maximum prote in size has rai sed from a round 
6 kDa in the first decade, to 43 kDa in the last 2 years. These 
developrnents have contributed to solid -state NMR as weil since, 
among the 20 protein structures solved in the Jast decad e, 12 were 
solved in the past 2 years. Most of them were not MPs, though. bu t 
this is clearly the next goa l to pursue sin ce solid-state NMR is the on ly 
technique thar ca n solve the atomic structure of a MP inside a native­
like environment. 

Thirty years aga in structural NMR Jaboratories, SDS was almost 
the only deterge nt j256J, DMPC al most the on ly lipid f257J , and solid­
state NMR could only tack le smal l peptides j258,259J. Designing new 
membrane mimetics has not on ly helped us to better und erstand the 
interactions between MPs and the ir environ ment bu t has a iso allowed 
to push the limits of NMR in terms of size and co mplexi ty of th e 
samples amenable to study. Current samples are often made of 
mixtures of MPs and severa) lipids and/or detergents, each providing 
essential properties to the complex. Consequenrly. NMR now salves 
structures of MPs made of severa) helices. barre ls. multimers or 
protein - drug complexes. 

We have often described membra ne mimetics as "native like". The 
next step wi ll probably be the development of techniques thar will 
al low the study of MPs in their native environment, i.e .. in vivo 
biomolecu lar NMR and structural determination. As always. the first 
appli cation has come o ut in the fi e ld of soluble proteins j260,261 J. The 
goa l is now to also transpose thi s approach to MPs. 
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