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AVANT-PROPOS 

Par égard pour le fa it que ce diplôme de Doctorat en Biochimie a été réalisé dans une 

université francophone, une traducti on en français de chaque résumé ainsi que de cet 

avant-propos peut être trouvée avant la vers ion en anglais. 

Cette thèse se concentre sur 1 'application de la spectroscopie de résonance 

magnétique nucléaire pour obtenir de l' informa tion sur les systèmes membranaires, 

telles que les membranes modèles et les protéines membranaires. Le Chapitn~ 1 est 

l'introduction. Le Chapitre 11 fournit une description théorique des principales 

techniques utilisées. Les Chapitn~s Ill et 1\' sont des études détaillées sur des 

membrane modèles, les bicelles. Le but du Chapitre Ill est une caractérisation en 

profondeur des bicelles diluées constituées de dimyristoylphosphatidylcholine 

(DMPC ou Dl4PC) et dihexanoyl-phosphatidylcholine (DHPC ou D6PC). Le 

Chapitr~.· 1 \' décrit et caractérise des bicelles formées à partir de détergent de la 

famille des monoalkylphosphocholines (MAPCHO). Deux études sur le canal 

potass ique eucaryote human ether-à-go-go related gene (hERG) sont tra itées dans les 

Chapitres V et VI. Le Chap1tre \' est une étude comparative des héli ces du pore de 

hERG et de Kv1.5 dans des bicelles fo rmées à partir de détergent MAPCHO. Le 

Chapitr~.· VI dépeint un protocole d 'express ion et de purifica tion du domaine du pore 

fonctionnel de hERG. Finalement, le C h.tpitrl' \'II regroupe les conclusions et 

perspectives. Les sections résultats sont présentées sous forme de manuscrits 

d 'arti cles. Les références sont rassemblées ensemble en une section à la fin de cette 

thèse. 
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PREFACE 

In respect to achieving this Doctor of Philosophy degree in Biochemistry in a 

francophone university, a French translation of each abstract and this preface are 

found prior to the English version. 

This dissertation focuses on the application of nuclear magnetic resonance 

spectroscopy to obtain information on membrane systems, such as mode! membranes 

and membrane proteins. Chapll:r l is the introduction. Chaplci Il provides a 

theoretical description of the main techniques used. Chaplcr-; 111 and 1\' are detailed 

studies on mode! membranes, the bicelles. The purpose of Chaptcr Ill is a deeper 

characterization of diluted dimyristoylphosphatidylcholine (DMPC or D14PC) 1 

dihexanoylphosphatidylcholine (DHPC or D6PC) bi celles. Ch,Iplcr lV describes and 

characterizes monoalkylphosphocholine (MAPCHO) detergent - based bicelles . Two 

studi es on the eukaryotic potassium channel human ether-à-go-go related gene 

(hERG) are covered in Chaptcr~ \' and VI. Chaptcr \ is a comparative study of 

hERG and K v 1.5 pore helices in MAPCHO-based bicelles . C'haptcr VI depicts the 

expression and purification protocol of a functional hERG pore domain. Finally, 

Chaplcr \'Il presents the concluding remarks and future perspectives. Results are 

presented in form of publication manuscripts. References are gathered together ioto 

one section at the end of this dissertation. 

The work presented in C..haplcrs fil , [\' and \' has been canied out in the laboratory of 

Professor Marcotte (Chemistry department, Université du Québec à Montréal -

UQAM, Canada) while the one in C hap!èr \'1 was achieved in the laboratory of 
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Professor Williamson (Centre for Biological Sciences, University of Southampton, 

UK). 

Additionnai Publications: 

• Friddin, M . S., Smithers, N. P. , Beaugrand, M. , Marcotte, I. , Williamson, P. T. F. , 

Morgan, H., & de Planque, M. R. R. (2013) . Single-channel electrophysiology of 

cell-free expressed ion channels by direct incorporation in lipid bilayers. Analyst, 

138, 7294- 7298. 

• Warschawski , D. E. , Arnold, A. A., Beaugrand, M., Gravel , A. , Chartrand, É., & 

Marcotte, I. (20 11). Choos ing membrane mimetics for NMR structural studies of 

transmembrane proteins. Biochimica et Biophysica Acta , 1808, 1957- 1974. 
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RÉSUMÉ 

Les protéines membranaires, notamment eucaryotes, sont connues pour représenter 
un défi à étudier. Dans cette thèse, des méthodes ont été développées pour aider dans 
le domaine de recherche des protéines membranaires . Plus préc isément, le but de 
cette thèse était de permettre l'étude de la structure et de la fonction des canaux 
potass iques voltage-dépendants par résonance magnétique nucléa ire. 

Des membranes modèles pour l' analyse des protéines membranaires ont été 
développées et caractérisées. Deux types de bicelles ont été étudiés: les bicelles faites 
avec des phospholipides à courtes chaînes et celles constituées de détergents 
monoalkylphosphocholines (MAPCHO). Les bicelles couramment utilisées formées 
de dimyristoyl-phosphatidylcholine (DMPC ou Dl4PC) et de dihexanoyl-PC (DHPC 
ou D6PC) ont été étudiées afin de détem1iner leur morphologie et leur misc ibilité 
dans des conditions diluées. Les résultats indiquent les concentrations seuil s de 
fo rmation de ces agrégats, la frontière de rapport molaire DM PC 1 DHPC ( q) entre 
bicelle et micelle mixte ainsi que les meilleures concentrations à utiliser. 

Afin d ' améliorer la solubilisa tion des protéines membranaires et permettre leur étude 
en systèmes bi cella ires, le DHPC a été remplacé par les détergents de la famille 
MAPCHO, dont la dodécylphosphocholine (DPC ou DPC 12) est connue pour sa 
capac ité à solubiliser les protéines membranaires. Par l ' aj out progress if de 
phospholipides à des mélanges de tensioacti fs et de protéines membranaires, la 
proté ine membrana ire pourrait être reconstituée dans un environnement bicellaire. 
Une étude systématique a été menée en variant la longueur de chaîne du 
phospholipide (C 12 à C20) ainsi que du détergent (C 12 à C 16). Les résultats ont 
indiqué qu ' il éta it possible de fo m1er des sys tèmes orientés magnétiquement pour six 
des douze mélanges binaires testés avec di ffé rentes épaisseurs de bicouche, à 
différents rapports molaires lipides 1 détergents (q) et di ffé rentes températures. La 
qualité de l 'alignement, la miscibilité, les concentrations seuils de fo rmation de ces 
agrégats ainsi que l ' effet de l' aj out des ions lanthanides ou des lipides anioniques ont 
également été étudi és . Une tentative d 'établir un critère empirique qui pourrait 
prédire si une paire donnée de tensioacti f et de phospholipide fo rmera it des bi celles a 
été discutée. 

Pour évaluer le potentiel de ces membrane modèles comme système de reconstitution 
directe, des peptides de canaux potass iques ont été solubili sés dans des micelles de 
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DPC, suivi par l'additi on de DMPC. Ce proj et a permi s d'obtenir des données 
intéressantes sur la structure et les interacti ons avec les membranes des hélices du 
pore de Kv l.5 et du human ether-a-go-go related gene (hERG). 

Un obstacle maj eur dans la détermination de structure des protéines membranaires es t 
1 'absence de stratégie d ' express ion et de purifica ti on appropriée. La protéine hERG a 
été sélectionnée pour son implication dans une cardiopathie associée avec 
d ' importants effe ts hors-cible de médicaments. Un protocole d 'express ion et de 
purification efficace du domaine du pore du hERG a été développé. Cela a pem1is 
d 'obtenir des caractéri sations biophys iques et des mesures électrophysio logiques 
préliminaires. 

Ces résultats fournissent des méthodes pour solubiliser les protéines membranaires 
afin de pouvo ir les étudi er, ainsi que pour réa li ser 1 ' expression et la purifica tion du 
domaine du pore d ' un important canal po tass ique eucaryote: le hERG, qui ouvre la 
vo ie à 1' obtention de sa structure. 

Mots cl és : Protéine membranaire, Cana l potassique hERG, Membrane modèle, 
Bicelle, Détergent monoalkylphosphocholine et Résonance magnétique nucléaire. 



ABSTRACT 

The study of membrane proteins, especially eukaryotic, is known to be challenging. 
In this PhD thesis, methods were developed to aid the membrane protein research 
area. More specifica lly, the aim of thi s thes is was to allow the study of the structure 
and function ofvoltage-gated potass ium channels using nuclear magnetic resonance. 

First, madel membranes for the analysis of membrane proteins were developped and 
characterized. Two types of bicelles were investigated; the short-chain phospholipid
based and the monoalkylphosphocholine (MAPCHO)-based bicelles. The popular 
dimyristoylphosphatidylcholine (DMPC or D 14PC) 1 dihexanoyl-PC (DHPC or 
D6PC) bicelles were studied to determine their morphology and miscibili ty in diluted 
conditions. The results provide the concentration thresholds of the fo rmati on of the 
aggregates, the DMPC-to-DHPC molar ratio (q) boundary between bicelle and mixed 
micelle as well as the recommended concentrations to use. 

To improve the solubilization of membrane proteins and their study in bicellar 
systems, DHPC was replaced by detergents fro m the MAPCHO family of which 
dodecylphosphocholine (DPC or DPC12) is known fo r its abili ty to solubilize 
membrane pro teins. By progressively adding phospholipids to the surfac tant
membrane protein mixture, the membrane protein could be safely reconstituted in a 
bicelle bilayer environment. A systematic study was carried out by varying the length 
of the phospholipid (C 12 to C20) as well as one of the detergents (C 12 to C 16) . The 
resul ts indicated a possibility to fo m1 magnetically-aligned systems with six binary 
mixtures on the twelve tes ted with different thicknesses of the bilayer, at severa! 
lipid-to-detergent molar rati os (q) and temperatures. The quali ty of the alignement, 
the miscibili ty, the concentration thresholds of the formation of the aggregates, as 
weil as the effect of the addition of lanthanide ions or anionic lipids were also 
inves tigated. An attempt to establish an empirica l criteri on which could predi ct 
whether a given surfactant-phospholipid pair will form bicelles is discussed. 

To assess the potential of thi s system as a direct mode! membrane fo r reconstitution, 
membrane peptides fro m potass ium channels were solubili zed into DPC micelles, 
fo llowed by the addition of DMPC. This project presented interesting data on the 
structure of the pore heli ces of K v 1.5 and the hu man ether-a-go-go related gene 
(hERG) and their interaction with membranes. 
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A major hurdl e when deterrnining the structure of membrane proteins is the absence 
of a sui table expression and purification strategy. The protein hERG was selected for 
its involvement in a cardiopathy associated with important off-target effects of drugs. 
An effective protocol for the expression and purification of the hERG pore domain 
was developped. This fo rmed the bas is of preliminary biophys ical characterization 
and electrophys iological measurements. 

The results in this thes is provide methods to solubilize membrane proteins, allowing 
detailed study, as weil as to express and purify the pore domain of an important 
eukaryotic potass ium channel: the hERG, paving the way to obtain its structure. 

Keywords: Membrane protein, Potass ium channel hERG, Model membrane, Bicelle, 
Monoalkylphosphocholine detergent and N uclear magnetic resonance. 



CHAPTERI 

INTRODUCTION 

In this section, the following elements are introduced: the biological membrane and 

its components, the potassium chatmels, the voltage-gated potassium channels and 

lastly, the different mode! membranes and expression systems to study membrane 

pro teins. The objectives of this thesis are highlighted at the end of this chapter. 

1.1 Biological Membrane 

Biological membranes encompass the cells and their compartrnents . The plasma 

membrane is the boundary between the cytoplasm and the extracellular medium. It 

maintains the homeostasis of the cell and regulates the passage of both information 

and materials in and out of the cel!. As the ultimate protection from the environment, 

this barrier is also the target for viruses, bacteria, or drugs. This section will give an 

overview of the organisation of the membrane, the lipids and the membrane pro teins . 

1. 1.1 Organisation of the Membrane 

Cell membranes are composed of a lipid bi layer to which proteins and carbohydrates 

(glycolipids and glycoproteins) are associated. The proportion of these three 
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components in membranes are dependant on the type of organism, cell and organelle 

( l able 1 1 ). 

Table 1.1 Composition (percent of their dry weight) of lipid, protein and 
carbohydrate of membrane from different sources. 

Lipid Protein Carbohydrate 
Spec ies Membrane 

(%) (%) (%) 

Central nervous sys tem myelin" 79 20 1.0 
Homo sapiens 

E~throc~te 40 60 

Bos taurus PeriEheral nervous s~s tem m~elin " 76 23 1.0 

Muscle skeleta l" 35 65 0.0 
Rattus 

norveg icus Li ver" 40 60 0.0 

Liver mitochondria" 27-29 70 l.3 
Piswn sativum Thylakoidb 35-37 63-65 
Acanthamoeba 

Plasma membranec 27 37 37" 
casta!fanii 

a (Sastry & Tomer, 2008) c (E. D . Korn & Wright, 1973) 
b (Chapman et al. , 1983) d Phosphoglycan 

The membrane structure proposed in 1972 by Singer & Nicolson is composed of a 

fluid bilayer (at physiological temperatures) of phospholipids with intercalated 

membrane proteins and glycoproteins, this so-called fluid-mosaic mode! membrane 

(FMMM). The view of the membrane as a homogeneous mixture of lipids and 

proteins has been questioned. The revised version of the FMMM takes into 

consideration the constraints of distribution and mobility of some (if not ali) integral 

globular membrane proteins and lipids. These phenomena are due to interactions with 

membrane components, such as other membrane proteins and lipids as weil as with 

the complex network of cytoskeleton and/or carbohydrates (Nicolson, 20 14) (1 t_urc 

1 1 ). This mobility limitation of certain molecules in a sea of fluid molecul es leads to 

specialized nano- , micro- or macro-domains of lipids, proteins and mixture of both, 

such as lipid rafts (Nicolson, 20 14). 



3 

Figure 1.1 Fluid (non random) mosaic mode! membrane with representation of 
lipid-protein domains in di ffe rent colors. Lipids are in green and blue white proteins 
are colored in pink, red and orange. Extramembrane components, such as 
cytoskeleton and carbohydrates are represented by brown and purple, respectively. 

1.1.2 Membrane Lipids 

In humans, membranes are about 4 nm thick and cover a total surface circa 100 km2 

(Mouritsen, 2005). They are composed of thousands of di fferent types of lipids (Han 

& Gross, 2005). Nevertheless, a given cel! is limited in its lipid compos ition, 

allowing a spec ific ity of membrane function, structure and dynamics (Bagatolli et al. , 

201 0; Cullis & De Kruij ff, 1979). 
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1.1 .2.1 Types ofMembrane Lipids 

The fundamental building blacks of the bi layer are phospholipids. Phospholipids are 

amphiphilic (or amphipathic) molecules, with a hydrophilic "head" and a 

hydrophobie " tai!" groups. Phospholipids a re composed of a backbone to which fatty 

acids are esterifi ed at one or two sites w ith a headgroup lin.k to the third site via 

phosphodiester bond (l tgurc l .2 ). 

According to the backbone, two main types of phospholipids can be described - the 

glycerophospholipids (or phosphoglycerides) and the sphingophospholipids. In 

glycerophospholipids, the backbone is a glycerol, esterifi ed by a phosphate 111 

pos ition ' stereospecifically numbered ' (sn)-3 and by two fa tty acids in pos ition sn-1 

and sn-2 (l tgurL· 1.2 \ ). In sphingo-phospholipids, the backbone is a sphingosine, a 

long aliphati c amino alcohol N-lin.ked to a fatty acid and 0-lin.ked to a polar group 

(l igurc 1 2.\ ). The structure composed of the sphingosine and the fatty acid is call ed 

a ceramide. 

Depending on the polar head group associated with the backbone, there are di ffe rent 

classes of phospholipids, such as phosphatidylcholine (PC), phosphatidyl

ethanolamine (PE), phosphatidylserine (PS) and phosphatidylinos itol (PI) for the 

glycerophospholipids (1 tgurc 1.2B). The additi on of a choline polar group to 

ceramide leads to sphingomyelin (SM). Different polar head groups confer di fferent 

sizes and charges to the phospholipid (Figure 1.2B). 

In membranes, it is poss ible to fi nd al kyi chains with an even number of carbons from 

14 to 24 with or without unsaturation (Culli s et al., 1996; Marsh, 20 13; Schechter, 

1990). The length of the alkyl chains detenni ne the thickness of the bi layer with an 

increase in the length, giving rise to an increase of the bi layer thickness. The number 

of carbon atoms and unsaturati on of the alkyl chains affects the tluidi ty of the 

membrane. Increasing the degree of unsaturat ion and reducing the alkyl chain length 
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of the fatty ac id will reduce the melting temperature (Tm) of the lipid . Palmitic ac id 

(16:0) and oleic ac id (18:1) are the most abundant fatty acids found in human cell 

membranes (Watkins, 2005) ( h~urc 1 .2C). 

A H OH 0 
'· / "'- ""......_ ~ .-. ~ __. ~ ·. ~ Il / ""-/' ...__,.. -..../ -.........~ ...._.., --......... "'-....... -- -:-"' -o- P-o 

,< \ 1 ' X 

8 

C R: 

R-....... _. NH H o 
g Sphingophospholipid 0 

Il 
o- P- o 

1 '-x 
0 

- H 
OH 

~OH 

H,_ 
0
'}-o

X NH3+ 
OH 

OH 
0 
H 0 0 

H H 

Glycerophospholi pid 

Phosphatidylcholine } 

Zwitterioni c 

Phosphatidyletba.nolam ine 

Phosphatidic Acid 

Phosphatidylglycerol 

An ionie 

Phosphatidylserine 

Phosphatidylinosito l 

CI6:0 

C I 8:1 

Figure 1.2 Representati on of phospholipid structures. (A) Phospholipid 
backbone with X, the headgroup and R, the alkyl chain(s). (B) Hydrophilic 
headgroups with the associated glycerophospholipid name. (C) Examples of saturated 
(16:0) and unsaturated (18: 1) alkyl chains. 
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Another essentia l lipid found in animal membranes but not present in bac teri a and 

plants is cholesterol. lts structure is based on fo ur rings with a hydrocarbon tai! and a 

polar hydroxyl group (1 1gur~ 1. ~ ). 

HO 
H 

Figure 1.3 Representation of cholesterol structure. 

1t is found in membranes with sim il ar molar amounts relative to phospholipids 

(Cooper, 2000; Post et al., 1995). This lipid also hasan effect on membrane fluidity. 

Due to its rigid steroid ring structure cholesterol maintains membrane fluidity by 

preventing close interaction between alkyl chains at low temperatures whi le at higher 

temperature, it decreases the fluidity by restricting the motion of the alkyl chains 

(Cooper, 2000; Post et al., 1995). 

The most abundant phospholipids in eukaryotic membranes are PC (Warschawski et 

al ., 2011) . For example, sarcolemma (plas ma membrane of the myocardium cell ) are 

composed of 40-52% PC, 25-36% PE, 6- 13% PS and PI , 4-18% SM and a 

cholesterol/phospholipid molar ratio from 0.33 to 0.59 for mammals (Post et al., 

i 995). The di ·lribui.ion of phosphuiipiùs wiilJÏII iÎ1c cciiui<t~ lllt:J .(JDfëtHê5 is 

asymmetric. The choline-based phospholipids PC and SM are located on the extemal 

(luminal) leaflet of the bilayer white the amine-based PE and the anionic 

phospholipids PS , PI and phosphatidic acid (PA) are fo und on the eytop lasmie side 

(Da leke, 2003). This phenomenon is initiated and maintained by lipid transporters 

(Daleke, 2003; Nicol on, 2014). The asy mmetry is physiologically important as 

demonstrated by the energy consumption spent by eukaryotic cells to generate it and 
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di seases associated with di sruption of this process, such as cardiopathy and diabetes 

(Bengt & Ding, 2009 ; Daleke, 2003) . 

1.1.2.2 Lipid Motions in the Bilayer 

The membrane is dynamic. Five lipid movements can be described in the bilayer 

(Blume, 1993 ; Smith & Magid, 1984): (a) axial rotation where lipids will rotate along 

their longitudinal axis; (b) oscillation in a cone around this axis ; (c) pendulum 

movement of the alkyl chains due to their flexibility; (d) lateral diffusion ; and (e) tlip

flop when a lipid switches to another leaflet (1-tgurc- 1 -.1- ). 

Figure 1.4 

(e) Flip- ( 
flop 

(a) Axial 
rotation 

(d) Lateral 
diffusion 
.- --+ 

(g) U ndulation 

(b) Oscillation 
(c) Pendulum 

'Il 
1 

Representation of the lipid motions in the membranes . 
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A lipid mi ght (t) exchange between membranes (or protrusion) according to the 

curvature of the bi layer (Israe lachvili , 2011 ; Jahnig, 1984) ( F1gur~ 1 -l} Additionally, 

the membrane can undergo (g) collaborati ve lipid motions in a wave-like movement 

(or undulation) (Brown et al., 1983; Israelachvili , 2011 ) (FigLIIL' 1.4). All these 

movements are enabled by the membrane fluidi ty. 

The free rotation about the carbon-carbon bonds m the fatty acid chains allows 

di fferent " phases" of the bilayer according to the temperature. In the gel phase, the 

lipids are in the ail -trans confo rmation (i.e. extended). The alky l cbains are close and 

parallel (s tructure Lp) or inclioed (structure Lp') with respect to the bi layer nonnal 

(F1gur~ 1. 'i ). This phase occurs at low temperature when thermal motion is restricted. 

In the liquid-crystalline fluid phase, the lipids adopt the trans/gauche conformation 

(i.e. di sordered or melted). The alkyl chains are free to change direc tion around their 

carbon-carbon bonds, thus they are more di sordered and less compac t (structure La) 

( f1gur~ 1. 'i ). This phase occurs at temperatures above the main transition temperature 

of the lip id, the so-call ed metting temperature (Tm) where the thermal motion is 

grea ter. 

Figure 1.5 
phase (right) . 

Gel phase Fluid phase 

Gel phase (left) confo rmation of lipids versus liquid crystalline 
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1.1 .2.3 Organization of Lipids 

At low concentration tn an aqueous solution , lipids exist as monomers. Above a 

characteristic concentration, the so-called "critical micelle concentration" (CMC), 

these amphiphilic molecules will be driven together into a bilayer organization by the 

hydrophobie effect and numerous van der Waals interactions. This phenomenon 

minimizes the contact of the tails with water. The self-assembled bilayer 1s 

maintained and thus stabilized by the ability of the hydrophilic head groups to 

interact with the aqueous environment and one another. 

The Hydrophobie Effect 

In liquid water, each water molecule can forrn up to four hydrogen bonds, giving rise 

to a dynamic network. The addition of amphiphilic compounds in an aqueous 

medium destabilizes this network since hydrogen bonds can no longer be forrned 

between water molecules and the lipid alkyl chains. Thus, the solvent forms a cage 

around the hydrophobie region, giving rise to a reduction of the entropy since the 

motions of water molecules are restricted. When many lipids are in solution, the 

hydrophobie tails are driven together to limit their contact with the aqueous medium 

white the hydrophilic head groups are exposed to the solvent. The water molecules 

can forrn hydrogen bonds with the polar groups and are free to move. The association 

of many lipid molecules gives rise to spontaneous formation of supramolecular 

aggregates . 
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Lipid Phases 

The overall organi zati on of cell membranes is a lipid bilayer (or lamellar phase). 

However, sorne membrane lipids when studied in water do not forrn a bilayer. The 

lipid shape is the main fac tor in deterrnining the organization of the aggregates. Many 

phospholipids have a cylindrical shape, i.e. the cross-section of the headgroup is 

similar to that of the alkyl chains (FtgurL' 1 .ô). These lipids tend to organize m 

bi layers. For example, PC and PS are bilayer-prone lipids (Grun er et al. , 1985). 

In contrast, nonbi1ayer-prone lipids have di fferent cross-sectional areas between the 

head and the ta il s. They are di fferentiated into two types. The first one hasan inverted 

conical shape with a larger headgroup in co mpari son to the alkyl chains (1 t~llt\' 1 ()). 

These lipids generate a positi ve spontaneous curvature. They fo m1 micelles at low 

concentrations white they adopt a normal hexagonal Ht phase at higher 

concentrations. In H1 phase, lipids forrn cylinders with the hydrophobie ta ils towards 

the center of the cylinder. These cylinders are organized into hexagons. For example, 

lysoPC (one alkyl chain) is an inverted conical shaped lipid, which forrns micelles in 

solution (Gruner et al. , 1985) . 

The second nonbilayer-prone lipid type exhibits a conical shape with a smaller 

headgroup in comparison to the alkyl chains (Figure 1 .6), such as PE (Gruner et al. , 

1985). They induce a negative spontaneous curvature and adopt a reverse hexagonal 

H 11 phase. In this phase, lipids are organized in hexagonally arranged cylinders with 

the hydrophobie ta ils towards the outside of the cylinder. 

The cubic phases are more complex organi za tions of lipids. It is a bi continuous phase 

with a three dimensional symmetry, since th e water regions are separated by the 

bilayer. This bilayer has pos itive and negative curvatures (Mouritsen, 2005) (1 tgurc 

1 () ). 
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The cell membranes contain bi1ayer- and nonbi1ayer-prone 1ipids. By modu1ating the 

ratio between the different lipid types, membrane curvatures cao be induced. Thi s 

membrane phenomenon can influence cellular processes, such as membrane fusion 

and fission as weil as the activity of membrane proteins (Carsten & Unger, 20 12). 

Non bi layer-prone 
... ---- .... 

Invetted cone 

Mice lle 

Bi layer-prone 

Cy linder 

illt.~ 

~ 
~ 

~ 
~ 
Lamellar bilayer 

Cu bic 

Nonbi layer-prone 

Co ne 

~ 
Inverted micelle 

Figure 1.6 The di ffe rent shape of 1ipids associated with their organization in 
aqueous medium. A representation of the complex cubic phase is in an inset. Thi s 
figure is adapted from (Landau & Rosenbusch, 1996; Lasic, 1998) . 
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1.1 .3 Membrane Proteins 

The lipid bilayers of ce li membranes are embedded with intrinsic (or integral) and 

extrinsic (or peripheral) prote ins (Ftgun:: 1.1 ). These proteins have roles in cell- to-cell 

communications or interactions and molecular transport. For exampl e, ion channels 

allow the flow of ions through the membranes. M embrane proteins are the 

components giv ing the specificity of a cell (Koo lman & Roehm, 20 13) . They arc 

essential drug targets to trea t many pathologies, such as cystic fibros is and cancer 

(Clunes & Boucher, 2007; Prevarskaya et al., 2007). About 20 to 30% of the genome 

is predicted to encode fo r membrane proteins (S tevens & Arkin, 2000; Wa llin & von 

Heijne, 1998). 

1.1.3 .1 Class ification of Membrane Proteins 

Membrane proteins can be defined in three classes according to thcir proccss of 

extraction and their interactions with the components of the membranes (f tgurl''- 1 1 

and 1.'). 

Periphera l Integral 

Figure 1.7 Representation of integral (orange) and peripheral (l ight red) 
membrane protein classes. Membrane-associated proteins are not represented. 
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Peripheral Membrane Proteins and Membrane-Associated Proteins 

The first class of membrane proteins comprises extrinsic (or peripheral) membrane 

proteins that are localized at the surface/hydrophilic part of the membrane (F1gurc 

1. 7). Their adhes ion to the membrane can be via electrostatic or ionie interactions 

with integral membrane protein(s) or with the headgroup of lipid(s). Sorne peripheral 

membrane proteins are linked to a hydrophobie motif, a fatty ac id or a lipid (e.g. 

glycophosphatidylinositol anchored proteins). Their structures are mainly extended ~

sheet (Nicolson, 2014 ). 

The second class of membrane prote ins are the membrane-assoc iated proteins which 

do not have direc t interactions w ith the membrane (Nicolson, 2014) . They can have 

interactions with peripheral prote in(s) , the cytoskeleton or the carbohydrates (1"1gurc 

1. 1 ). 

These two classes of membrane proteins are mainly soluble in aqueous environment 

and removable from a cell membrane without affecting its bilayer structure (Cooper, 

2000; Nicolson, 20 14). An exception to this extraction " rule" can happen with 

proteins anchored to the membrane by their hydrophobie moti f, fatty acid or lipid 

covalently linked. The ir purification process is cl oser of the one of integral membrane 

proteins. 

Integral Membrane Proteins 

The third cl ass of membrane prote ins are the intrinsic (or integral) membrane proteins 

and they are embedded into the hydrophobie part of the phospho lipid bil ayer (rigurc 

1 .7) . They interact with both the polar heads and the apolar tails of the lipids. Most of 

them consist of one or severa! transmembrane domains and are called transmembrane 
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proteins . To extract integral membrane proteins from the membrane, it is necessary to 

di srupt the bilayer by using surfactants, also called detergents ( f 1 .~urc 1 .x. Scl'lion 

1 .4 .1 ). 

SDS 0 
Il o- s- o-
11 
0 

OG 

HO 
Ho~~~ ~~-o~ 

DDM 

0 

Sarkosyl 

Il 

Figure 1.8 Representation of detergent structures. SDS, DPC, OG, DDM are 
sodium dodecyl sul fa te, dodecylphosphocholine, octylglucoside and 
dodecylmaltoside, respectively. 

Most of the transmembrane proteins have their transmembrane domains made of a

helical segments and organized in heli x bundle (von Heijne , 1999). To cross the 
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membrane , the a-helix portion needs to be 20-25 amino-acid long (Cooper, 2000; 

Koolman & Roehm , 2013). These proteins with a-helical segment(s) can be 

subdivided into five types according to their orientation and the number of segment(s) 

as detailed in Figurè 1 .9 . An exception is the porin fami ly , which structure consists in 

a ~-barrel (Benz, 1994). These integral membrane pro teins are fou nd in bacteria and 

in the mitochondria (Benz, 1994) . 

C N 

Type 1 ·rype Il Type Ill Type IV 

Monotopic l:litopic Po lytopic O ligomeric 

Figure 1.9 Representation of the different types of transmembrane proteins 
with a -heli cal segment(s). N and C are for the NH2- and COOH-terminus, 
respective! y. 

1.1.3.2 Major Families oflntegral Membrane Proteins 

In 2006, it has been estimated that about 4075 transmembrane protein families exist 

with at )east two transmembrane domains (Oberai et al., 2006). The top ten of the 

largest membrane protein families is listed in Table 1 2 and comprises proteins such 

as G-protein-coupled receptors (GPCR), ATP-binding cassette (ABC) transporters 

and cytochrome b (Oberai et al. , 2006). Potassium channels, which two members 

were studied in this thesis (Chapkr'> \ " and \ '1), are ranked sixth with 1153 members 

( fable 1.2). 
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Table 1.2 List of the top ten larges t membrane protein families with at !eas t two 
transmembrane segments (Oberai et al., 2006). 

Family 

1. GPCR # 1 (Rhodops in -li ke) 
2. Maj or faci litator 
3. ABC transporter # 1 (amino ac id , phosphate , fe rric , nit rate, nickel, 
taurine, suga r) 
4 . GPCR #2 (serpentine) 
5. ABC transporter #2 (multidrug res istance) 
6. Potass ium channel 
7. Receptor pro tein kinase 

8. Transporter # 1 (ca tionic ac id, aromati c amino ac id , choline, K+ 
uptake) 

9. Cytochrome b# l (N-terminal part) 
1 O. Cytochrome b#2 CC-termina l part) 

1.2 Potass ium Channels 

Number of 

members 

5520 
3680 

2469 

13 11 
11 79 
11 53 
11 50 

1082 

1030 
942 

A major objecti ve of this thesis was to understand the function of potass ium channe ls. 

These channe ls are ubiquitous and highl y spec iali zed for the selective conduction of 

potassiu m ions down their e lectrochemical gradient. Potass iu m channels are weil 

known fo r the ir role in excitable cells (i.e. neurons and ca.rdiomyocytes). They shape 

the action potenti al and regul ate the membrane potenti al. This section will g ive an 

overview of the structure, the ion selecti vity, the gating and the subgroups of the 

potass ium channels. 

1.2.1 Structure 

Despi te significa nt di ffe rence in K+ channels, they consist of a well-conserved pore 

domain with fo ur subunit ( identi ca l or di ffe rent). Each subunit consists of two a -
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helical transmembrane domains linked by a loop ( Figure 1. 1 OA-U). This P-loop is 

composed of (i) an extracellular loop connecting S5 to the pore helix also called the 

turret of S5P-linker, (ii) a short pore helix, (iii) a selectivity fi lter and a (iv) post

selectivity fi lter loop (Capener et al., 2002; Doyle et al., 1998) ( r1gun.::-. 1. 10 and 

1 1 1 ). The K+ channel signature sequence TXTTVGYG con tains the highly 

conserved motif of the selectivity fi l ter. In a tetramer, this sequence has a crucial role 

in the pem1eation and the selecti vity mechanism of the K+ channel (Capener et al. , 

2002) . 

A 

c Extracellula.r 

37Â 

1 \ lntracellular 

Figure 1.10 Structure of the bacterial KcsA potass ium channel which constitute 
a pore mode!. (A-C) Ribbon representation of the KcsA channel based on the KcsA 
crystal structure (PDB number: 2QTO). (A) Side view and (B) above view with each 
subunit highlighted in a di fferent color. (C) Side view with only two of the four 
subunits are displayed fo r the sake of clari ty. The horizontal !ines show the probable 
limits between the hydrophobie and hydropholic parts of the phospholipids. 
Potass ium ions are represented in purple. Representations (A-C) are generated with 
UCSF Chimera software. (D) Sculpture of the KcsA channel where the internai pore 
and the aqueous cavity are highlighted with an iron and yellow glass structure, 
respectively (http ://julianvossandreae.com/works/protein-sculptures-indoor-works/). 
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HERG 

KcsA 

MthK 

KvaP 

Kvl.5 

Kv2.1 

Kv3.1 

Kv4.3 

55P lin ker 1 turret 
55 

540DRYSEYGAAV LFLLMCTFAL IAHWLACIWY AIGNMEQPHM DSRIGWLHNL GDQIGKPYNS SGLGGPSI!ill 609 

20HGSALHWRAA GAATVLLVIV LLAGSYLAVL AERGAPG--- -------- -- ---------- ------AQLI 60 

11 HLPRVLKVPA TRILLLVLAV IIYGTAGFHF IEG------ -

154 IADAADKIRF YHLFGAVMLT VLYGAFAIYI VEYPDPN---

425KTLQASMREL GLLIFFLFIG VILFSSAVYF AEADNQG---

322 FTLRRSYNEL GLLILFLAMG IMIFSSLVFF AEKDEDD---

345FLLLIIFLAL GVLIFATMIY YAERIGAQPN DPSASEH - - -

312YTLKSCASEL GFLLFSLTMA IIIFATVMFY AEKGSSA---

5F 
oiu_J __ P_H:...__--1)~ ,., Il 56 

---------E44 

------SSIK194 

------THFS465 

------TKFK362 

------THFK'as 

------SKFT352 

HERG 61°KYVTALYFTF SSLTSVGFGN VSPNTNSEKI FSICVMLIGS LMYASIFGNV SAIIQRLYSG TARY613 

KcsA 61TYPRALWWSV ETATTVGYGD LYPVTLWGRL VAVVVMVAGI TSFGLVTAAL ATWFVGREQE RRGH124 

MthK 45SWTVSLYWTF VTIATVGYGD YSPSTPLGMY FTVTLIVLGI GTFAVAVERL LEFLINREQM KLMG108 

KvaP 195SVFDALWWAV VTATTVGYGD VVPATPIGKV IGIAVMLTGI SALTLLIGTV SNMFQKILVG EPEP258 

Kvl . 5 466 SIPDAFWWAV VTMTTVGYGD MRPITVGGKI VGSLCAIAGV LTIALPVPVI VSNFNYFYHR ETDH529 

Kv2 . 1 363SIPASFWWAT ITMTTVGYGD IYPKTLLGKI VGGLCCIAGV LVIALPIPII VNNFSEFYKE QKRQ424 

Kv3 . 1 386NIPIGFWWAV VTMTTLGYGD MYPQTWSGML VGALCALAGV LTIAMPVPVI VNNFGMYYSL AMAK449 

Kv4 .3 353SIPASFWYTI VTMTTLGYGD MVPKTIAGKI FGSICSLSGV LVIALPVPVI VSNFSRIYHQ NQRA416 

Figure 1.11 Sequence alignment of the hERG pore domain (UniProt Accession 
Number: Ql2809) with KcsA (POA334) , MthK (027564), KvAP (Q9YDF8), Kv l .S 
(P22460), Kv2 .1 (Ql472 1), Kv3 .1 (P48547) and Kv4 .3 (Q9UK17) . Transmembrane 
helices (S5-S6) and pore helix (PH) are represented with grey cylinders whi le the 
selectivity filter (SF) sequence is shown by an arrow. The well -conserved glycine 
hinge is in red. 

The first and second transmembrane heli ces of the pore domain are tenned outer and 

inner helix, respectively. They are localized on the exterior and the inside side of the 

pore, respectively . Both stabilize the orientation of the pore helix and the selectivity 

filter. Ail together, they are organized in a cone shape (Doyle et al. , 1998) (t tg ure 

l.IOC). 

From this base core topoiogy, some heiicai lransmembrane segmenls, nun-membraue 

do mains and subunits that contro l the ir ga ting can be added (Ca pener et al., 2002) . 

Tlu·ee types of subunits can be defined ; (i) the primary (a) subunits forming the pore, 

(ii) accessory (~) subunits which might associate with the a-subunits regulating the 

activity of the channel and (i ii ) si lent a-subunits, which fonn altered heterotetramers 
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with the a-subunits. These silent a-subunits are not functional on their own and cao 

also have regulating activity (Korn & Trapani , 2005) . 

1.2.2 Ion Selectivity 

A cation is stabilised in the large central cavity by the negative end of the dipole 

formed by the pore helices. This aqueous cavity is maintained by the hydrophobie 

gate formed by the inner helices (Doyle et al. , 1998) (figure 1.1 OC -D). 

The permeability for K+ 1,000 times greater than Na+ (MacKinnon, 2003a). The 

charu1els cao discriminate these two ions since the distance between the carbonyl 

oxygen atoms of the selectivity filter corresponds to the hydration shell of K+ ions 

(atom ic radius of 1.33 À) but is too large for smaller Na+ ions (atomic radius of0.95 

À) (Doyle et al. , 1998; Hille, 2001 ; Shrivastava et al. , 2002). The selectivity for 

monovalent ions fo llows generally: Tl+ >> K+ > Rb+ > NH4 + >> Cs > Na ~ Lt 

(Cuello et al. , 1998; Hille, 2001). Thallium ions have a higher selectivity than 

potassium ions but they are not found free in the nature. 

Severa! ions cao accumulate in a single line inside the long and narrow conduction 

pathway of potassium channels (Doyle et al. , 1998) (Figure 1. tOC). The conductance 

of potassium channel is 107 and 108 ions per second (MacKinnon, 2003b) . 

1.2.3 Gating 

The ion conduction through a channel is highly regulated and associated with 

structural changes of the proteins . There are the opening (activation) and closure 

(deactivation) of the potassium channels . The charu1el cao prevent the membrane 
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crossing of ions through it whi lst it is sti ll open (inactivation) and recover from this 

situation (reactivation) (r\!,~LtrL' 1. 12 ). 

Reactivation Activation 

lnactivated Open Closed 

Inactivation Deactivation 

Figure 1.12 
channels. 

Activation, deactivation, inactivation and reac tiva tion of ton 

The inner helices obstruct the pore at the intrace llula r entrance in the closed state and 

unblock it in the opened state (MacKinnon, 2003a) (1-tgurc 1.1 ~ ) . A highly conserved 

glycine res idue in the middle of the inner heli x might be invol ved as a hinge in this 

process (MacKinnon, 2003a) (f igurl'" 1. 1 1 and 1. 13). Most of mechanisms of 

activation and deactiva tion required a stimulus, such as voltage, pH or ligand binding. 

Closed Opened 

Figure 1.13 Diffe rent acttvtty states of a potass ium channe l. The selec tiv ity 
fi lter is in orange and the g lycine hinge in red (MacKinnon, 2003a). 

There are severa! types of inactivation process for K channels . The N-type 

inac tivation is also called "bal! and cha in" mode!. At least one in tracellul ar N

terrninal domain of the prote in organizes and enters in the perrncation pathway to 
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block the channel (Hoshi et al., 1990; Mackinnon et al. , 1993 ). This domain is 

constituted of about 10 conserved residues and a sequence of severa) positive residues 

(Murrell-Lagnado & Aldrich, l993a, 1993b). The N-type inactivation process IS 

quicker than the C-type inactivation and thus termed fast inactivation. 

The C-type inactivation is slower (Ho shi et al., 1990) . lt is believed to involve the C

terminal domain but it seems to be associated with changes of structure around the 

selectivity filter. A partial collapse of the fil ter is suggested (Y ellen, 2002). 

1.2.4 Subgroups of Potassium Channels 

Potassium channels are classified into four main structural and functional subgroups 

according to their mode of activation and their number of transmembrane segments 

(Capener et al., 2002; Wulff et al., 2010) . (i) lnwardly rectifying K+ channe ls (K;,) 

have two transmembrane domains. They are active at negative membrane potentials 

and main tain the res ting potential. (ii) Two-pore K+ channels (K2r) have four 

spanning segments . They are a1so called "leak" channels since it was believed they 

were continually open. Their role is unclear. (iii) Calcium-activated K+ channels 

(Kea) are constituted of six or seven transmembrane domains. They are activated by 

the intracellular concentration of Ca2
+ and some are also sensitive to the membrane 

depolarization. They could have a ro1e in terminating active and intense period of 

action potentials. Finally (iv) the voltage-gated K+ channels (Kv) have six 

transmembrane domains. They are activated by the depolarization of the membrane 

and are responsible for the shape, duration of action potentials as weil as their 

frequency of occurrence, also called firing frequency (Capener et al. , 2002; Wulff et 

al. , 2010). 
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1.3 Voltage-Gated Potass ium Channels 

In thi s thes is, we foc used on the voltage-gated potass ium (Kv) channels. They are 

expressed in variety of ti ssues but it is their role in the heart and brain that is of great 

interest. The membrane potenti al is important since its perturbation will lead to heart 

and neurological dysfunctions. In this section, an overview of vo ltage-gated 

potass ium cbannels will be describcd, fo llowed by a section on their subfamilies as 

weil as a presentation of the two K v channels studi ed in this thes is. 

1. 3 .1 Overview of Kv channels 

Kv channels are regulated by regulators of the membrane potentia l. T hey adopt an 

open pos ition upon depolarization. The K+ ions leave the cell through these channels 

which play a crucial role in the hyperpolarisation. This phenomenon helps to bring 

the membrane potenti al to the resting values, and the Kv charu1els adopt a closed 

positi on. 

In addition to the two transmembrane segments fo m1ing the pore doma in (S5 and S6), 

Kv channels have four a -helical transmembrane segments (S 1 to S4) w hich fo rm the 

voltage-sensor domain (Wulff et al., 201 0) . The S4 segment has positive charges at 

every three res idues and is sensitive to the membrane potential. The voltage changes 

membrane. These confo rmational changes w illlead to the open state of the channel. 
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1.3 .2 Subfamilies ofKv channels 

The Kv channel subfamilies are divided mainly according to their sequence 

similari ty. For example, the first potassium gene, Shaker, was cloned in 1987 from 

Drosophila melanogaster (Tempe! et al., 1987) and lead to channels named Kv l.x, 

since they belong to the mammalian Shaker-family (Wulff et al. , 2010). Seven other 

a -subunits subfamilies have been identified Kv2 .x (Shab), Kv3.x (Shaw), Kv4.x 

(Shal) , Kv7.x (KCNQ), Kv10.x (KCNH-EAG), Kv1l.x (KCNH-ERG) and Kv12.x 

(KCNH-ELK) as weil as four si lent a -subunits subfamilies Kv5.x (KCNF) , Kv6.x 

(KCNG) , Kv8.x (KCNV) and Kv9.x (KCNS) (www.uniprot.org). Altbough expressed 

in other tissues, the functional expression of Kv 1.5 and Kv 11 .1 in the heart is of great 

interest for pharmaceutical companies. 

1.3.3 Kv 1.5 and hERG 

The study of human ether-à-go-go related gene (hERG) was an important part of this 

thesis , since its involvement in side effects of drugs. F1gurc 1. 11 presents a multi

alignment of hERG and severa! K+ channels, such as Kv 1.5 . 

1.3 .3.1 Kv1.5 , a representative ofKv channels 

The Kv 1.5 is encoded by the gene KCNA5. Each subunit is composed of six helical

transmembrane domains (Figure 1 1-l-). Its structure has not been determined 

experimentally and is based on molecular homology from crystallographic structure 

of other channels . In Homo sapiens, this Kv channel is 613 amino acid residues 

(Wulff et al. , 201 0). 
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S I S2 S3 S4 S5 S6 

Figure 1.14 Predicted topology ofKv1.5 channel. The vo ltage sensor (S I-S4) is 
in orange and the pore region (S5-S6) in pink. S4-S5 linker helix (S4-S5) and pore 
he lix (PH). The hori zontal !ines represent the membrane. 

The Kv 1.5 channel is the primary molecular component of the ultra rapid delayed 

rectifier current (IKur) (1 l!.!lll'L' 1 l ~ ) which play a rol e in the early phase of the human 

a trial action potential repolarization (Wulff et al., 201 0) . Mutations in the Kv 1.5 

protein are involved in a familial fom1 of atria l fibrillation , a cardiac rhythm 

disturbance that can result in congestive heart failure (Oison et al. , 2006) (l1gurc 

l 1 (J ). 

Atrial fibrillation i a major problem and identifi ed as the most common cardiac 

arrhythmia that phy ician have to overcome (Ford & Milnes, 2008). lt affect 0.4 to 

1% of people (Tamargo et al., 2009) and th at cou ld increase to 12% for th ose o1der 

than 85 years with a cost of $3,600 USD per patient pcr year (Ford & Milncs, 2008). 

People with atria l fibrillation are five times more likely to suffer from a stroke (Ford 

& Milnes, 2008) . The importance for pharmaceutical companies could be felt by the 

- 1. -- · -- · -·- _ r ---··- ~- · ·- "- 4A -- - "- --- L ----- 1 : __ ... : ____ .._ _ : .• 1. : 1_:.._ T/" 1 CC'- -- .t.. l-- ________ .._: __ ..., .C 
I>UUIIIII>I>IUII Ul IIIUI C lll (ll .JU J-lalC IIl aJ-IJ-IIIL.aliUIII> lU IIUIIUil 1"- V I . .J lUI LII C jJIL- V\.. IlllUII Ul 

a trial fibri llation (Ford & Mi !nes, 2008 ; Wulff et al., 201 0). This prote in is a lso 

involved in the gli oma cancer (Arvind et al., 20 12; Preuf3at et al., 2003 ) . 

Kv 1.5 was selec ted for its representative porc heli x sequence of Kv channels (! l!..!.LII'L' 

"' 1) which allows a comparative study with the one of hERG. 
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Figure 1.15 Human atrial and ventricular action potential illustrated with 
indication of ionie currents and ion proteins involved (Wulff et al. , 201 0). The action 
potential curve can be seen in green, with the blockade of (A) Kv 1.5 and (B) bERG 
(Kv 11.1) curves in red. The (B) activation of hERG is shown with a blue curve. 
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Figure 1.16 (I) Electrocardiogram representation for an hea lthy person is about 
0.8 sec with P wave, the atria l depolarization, QRS, the ventricular depolarization and 
T wave, the ventricular repolarization (Martin, 2007) . (Il) Electrocardiogram of a 35-
year-old patient with Kv 1.5 mutations (O ison et al., 2006). The rapid oscillations 
between ventricular beats are characteristic of the atrial fibrillation . (III) 
Electrocardiogram of a 25-year-old woman with congenital long QT syndorrne 
(LQTS) recorded du ring her sleep during a ' bad dream ' (Benhori n & Medina, 1997). 
(A) Prolongation of the QT interval , (B) bifid or notched T-wave (the doubl e ' bills'), 
(C-D) the arrhytm ia epi sode is initiated by premature beats and (E) ventricu lar 
fibrillation. 

1.3.3.2 hERG 

The hERG is also termed Kv 11 .1 and is encoded by the KCNH2 gene (Vandenberg et 

al., 20 12). This na me cornes from the anal ogy of this hu man protein with the one 

from Drosophila melanogaster ether-a-go-go (EAG) that describes the movement of 
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the legs of a mutant fruit fly when anaesthetized by ether, similarly to a dance popular 

at the Whisky a Go-Go nightclub in West Hollywood, Califomia (Kaplan & Trout, 

1969; Swain, 2007) . 

The bERG is involved 111 a cardiac dysfunction, the long QT syndrome (LQTS), 

characterized by a prolongation of the QT wave on the electrocardiogram that could 

lead to sudden death (figure l 16) (Curran et al., 1995; Sanguinetti et al., 1995). The 

LQTS could result from genetic mutations (inherited) or as a side effect of sorne 

prescription drugs (acquired) . The hERG-associated LQTS is called long QT 

syndrome 2 (LQT2), accounting for 35-40% of mutation cases (Bhuiyan, 2009). In 

2005, it was estimated that 2-3% of ali prescription drugs could lead to the disease 

and the main blockade is on the bERG protein, especially the pore domain 

(Recanatini et al. , 2005). A list of the numero us drugs leading to QT prolongation 

from different chemical classes and therapeutic areas is available on the independent 

non-profit organization CredibleMeds® Worldwide website 

(https ://crediblemeds.org/new-drug-list/). The US Food and Drug Administration 

requires to perform in vitro testing for hERG-blocking potential for ali new 

interesting chemical compounds (Food and Drug Administration guidelines, 2005). 

The bERG is also over-expressed in severa! tumor cells , such as leukaemia and 

gastric cancer (Camacho, 2006). 

The native bERG channel is most likely a l a/ lb heterotetramer (Vandenberg et al. , 

20 12). The hERG-1 a subunit is composed of 1159 residues whi te in hERG-1 b the 

first 373 am ino acids at the N-tenninus are replaced by a sequence of 36 residues. As 

for Kvl.5 its structure of hERG is not avai lable and based on homology (Figure 1.17). 

Its primary structure suggests that its internai cavity is wider than other Kv channels 

(Mitcheson et al ., 2005 ; Sanguinetti & Mitcheson , 2005) . Moreover, the loop 

between SS and S6 helices is unique to the bERG channel with a longer extracellul ar 

loop connecting SS to the pore helix (S5P linker) which has 43 residues (possibly 
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with a little helix , the turret-helix) compared to -12 for other Kv channel s (Pardo

Lopez et al., 2002) (F tgut\:~ 1 .Il and 1 17). 

T urret 

SI S2 S3 S S5 

S4-SS 

Figure 1.17 Predicted topology of hERG channel. The transmembrane region is 
composed of six transmembrane domains (S l-S6) with the voltage sensor in orange 
and the pore region in pink. S4-S5 linker helix (S4-S5), S5P linker with the turret 
he lix and the pore helix (PH) are also represented. The horizontal !ines show the 
probable limits between the hydrophobie and hydrophilic parts of the phospholipids. 

Furthermore, the sequence of the selectiv ity filter is SVGFG compared to the 

conserved TVGYG ( lt_;urc 1 .Il ). Finally, tryptophan residues are absent in the pore 

helix ( Fi~w~.: 1 11 ). The open conformation of the Kv channel is stabili zed by H

bonds between the Y of the selecti vity f il ter and tryptophan in the pore helix that are 

missing for hERG . In view of these signif icant differences th at can modulate the 

conformation and therefore the function of Kv 11 .1 , it is important to de termine its 

structure. 

T w o no<:t- tr:m<:l ~ tion ~ l moriifi r~tion <: h ~vf" h P.P.n r P.nortP.ri · n ~m P. I v ~ n N -P" Ivr.o sviMion - ·· - r --- ---------·----- -- - ---- - --- - -------- ---- - --- · 1 ' "' 4-J ..~ "' 

on residue 598 (Gong et al., 2002) and numerous phosphorylations (Vandenberg et 

al., 20 12). N-glycosylati on does not seem to be necessary fo r the function and the 

trafficking of the bE RG channel white it has an effect on its stabili ty at the plasma 

membrane (Gong et al., 2002). Phosphorylations are located preferenti a lly at N- and 

C-terrnini and a llow regulation processcs, such as protein synthes is and gating 

(Vandenberg et al., 201 2). 
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Kv 11 .1 is responsible fo r the rapid component of the delayed rectifier current (IKr) 

(Figure 1.15). The electrophys iology of this channel is atypical w ith slow ac tivation 

and deactivati on processes and fast voltage-dependent inactivation (Vandenberg et 

al., 201 2). Therefore, during the depolarization step, the channel w ill go slowly from 

a closed to an open conformation, and will then quickly adopt an inactivated state 

(Vandenberg et al. , 201 2). Then, during the repolarization, the hERG channel opens 

again for a longer time before adopting a closed conformation (Vandenberg et al., 

2012). 

This protein was selected to develop an expression protocol and study its fun cti on 

(l haptcr-; \' and \'1 ) for its involvement in the important si de effect of drugs. 

1.4 Studying the Membrane Proteins 

The structural research fi eld on membrane proteins is challenging as proved by the 

under-representation of the number of their structures available compared to the ones 

of water-soluble proteins (http ://blanco. biomol.uci.edu/mpstruc/ and 

http ://www.wwpdb.org/). This could be correlated with problems of expression, 

purification, reconstitution, labelling and cristalli sation. In this section, two elements 

to overcome the issues that concem this thesis w ill be described; (i) the selection of 

an appropriate membrane system to study the membrane pro teins, since membrane 

proteins are insoluble in aqueous medi a and (ii) obtaining suffi cient amounts of 

proteins for structural determinati on. 
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1.4.1 Mode! Membrane Systems 

Since the cell membranes are complex the use of membrane mimetic systems or 

mode! membranes allow the studies of membrane proteins . A mode! membrane must 

reproduce the native environment, in the sense that the structure and function adopted 

by the protein of interest in it should be similar to the ones in a biological membrane. 

However, the system should also be usable with the appropriate technique to get the 

information that is searched for. An appropriate choice of mode! membranes is thus 

essential to study membrane proteins. Conformations and function s of integral 

membrane proteins are sensitive to membrane shape and composition (Cady et al., 

2010; Foo et al. , 2014; Hu et al., 2011; Koehler et al. , 2010; Lee, 2004; Marius et al., 

20 12; Schnell & Chou, 2008). 

In addition to the lipids described in ~cctJon 1.1.2 detergent molecules are often used 

in mode! membranes to solubili se membrane proteins . Similarly to lipids, they are 

amphiphilic molecules with a hydrophobie hydrocarbon part and a hydrophilic 

headgroup. Detergents are diverse in their structure (1 J~urc ! .X) (Helenius & Simons, 

1975 ; Lichtenberg et al., 1983 ; Lin.ke, 2009; Tulumello & Deber, 2012). They can be 

classified according to their headgroup types : nonionic, anionic, cationic and 

zwitterionic detergents . The choice of a detergent suitable for a given membrane 

protein solubilisation can be challenging and typically, it requires a trial and error 

approach. Nevertheless, there is sorne guidelines to help determining the detergents 

rn.ost <!!!!e!!<! b!e to st<!bi!ize the rn.embnme protP. in nf intP. rP.s t , s 11 r.h ::~s th e mMching 

between the size of the transmembrane domain of the protein and the thickness of the 

hydrophobie core of the detergent micelle (Co lumbus et al., 2009) with a preference 

for chain length of 12 carbons (Vinogradova el al., 1998) as wei l as zwitterionic 

headgroups g iv ing ri se to high water so lubility and monodispers ity to the mi cell es 

(Sanders & Sonnichsen, 2006). Moreover, sorne detergents can mai ntain the activity 



3 1 

of a membrane protein such as lysophospholipid and tetradecylphosphocholine 

(TPC 14) micelles in the case of diacylglycerol kinase (Koehler et al., 2010). 

Madel membranes can be as small as micelles ( - 5 nm diameter) and as big as 

multilamellar ves icles (ML Vs) (- 1000 nrn di ameter). Bilayered micelles of bicelles 

( 10-100 nm) are in between micelles and ML Vs (1 igurc 1 1 ~) . The morphology of 

the mode) membranes is sensitive to the medium conditions, such as temperature, 

concentration, pH and salts. However, this aspect will not be discussed in thi s section. 

In this thesis, micelles (Chaptcrs V and V[) , bicelles (Chaptcrs 111. lV and V) and 

liposomes (Chaptct \ ) were used and will be more detailed in this section. A 

thorough review describing the differe nt madel membranes to study transmembrane 

proteins with NMR, is found in Warschawski et al. , 20 11 . 

1.4.1.1 Micelles 

Micelles are made of inverted cone shape amphiphil ic molecules, such as detergents, 

lysolipids or short-chain phospholipids. The size, morphology and charge of these 

aggregates will depend of the molecules used. rablc 1 .3 provides info rmation on 

micelles made with the DPC, SDS and DHPC detergents, which are commonly used 

in structural studies. 

Table 1.3 Critical micelle concentration (CMC), aggregation number, size and 
shape of di fferent micelles. 

CMC Aggregation Diameter 
Mo lecule Shape Charge 

(mM) " number " (nm) 

DPC 12 1 -60 - 4.7 b Pro late b Zwitte ri onic 

SDS 10 - 105 -4.4 c Sphere/Ellipsoid c An ionie 

D6PC 14 -20 -3.3 d Prolate d Zwitterionic 
"(V inogradova et al. , 1998) 0 (Pi res et al. , 201 2) 
b (Abel et al. , 20 12 ; Lauterwein et al. , 1979) d (Chou et al. , 2004) 
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The use of micelles is advantageous because the sample obtained is transparent and 

non-viscous in solution since their size is small . They are useable with a variety of 

techniques, such as dynamic light scattering (OLS) or solution NMR . Moreover, they 

eas ily solubilize membrane peptides and proteins. However, micelles do not form 

bilayers and exhibit a high degree of curvature (1 JgUJ\: 1.1 t' ), g iving ri se to poss ible 

modulation of structu re and activity of the membrane peptides or proteins (Chou et 

al ., 2002 ; Cross et al. , 2011 ; Epand et al ., 201 4; Koehler et al ., 2010 ; Perozo et al ., 

2002; Seelig et al., 1985; Void et al ., 1997 ; H . Y okayama et al ., 2013). 

1.4. 1.2 Multilamell ar Vesiclcs 

ML Vs are made of cylindrical shape lipids, such as phospholipids with longer chain 

compared to DHPC. They form multiple bilayers that close due to the hydrophobie 

effect. The structure obtained is similar to the layers of an a nion (1 Jg_ur~' 1 .1 ~ ). MLV 

samples are heterogenous suspensions with va riable size in the tens to hundreds of 

nanometers range. 

There sys tems are reall y interes ting fo r the study of membrane peptides and proteins 

because they are poss ibly the closest to the ce ll membranes. However , the use of 

ML Vs is limited to techniques where the size is not an issue, su ch as solid-state 

NMR . The large size of these ves icles leads to tu rbid samples, which can limit their 

11 t"0 o t"' .,...... cH"" ; ""' JJ, , '"; .. h '"' .-'"'hl o rrt r '"'+ c-r-t"\ ttot· ;r\ ,.,. l')nrl "' h c- 1"'\rMo t;l""\ n 
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1.4. 1.3 Bicelles 

Bicelles are composed of long-chain phospholipids (cylindri cal shape) and short

chain phospholipids or detergents (conical shape) . The most popular ones are made 
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with DMPC and DHPC. This system is really attractive because (i) it has a bilayer 

fo rmed by long-chain phospholipids (Stemin et al., 2001 ; Void & Prosser, 1996), (ii ) 

is amenable to a variety of techniques (e.g. DLS, solution and solid-state NMR) and 

(iii ) can ori ent in a magnetic fi eld (Katsaras et a l. , 1997; Sanders & Landi s, 1994; 

Sanders & Prestegard, 1990). 

A small molar ratio (q) of the long-chain phospholipids to short-chain amphiphilic 

molecules leads to small disco id obj ects, usable with a vari ety of techniques, such as 

DLS and solution NMR (Andersson & M ï:iler, 2002 ; Glover et al., 2001 ; M arcotte et 

al. , 2003; Void et al., 1997). A higher molar rati o q gives rise to bigger aggregates 

with the poss ibili ty of a spontaneous ori entation of the bilayer normal perpendicular 

to the magnetic field direction when p1aced into a magnetic fi eld (Marcotte & Auger, 

2005) (F1gun.: 1.1 X). The morpbology of big bicelles depends on the temperature and 

q ratio and can lead to the generation of dises, perfo rated ves icles and vesicles 

(Marcotte & Auger, 2005) (f'igurc 1 1 R). The ori entation of bicelles is useful for 

solid-state NMR and simplifies their spectra compared to the ones obta ined with 

vesicles, as there is no orientation distributi on of lipids. 

The spontaneous orientation into a magnetic fi eld (Bo) is due to the ani sotropy 

diamagnetic susceptibili ty , x, of the phospholipid ailey! chains (and carbonyl groups), 

whi ch will generate a magneti c moment in B0 (Boroske & Helfrich, 1978 ; Sakurai et 

al. , 1980; Seelig et al., 1985) . It is called di amagnetic due to the negative sign of the 

magnetic anisotropy, and will induce an orientation of the magnetic moment 

perpendicular to B0, which is the orientation with the lower energy. This spontaneous 

ori entation occurs when the total diamagnetic anisotropy in a bilayer can overcome 

the Brownian motion. This orienta tion can be flipped with the normal of the bilayer 

parallel to B0 by, for example, adding paramagnetic salts, such as lanthanides with a 

large pos itive 1'1x (Katsaras , 1998 ; Katsaras et al., 1997; Prosser et al., 1996) . 
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(right). Detergent, short-chain and long-cha in phospholipids are represented in pink, 
green and blue, respectively. (A) Short-chain phospholipid (left) and detergent (right) 
micelle. (B) Isotropie disk-like aggrcgate. (C) Magnetically-a ligned di sk- like 
aggregate. (D) Perforated multilamellar vesicle. (E) Multilamellar ves icl e. 
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1.4.2 Production of Membrane Proteins 

A limitation in the study of membrane proteins and espec iall y terti ary and quaternary 

structure determination is the requirement of a huge amount of protein (on the order 

of milligrams) . Moreover , for NMR spectroscopy, uniform and specifie isotopie 

labelling may be necessary. Among the structu res obtained for eukaryotic membrane 

proteins, fo ur were expressed in Escherichia coli, 20 in yeast , 35 in insect cell s and 3 

in mammalian cell s (He et al ., 2014) . 

There are many different vectors and hosts avail able for the expression of membrane 

pro teins. However, the major problem with this class of protein is their 

hydrophobicity and tox icity. If the membrane protein of interest from an organism is 

expressed in another host , especially from another kingdom , there is a possible 

absence of the appropriate membrane protein insertion machinery or of extensive 

intracellular membranes to aid express ion. Indeed , no uni versal ex press ion system 

ex ists for pro teins. Therefore, it is necessary to use a trial and error approach. 

Additionally , to achieve the correct fo lding and express ion of the prote in , post

translational modifications such as glycosy lation and disulf ide bonds, lipid 

compos ition close to th at of the host membrane , molecular chaperones , poss ibly 

ligands, co-factors or partner proteins could be necessary. 

1.4.2 .1 Bacteria - Escherichia coli 

If post-translational modifications are not needed, E. coli remains a preferred choice 

with the possibili ty of large yie1ds and the flex ibili ty of spec ifie or complete labelling. 

Advantages of this host are numerous: (i) low production cost due to the inexpensive 

components necessary to make the media, even in the case of labelled compounds, 

compared to production in other systems (ii) fas t growth with a divis ion about every 
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20 min in a rich medium (Sezonov et al., 2007), (iii ) hi gh density ce l! cul ture, (iv) 

fas t transformation which is possibl e in 5 min, (v) many vectors such as pET or pQE 

vectors, and (vi) ava il abili ty of many strains with d ifferent featu res, such as DH5a 

selected fo r high DNA production and BL2 1 for high expression (Rosano & 

Ceccarelli , 20 14) . 

However, over-express10n of recombin ant membrane proteins tn thi s hos t often 

results in the accumulation of inso luble aggregates, known as inclusion bodies. 

Fortunately, this process a llows pre-purifica tion of the protein of interest and is 

expected to be reversibl e fo r more that 40% of proteins (S ingh & Panda, 2005). An 

effic ient solubilization of the inclusion bodi es and the subsequent refolding into a 

nati ve and functional confo rmation of the protein is dependent on the type of 

aggregate (Burgess, 2009). An exampl e of effec tive solubiliz ing agent is sarkosyl, 

which is a strong anionic detergent that seems to lead to higher prote in concentration 

than the common denaturing molecul es, i.e. 8 M urea and 6 M guanidine 

hydrochl oride (Burgess, 1996, 2009) . 

1.4.2.2 Y eas t - Pichia pastoris 

Bes ides bacteria, yeasts are unicellu1ar eukaryotic hasts capable of processmg 

proteins alike higher eukaryotes. A promis ing yeast system to overexpress membrane 

compounds such as methane and multi-carbon molecul es without carbon-carbon 

bonds , such as dimethylamine. As for E. coli, this yeast (i) has low production cost 

and poss ibil ity of uniform label ling (Fan et al., 201 1; Pickford & O 'Leary, 2004) and 

also specifie labell ing (even if li mited) of membrane proteins (Nietlispach & Gauti er, 

2011 ; W hi ttakcr, 2007) , (ii ) is still fas t growth with a duplica tion time of 90 min in a 

rich liquid medium (Cregg et al., 2009), (iii ) has severa! strains, and (iv) vectors 
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available (Pickford & O ' Leary , 2004) . Moreover, it allows (v) certa in pos t

translationa l modi fications like glycosylation and disulfide-bond fo rmation 

(Nietlispach & Gautier, 2011 ; Pickford & O 'Leary, 2004). 

This host demonstrates advantages compared to the well-known yeast Saccharomyces 

cerevisiae. Pichia pastoris promotes an aerobic rather than anaerobie growth fo r 

Saccharomyces cerevisiae thus avo iding the problem of toxic level of ethanol and 

acetic ac id that limits the yeast culture (Pickford & O 'Leary, 2004). M oreover, the 

glycosylation process of Pichia pastoris is similar to higher eukaryotes with 8- 14 

mannose residues per chain (Pickfo rd & O ' Leary, 2004). Finally, Pichia pastoris 

confe rs higher protein-express ion yie1ds (Pickford & O ' Leary, 2004). 

1.4.2.3 Other sys tems 

It is possible to perfonn the express ion of integral membrane proteins w ith high 

eukaryotes, i.e. insect or mammalian cell lines. Spodoptera frugiperda infec ted by 

baculovirus is usuall y used with insect cel! systems while chinese hamster ovary 

(CHO) and human embryo kidney (HEK) cells are employed as mammalian cell 

!ines . However, the producti on of proteins in these sys tems is expensive with 

complex culture media. The labelling process with these rich media is challenging. 

An alternative to cell-based and poss ibly the most promising future express ion 

system fo r integral membrane proteins IS the cell-free expression system 

(Maslennikov et al., 20 10; Sobhanifar et al., 2010). Despite its high cost, this system 

provides high yie1ds of proteins and enab1es uni fo rm and selecti ve isotopie labelling 

(Etezady-Esfarjani et al., 2007 ; Sobhanifar et al., 201 0; J. Yokoyama et al. , 20 11 ). 

Interestingly, it is possible to di rectly reconsti tute the cell-free expressed membrane 

proteins into liposomes (Friddin et al., 201 3 ). 
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An alternative or combinatory option for small peptides (inferior to 50-100 ami no 

acids according to the sequence) is to use chemical synthes is. 

1.4.2.4 Fusion Tag and Optimization of the Expression 

After the choice of an appropriate hos t system, a specifie protein sequence can be 

added in the gene of interest. Combinati on of the recombinant membrane proteins 

with a fusion partne r, such as Hi s-tag or maltose-binding protein (MBP), can help in 

solubilisation, purifica tion process or membrane targetting. These tags are especia lly 

convenient when a small segment of membrane prote in is studi ed . Indeed, if the 

peptide is about 5 kDa or smaller, it is almost impossible to puri fy it. Sorne li ttl e 

amino-ac id tags ri ch in Lys could be a lso added in the sequence to boost the 

express ion (Cunningham & Deber, 2007). If interference w ith structure or function of 

protein of interes t occuned, tags could be eliminated before furth er studies. 

F ina ll y, it is poss ibl e to optimize the express ion conditions, for example by trying 

di fferent medi a, temperatures or induction regimes to tune the appropriate 

environment to lead the bes t y ie lds of the protein of interest. 

ln thi s thesis, the potass ium channel hERG has bcen chosen to develop an express ion 

system in E. coli fo r its importance in drug- induced cardiopathy, the long QT 

syndrome (LQTS) (sec '>ùllon 1 3 3.2). The bacterial system was selected for its low 

cos t and its convenience w ith labelling process. 
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1.5 Obj ectives 

The aim of the studi es presented in this thesis is to be able to study the structure and 

function of bERG channels using nuclear magnetic resonance (NMR). As described 

in the introduction, membrane protein studi es require suitable membrane systems and 

hi gh yields of the protein of interest. Bicelles have been shown to forrn a bil ayer and 

are usable with solution and solid-state NMR. They are also interesting with their 

property of alignment in a magnetic fie ld . The first obj ective was to better 

characterize the well-known Dl4PC/D6PC bicelles and their limits (Chaptcr 111 ). To 

improve the so lubili sation process, bi celles with detergents known to well solubili ze 

membrane proteins were developed and characterized, i.e. the family of 

monoalkylphosphocholine (MAPCHO) bicelles (Chaptcr 1\'). The investiga tion of 

how pore helices of hERG and Kv l.S channels interactions with membranes was 

perfo rrned in vesicles and MAPCHO bicelles (Chaptcr V). This Chaptcr V allowed 

also testing the MAPCHO systems. To address the second issue requiring suffici ent 

materials for structural studies, an express ion and purification protocol for the hERG 

pore domain was developed in bacteria (Chaptcr \ 1). 
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CHAPTERII 

THEORICAL ASPECTS OF BIOPHYSICAL TECHNIQUES 

This section describes the mam techniques used in this thesis , with emphasis on 

NMR. Many concepts introduced in the following section are inspired from the book 

written by Malcolm H Levitt (2001). Then a brief description of circular dichroism 

and Fourier transfonn infrared spectroscopy will follow. 

2.1 Nuclear Magnetic Resonance 

NMR spectroscopy is a powerful non-mvas1ve method to obtain information on 

molecular structure and dynamics of biological systems such as membranes and 

pro teins (Baldus, 2006; Renault et al., 20 12; Watts et al., 1998; Wüthrich, 1987). 

In this section, basic concepts on the nuclear spin and the Larmor frequency, and the 

free induction decay of magnetization will be introduced. A description of the nuclear 

spin Hamiltonian will follow. Finally, 31P- and 2H-NMR of membrane systems will 

be described. 

A NMR spectrometer is equipped with a large magnet to probe the intrinsic spin of 

nuclei, a quantum mechanical property which has no classical analog. The 

measurement of the spin interaction with the magnetic field provides information on 

the spin's environment. Wolfgang Pauli (University of Hamburg) in 1924 proposed 
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the concept of the spin with two possibl e va lues, 'up' and 'down' . Later, in 1946, 

Edward Mi Ils Purcell , Robert Pound and Henry Torrey of Harvard Uni versity along 

with Felix Bloch, William Webster Hansen and Martin E. Packard of Stanford 

Uni versity (Bloch, 1946) discovered that magnetic nuclei were able to absorb the 

radiofrequency after the splitting of energy leve l induced by a magnetic fi eld . Bloch 

and Purcell shared the Nobel Prize in Physics in 1952 for the first NMR experiment 

perfonned. In 1949, Kni ght (Knight, 1949) described the chemical shift effec t. The 

application of the Fouri er transfonn for NMR (Ernst & Anderson, 1966) and the 

introduction of two-dimensional NMR spectroscopy (Jeener, 1971 ) paved the way fo r 

the NMR we know nowadays. Ri chard R. Ernst was awarded the Nobel Prize of 

Chemistry in 199 1 fo r hi s development of techniques for high reso lution NMR 

spectroscopy. 

2. 1.1 Nuclear Spin and Larmor Frequency 

The spin is a fo rm of angular momentum (Î). It i an intr insic property of the nucleus, 

as are mass, magnetism and electric charge. 1 ahk· 2 1 lists the nuclei used in this 

proj ec t. 

Table 2.1 Properti es of di ffe rent isotopes (Ma lcom H Levi tt, 2005). 

c .. ; .. "t'~~t'~l-~ 1 r_, , ... ,.... ,... .... ,.,,..,. ..... o t;,.. L2:-:-r: (! :- L :!!·rna!" uput ~ J. ~ .. ·~b"~--~ 

Isotope Q uantum Abunda nce Ratio y Frequency at Frequency at 

Numbcr 1 (%) ( 1 06.rad.s-1T 1
) 14. 1 T (MHz) 9.4 T (MHz) 

IH 1/2 - 100 267.5 600 400 
2H 0.015 4 1.1 92 6 1 
3 1p 1/2 - 100 108.4 243 162 
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The spin can be visualized as a vector painting in the axis about which it rotates 

(ligure 2.1 ). Since the particle is not in real rotation, the spin is an abstract concept, 

difficult to grasp due to the lack of a macroscopic counterpart. The direction of the 

spin angular momentum is called the spin polarization axis. 

z 

---- ---- ..... 

Figure 2.1 Spin angular momentum (dark blue) of a nucleus (light blue) and 
motion of precession of the spin (red) . 

A nucleus (1 * 0) has a magnetic moment (il) smce it is composed of charged 

particles . The spin angular momentum (I) and the magnetic moment (jl.) are linked by 

the gyromagnetic ratio y, which is characteristic of each nucleus : 

il= yi (2.1) 

Similar to a compass needle in the earth's field , the magnetic moment aligns with the 

extemal magnetic field 8 0 . For particles with a positive value of y (most nuclei), the 

magnetic moment is parallel to the angular momentum. For particles with a negative 

value of y , the magnetic moment is in opposite direction to the angular momentum 

(1-tgun: 2 .2). 



44 

y > O y < O 

Figure 2.2 Directions of spin angular momentum (dark blue) and magnetic 
moment (pink) according to the sign of the gyromagnetic ratio . 

In the presence of an extemal magnetic fi eld Ba , the combination of the magnetic 

moment and the angular momentum leads to the precess ion motion (Fig ur~ 2 1 ), also 

called Larmor Frequency: 

w=-rBo (2.2) 

where w is the angular frequency of precess ion in radian per second and Ba, the 

strength of the magnetic fi eld . The Lannor frequency Va in Hz can be calculated by: 

yBo 
Vo =-?;; (2.3) 

This equation allows the calculation of the Larmor frequency for each nucleus CI ahk 

2.1 ). Since y is specifie to each nucleus, so is Va. This allows the selective excitation 

ofnuclei with a specifie radio frequency. 

2. 1.2 Free Induction Decay 

Nucle i in a magne tic fi eld go from a degenera te state (one energy level) to a split in 

2 l + 1 sublevels (i.e. , 2 for l =112) with di fferen t energy values from +l to -1 (i.e. , 

+ 1/2 and - 112 for l = 1/2). The Boltzmann distribution causes the lower energy state 

to be more populated by spins than the higher energy level. Consequently, the 
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resulting magnetization is in the +z direction (in case of a posi tive value ofy) (Ftgurc 

2.2 ). 

The NMR signal is linked to the di ffe rence of spin population between energy levels 

and the transitions between neighbouring energy levels that are induced by 

electromagnetic radiation. To disrupt the magnetization, an oscillating magnetic field 

(Bv
0

) at resonance frequency (v0), called the pulse, is applied for a deterrnined time to 

a coi! placed in the transverse plane (xy). The magneti zation is therefore rotated in 

the xy plane and continues to precess at or close to the Larmor Frequency. This 

induces a current in the coi! which decreases as the spins retum to equilibrium and 

gives rise to the free induction decay (FID) (Vigurc 2.3 ). 

0 4 8 12 16 20 

Time (ms) 

Figure 2.3 Example of free induction decay (FID) of a binary mixture of 
phospholipid and MAPCHO detergent (q = 2). 

The current of the FID decreases with time due to the phenomenon of relaxation. A 

Fourier transforrn is applied to obtain a frequency spectrum. 
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2. 1.3 Nuclear Spin Hamiltonian 

The nuclear spin Hamiltonian is a quantum mechanical operator which describes the 

interactions of a nucleus spin w ith its environrnent (i.e. the magnetic fie ld and the 

pa11icles around, other nuclei and elec trons) . T hese interacti ons are responsible of the 

positi on and shape of the NMR signal of a nucleus on the spectrum. A brief summary 

of the Hamiltoni an describing a nuclear spin k in a magnetic fi e ld follows . 

2.1.3 .1 T he Zeeman In teracti on 

T he Zeeman interacti on (Hz) ( Figure 2...+ ) is the strongest one and it is the interac tion 

of the spins w ith the static magnetic fi e ld : 

(2.4) 

where ~ is the sp111 angular momentum opera to r. This interaction leads to 2I+ 1 

encrgy levels (E), cach of which is separated by: 

!JE= hv0 = liy80 (2 .5) 

w here v0 is the frequency of the elec tromagnetic radiati on, a lso call ed the resonance 

frequency, and h is Planck 's constant (h) divided by 2rr. This discovery led to a 

Nobel Prize in Phy ics fo r Pieter Zeeman and Hendrik Antoon Lorentz in 1902. The 

stronger the magnetic fie ld or the gyromagnetic ratio, the higher the di fference of 

energy, whi ch leads to improved sensitiv ity due to a large population di ffe rence. 
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~ m = -1 /2 

---

---

Î m = + 1/2 

Applied Magnetic Field 

Figure 2.4 Representation of the Zeeman effect with energy levels in the 
presence of a magnetic fie ld for a hydrogen nucleus (1= 1/2), rn is the magneti c 
quantum number. 

2. 1.3.2 The Chemical Shift Interaction 

The chemical shift interaction (Res) describes the change of the local magoetic fie ld 

due to the presence of electrons around the corresponding nucleus: 

Fi _ Î B [ _ ( 3cos
2

8 - 1 sin
2

8cos2a)] 
CS - Y k z 0 O"iso + a 2 - 1J 2 (2 .6) 

where 8 and a describes the orientati on of the principal axis of the chemical shift 

anisotropy tensor w ith respect to the magnetic fi eld and TJ is the asymmetry parameter 

(rquation 2.9) . The isotropie asymmetry parameter (chemical shi ft CJi so is defined by: 

(2 .7) 

with CI x x' Ciyy and Cizz the princip le ax is components of the chemi cal shi elding tensor. 

The anisotropy ( ëi) is: 

ëi = O"zz - O"iso (2.8) 
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and the asymmetry parameter (rJ) is: 

(2.9) 

l quattnn 2 (l shows the orientational dependence of the chemical-shift interaction. 

The motion of the electron cloud around the nucleus creates an induced magnetic 

fi eld (Bi) which can increase (shield) or decrease (deshield) the loca l strength of Bo. 

Therefore, the magnetic field sensed by a nucleus (Bs) is : 

(2. 1 0) 

The resonance frequency for a spec ifie nucleus (v5 ) IS influenced by the shielding 

constant (cr) created by the e lectrons: 

yB0(1-u) 
Vs = zrr (2. 11 ) 

This phenomenon provides information on the nucleus environment and depends on 

the orientation since the elec tron cloud is non-uniform. Chemical shifts (ô) are 

expressed in parts per million (ppm) : 

8 = V-Vr e f 106 
V re[ 

(2. 12) 

where v is the frequency of the signal of interest and V ref the frequency of the 

reference standard (i .e. tetramethyl silane and H3P04). 

2.1.3 .3 The Scalar Interaction 

The J-coupling (a lso ca lled sca lar coup ling or indirect dipolc dipolc coupling) 

interaction (H1) is the coup ling between two spins mediated through the e lectrons of 

chemical bonds. This leads to multiple tine on th e spectrum . Homo- (k and k' ) and 
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hetero-nuclear (k and l) coupling di stinguish interacti ons between identical and 

different nucle i, respectively. 

(2. 13) 

fjH ete1·o _ Zrrj 1~ 1~ J - ki k z iz (2. 14) 

where j kk ' and j k t are J-coupling constants. 

2. 1.3 .4 The Di polar Interaction 

The dipolar interaction (H0 ) is the coupling between two spins through space. In the 

same manner as F/1, it is possible to distinguish homo- and hetero-nuclear dipolar

coupling. 

(2. 15) 

fj Hetero =- J.l.o hyk y i ( 3cos28 - 1 ) 2Î Î 
D 4rr zrZI 2 kz iz 

(2 .16) 

where llo is the vacuum permeabili ty and r the distance between the spins involved. 

There is an ori entation dependence involved due to the ani sotropie contributi on. 

2.1 .3.5 The Quadrupolar Interaction 

The quadrupolar interaction (HQ) affects only nuclei with a spin equal or superior to 

1. The charge distribution of these nuclei is non-unifo rm and leads to an electric 
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quadrupol e moment which interacts with e lectric fi e ld gradients of the nucleus 

environment: 

fj = eQ ( 3cos
2

0 - 1 _ s u1
2

8 cos2cp ) [3 (Î ) 2 _ ! ( ! + 1) ] 
Q 4 1 ( 21 - 1 )~ 2 1J 2 k z 

(2 .17) 

where 8 and cp describes the orientati on of the principal ax is of the e lectric field 

gradient tensor (located along the carbon-deuterium bond) versus the magnetic fi e ld 

while eQ is the qu adrupol ar moment of the nucleus k . 

The Zeeman interaction alone leads to two transitio ns w ith equal energy gap and 

therefore to one peak on the spectrum (1 quat1on ::: . ..+ ) (f Jgurc::: 5). With a spin of 1, 

the quadrupolar interaction perturbs them leading to transition w ith di ffe rent energy 

gap and the spectrum di splays two symmetric peaks (1"1gurc 2.5 ). The interac tion of 

the quadrupolar moment with electric gradi ents causes diffe rent energy transitio ns: 

LI VQ 
LJE = hv0 +- 2 

where LlvQ is the quadrupolar splitting and defi ned a : 

where e
2

qQ i the nuclear quadrupolar coupling constant. 
h 

(2 .1 8) 

(2 .19) 

Since the electric gradi ents tensor is symmetric for a spherical distribution of nuclei 

(1 I~lli"L' 2 (1 ) the asymmetri c parameter, rJ = O. T hus, the quadrupolar splitting can be 

simpiitïed: 

3e 2 qQ 
LJ vQ = - - (3 cos 2 El- 1) 

4 h 
(2 .20) 
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A Zeeman + Quadrupolar 

m = -1 I ~VQ >-> 1 h vo 
h vo + 2 bJJ 

"""' Q) 
m = 0 ----0 

~ 1 h vo 
----- l::, vQ 

~ h vo - -
---- 2 

m =+ J ----

8 
l::, vQ 
~ 

Figure 2.5 Illustration of (A) energy levels for a sp in 1= 1 and (B) 2H-NMR 
spectra with Zeeman interaction (left) and w ith both Zeeman and quadrupolar 
interactions (right). Spectra were obtained from Marcotte, 2003 . 
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150 

ry = O 

0 

Frequency (kHz) 

-150 

Figure 2.6 2H-NMR (spin= !) spectrum (top) and individual trans itions (bottom) 
in a spheric symmetri c di stribution of nucle i. Spectra were obtained from Vega, 2000. 

2.1.3.1 The Hamiltonian in Solution and in « Solid » States 

In so luti on NMR, macromolecules in a so lvent are tumbling, lead ing to the average 

of ali ani sotrop ie interactions, such as dipolar and quadrupolar couplings as weil as 

chemical shi ft interactions. The Hamiltonian describing a nuclear spi n system in 

solution (Hsolution) is: 

(2.2 1) 

where Hcst is the isotropie chemical shi ft , which i not orientation-dependent. 

In solid-state NMR, the sample is in' olid ' form such as a powder, gel or crysta l. The 

molecular motions are slow, hence molecules wi ll stay longer in a given ori entation. 
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The anisotropie interactions will not be averaged and the Hamiltonian describing a 

nuclear spin system in solid (Hsouct) is : 

(2 .22) 

where HcsA is the chemical shift anisotropy, which is orientation-dependent. 

2.1.4 NMR Study of Membrane Systems 

The use of 31 P solution NMR gives infom1ation on the headgroup of the phospholipid 

molecule. The use of static solid-state NMR with 31P and 2H provides information on 

the organization of membrane phospbolipids and also on the dynamics of the polar 

headgroup and alkyl chains . This section describes the study of membrane system by 

phosphorus and deuterium NMR. 

2.1.4.1 Phosphorus NMR ofLipid Membranes 

Phospborus NMR is a crucial method in the study of membranes . Indeed, 

phospholipids are the main component of eukaryotic membranes and each one 

con tains only one phosphate group. Moreover, its natural abundance is 100%, the 

gyromagnetic ratio is high and it possesses a spin of~ (Table 2.1). Therefore, this 
2 

allows the study by NMR of the phospholipid head group without labelling. 

Asymmetry of the electron cloud surrounding the phosphorus nucleus induces 

chemical shifts that are orientation-dependent. Therefore, the chemical shift 

anisotropy can be defined by the second-rank tensor describing the shielding 

anisotropy ( 0') (Gorenstein, 1984) . 

_j 
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ln the situation of slow-tumbling non-ori ented objects, the phosphorus spectrum 

gives a powder pattern (1 1gur • 2 7 \-( ). A static phosphodies ter, such as the one 

found in phospholipid, w ill give an anisotropie spectrum wi th r5xx and r5zz defining 

the right and left edge, respectively whi te r5yy leads to a peak (f\glll · 2. 7.\) (S mith & 

Magid, 1984) . The shi elding (or chemical shift) tensor is axially asymmetric. 

a'.l 

B c 

100 0 - lOO 100 0 -100 

D E F 

40 0 -40 40 0 -40 30 0 -30 

Chemica l Shi ft (ppm) 

Figure 2.7 Representation of the chemical shi ft an isotropy effect on 3 1P-NMR 
spectra of phospholipid . (A) No movement, (B) rapid axial rotation of the lipid, (C) 
rapid rotation into a co ne a long the ax is of the lipid fo r a phosphodiester in membrane 
lipid . Spectra A-C are from Smith & Magid, 1984. (D) A bilayer of POPC with its 
normal (longitudina l ax i of the lipids) oriented perpendi cular or (E) parallel at the 
magnetic fie ld . pectra D and E are taken from van der Wei et al. , 2002. (F) Sample 
ofDMPC subjcctcd to magic angle spinning (MAS) . 



------------------------------------- -· ---------------

55 

From the spectrum it is therefore possible to determine the values of the three 

component of the shielding tensor (rigurc 2 R). 

CJ
0 

= +80 ppm 

0 
) / 0 - Polar Head 

0/\\ 
CJYY = +25 ppm 

0 - Glycero l 

CJ"'' = - Il 0 ppm 

Figure 2.8 Components of the chemical shift anisotropy tensor and their values 
(Smith & Magid, 1984) for the phosphorus nucleus of a lipid. 

For axial symmetry shielding tensor, with axial rotation of membrane lipids along z, 

rJxx and rJYY are averaged into rJ1. (perpendicular component) : 

_ O"xx+<Tyy 
O".t- 2 (2.23) 

while rJ22 is called rJ
11 

(parallel component) (Smith & Magid, 1984) (Figure 2 78) : 

(2.24) 

rJ 1. re presents the chemical shi ft wh en the magnetic field is perpendicular to this axis 

and rJ
11

, corresponds to the chemical shift expected when the magnetic fie ld is parallel 

to this axis. 

The CSA (lw) represented on the spectrum and the tensor anisotropy (0') are 

respectively defined as: 

(2.25) 
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and : 

(j = ~ !:J. r:r 
3 

(2 .26) 

Ail ani sotropie frequencies (v8 ) are dependent on the orientation (8 ) of the 

phosphorus nucleus in the magnetic fi e ld and can be connected to the CSA by: 

2 !:J. (3cos 2 8-1) 
ve = 3 cr 2 (2.27) 

The phosphorus powder pattern is the result of these different orientations (1 I~UJ\.'~ 

2.7.\-( dlld 2 9) . 

e 

1) ppm -li 

Figure 2.9 Illustrati on of the di stribution of lipids in a multilamellar ves icle 
(right), example of three di fferent lipid orientations 8 (middl e) and the intensity of 
the corresponding signal with their resonance frequencies on 31 P-NMR spectrum 
(left). Adapted from a fi gure of Alexandre A. Arnold, UQAM . 
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can be decompo ed into many narrow peaks with di fferent frequenc ies due to 

di ffe rent lipid ori entations (1 ~~urL· 2.tJ). 

As the lip id exhibi ts rapid fl uctuations about the bilayer direction, CJ.L and CJ11 undergo 

parti a l averagin g that lead to small er values, called CJ
1
.L and CJ' 11 (l tgur-.· 2 ..,( ). The 

shi elding tcnsor is still ax ia lly symmetri c. The CSA observed on the spectrum is 
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reduced proportionally to the amplitude of the motion. The bilayer normal can 

undergo motional deviation and an order parameter can be described: 

3cos 2 cfJ-1 
sbilayer = ( 2 ) (2.28) 

where cp is the angle between the bilayer normal with respect to the magnetic field 

and the brackets mean time average. 

The extreme frequencies of oriented systems for phosphorus nuclei are from an 

orientation of cp equal 90° (Figure 2.70) to cp equal Û0 ( rigurc 2.71:) . The orientation 

can be obtained mechanically from lipid bilayers between glass plates, where the tilt 

can be controlled extemally, or spontaneously in the magnetic field with bicelles . The 

use of non-mechanically oriented systems is advantageous since the signal-to-noise is 

greatly enhanced. 

Another technique to improve the spectrum is the magic angle spinning (MAS) of the 

sample . From scct1nn 2. 1. ~ on nuclear spin Hamiltonian, it is possible to observe that 

chemical shift, dipolar and quadrupolar interactions have an angular dependence with 

respect to the magnetic field (3cos 28- 1) (Equations 2.6, 2.15. 2.1 (1 and 2 17). The 

rapid mechanical rotation of the whole sample at the magic angle (54.74°) allows an 

averaging of the three principal components of the chemical-shift tensor and as a 

consequence the cancellation of the orieotational dependence of the interactions. 

MAS leads to peak(s) with Œiso value and sidebands appear at multiple frequencies of 

the spinning speed (Figure 2.7F). This technique allows an increase in both sensitivity 

and resolution by recreating the isotropie conditions in solid-samples. 

In the case of isotropie systems with fast tumbling, the shielding constant is averaged 

(f:quatinn 2.7) and the phosphorus spectrum gives a narrow peak. The isotropie 

values for lipids vary slightly according the lipid type as weil as the buffer conditions 

and are± 5 ppm (Smith & Magid, 1984). 



58 

The rapid exchange of a molecule between two environments, such as monomeric 

form and aggregate lead to an average of the chemical shift between the respecti ve 

phosphorus chemica l-shift of the amphiphilic molecule in the two conditions 

(Dennis & Plückthun, 1984; Glover et al., 2001) . 

Information on the type of lipid-assembly and the bilayer orientation can be directly 

and quickly extracted from the shape of the so lid phosphorus NMR spectrum. As a 

consequence, it is possible to have a representation of the effect of a peptide 

interaction with the membrane polar region. Phosphorus NMR al lows the 

identification of ori ented bilayer and can be used to judge the quali ty of this 

orientation. This technique was used in ( hdplèr-., 1\ and \ . C hap11.:1 Ill used the 

averaging chemical shi ft of one compound between two environrncnts to cxtract a 

minimal concentration required to form the lipid aggregate. 

2 .1.4.2 Deuterium NMR of Deuterated Lipid Membranes 

To obta in deeper information on the membrane and protein as weil as the interact 

between them, 2H NMR experiments can be used to see the effect in the hydrophobie 

region of the membrane. It is also poss ible to see which region of the alky l chain i 

most affected by comparing the quadrupo lar splitting with and without peptide. 

The natural abundance of deuterium is low (0.0 15%) bence 2H NMR requtres 

deuterated phospholipids commercia lly availab le. 2H has a spin of 1 ( l dbk ~ 1 ). 

Since, the quadrupolar interaction is dependent on the orientation (1 qulllllll 1 1 ~ ) , the 

quadrupolar splitting (LlvQ) is corre lated with the molecular movemcnts of the 

membrane lip ids and can be defined as : 

(2 .29) 
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where q; is the angle between the bilayer normal and the magneti c fi eld, 1/J is the 

angle between the carbon-deuterium bond and the lipid axis and K is the angle 

between the lipid axis and the bi layer nom1al (Ftgur.: 2 1 0). 

On the spectrum, the motion (axial rotation and movement into a cone along the lipid 

longitudinal ax is) of a lipid w ith one deuteron (C-D) will have an effect (Figure 

2.1 1 A-C) and the bigger the lipid motion, the lower the quadrupolar splitting will be. 

The quadrupolar spli tting for a carbon-deuterium bond in a lipid bilayer system with 

axial symmetry is correlated with the orientational order parameter fo r the deuterium 

bond vector (Seo) as: 

(2.3 0) 

e2 qQ 
with for an aliphatic carbon-deuterium (C-D) bond, - h - :::::: 170 kHz (Jones et al. , 

1997) . 

Bi layer 
normal 

Lip icl 
ax is 

Figure 2.10 Representati on of the membrane lipid moti ons with axial symmetry 
in a fluid phase . 
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In the case of lipids in fluid phase with completely deuterated alkyl chains, multipl e 

quadrupolar splittings appear. 1'1gurL' 2 Il[) di splays an exampl e of a vesicle. In the 

case of a bilayer mechanically oriented between g lass plates or spontaneously in a 

magnetic fi e ld (bicelles) , the spectrum w ill improve in resolution (1 1\.!lll~ 2 Il 1·-f ). 

This improvement of the spectra in oriented samples is the result of on! y one angular 

orientation of lipids . As the degree of movement differs along the alkyl cha in, there is 

a LlvQ for each deuterium . 

(A) (B) (C) 
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Figure 2.11 Representation of the chemical shift anisotropy effect on 2H-NMR 
spectra of phospholipids . Spectra A-C correspond to lipids with one deuterium and 
D-F are lipid fu lly deuterated . (A) No movement, (B) rapid axial rotation of the lipid, 
(C) rapid rotation into a cone along the ax is of the lipid for a phosphodiester in 
membrane lipid . (D) Multilamellar ve ic le of DMPC. Spectra A-D are from Ouellet, 
2007. A bicell e (E) w ith its norma l (thus the longi tudinal ax is of the lipids) 
spontaneously oriented perpendicular at the magnetic field , or (F) parallcl induced by 
lanthanide ion Ytterbium. Spectra E and F arc from Lorigan , 2006. 
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The CD2 position closer to the headgroup, due to restricted molecular movements, 

will display a higher LlvQ compared to the lowest one for CD3 which has the biggest 

range of motion (Figun.: 2.12 ). Thus, the well-resolved 2H spectrum is the result of 

the different motional properties of the CD2 and C03 from DMPC-ds4 with the 

normal of the bilayer oriented perpendicular (F1gurcs 2. 11 E and 2. 12A) or parallel 

(Figures 2.11 F and 2.12B) to the magnetic field 8 0 . 

A B 

30 0 -30 30 0 -30 

Frequency (kHz) 

Figure 2.12 2H-NMR spectra of a bicelle (A) with its normal (thus the 
longitudinal axis of the lipids) spontaneously oriented perpendicular at the magnetic 
field , or (B) parallel due to lanthanide ion Ytterbium . Spectra are from Lorigan, 2006 . 

As for phosphorus nuclei , information on dynamic and orientation of the bilayer can 

be extracted from the 2H-NMR spectrum. Since the deuterium quadrupolar splitting 

of the lipid ' tem1inal methyl and plateau (carbon-deuterium bonds near the 

headgroup) (Figure 2.12) can be differentiated, it is possible to study the effect of a 

peptide at different depths into the hydrophobie core of the membrane. 

Since the use of phospholipids with fully deuterated alkyl chains IS expens1ve, 

deuterium experiments were only performed to see the interaction with the pore helix 

peptides in Chaptcr \' and verify the alignment of one of the binary system in Chaptcr 

IV. 
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2.2 Circul ar Dichroism - Study of Peptide and Prote in Secondary Structures 

Circular dichroism spectroscopy allows the rapid and easy di stinction, in a non

destructive way and without isotopie labelling, of peptide and protein structures. 

Typically, 0.1 to 1 mL with 0.2 to 1 mg.mL-1 of pure protein is needed (Kelly & 

Priee, 2000). It is possible from the region 190-260 nm to study the secondary 

structures, while the region 260-320 nm prov ides information on the tertiary 

structure. 

The measure of circular dichroism is based on a di ffe rence in absorption of the left 

(counter-clockwise) versus right (c lockwise) circularly polarized light with a chiral 

molecule. Ami no ac id residues are examples of these optically acti ve molecul es. The 

light source from xenon or xenon/mercury lamp is decomposed in left and right 

circular polarizcd light. A signal (ca lled elliptical polarization) w ill be obtained only 

if a di ffe rence of absorption can be measured (l1gurc 2.13 ). 

François Jean Dominique Arago fi rst observed the optical activity 111 18 11 . Then, 

Louis Pasteur revea led molecular chira li ty in 1848. 
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Figure 2.13 Representation of the origin of the CD signal (Kelly et al. , 2005) . 
(A) The left (L) circularly polarised light have the same amplitude as the right (R) 
component and the resultant is a plane polarised radiation. (B) R and L do not have 
the same magnitude and this generates an elliptically polarised radiation (dashed 
line). (C) and (D) are the absorption and CD spectra, respectively. Case 1 displays a 
positive CD spectrum with R less absorbed than L, case 2, a negative CD spectrum 
and case 3, a group that is not chiral. 

The different chromophores that can be absorbed in proteins are peptide bonds 

(below 240 nm) , aromatic amino acid side chains (260-320 nm) and disulphide bonds 

(around 260 nm) (Kelly et al. , 2005). As a consequence, the characteristic CD spectra 

for secondary structures (190-260 nm) are mainly due to the peptide bond, but 



64 

aromatic side chains can also contribute at these signais in the far-ultraviolet (UV) 

range (Kelly et al., 2005). There is an intense n~ n* transiti on due to the partial 

double bond (no ro tation allowed around that bond) between the a -carbon and the 

amine nitrogen at around 190 nm and a weak n~ n* transition from carbonyls at 

around 210-220 nm (Kelly et al., 2005 ; Kelly & Priee, 2000). The n~ n* transitions 

are weaker because they are symmetry forbidden (Atkins & de Paula, 201 0). For 

example, a -helical proteins have two minima at 208 and 222 nm and a maximum at 

193 nrn (Holzwarth & Doty, 1965), anti-parallel P-sheets have a large negative band 

around 2 18 nm and a positive band at 195 nm (G reenfield, 1969) and disordered 

proteins have a minimum at 195 nm and low negati ve elliptic ity above 2 10 nm 

(Venyaminov et al., 1993) ( f"1gurc 2.1-1} 
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Figure 2.14 Repre entation of far-UV CD spectra for characteristic secondary 
structures with random co i! in black, a -helix in dark red (on the right, it is a sculpture 
representati on of an a -helix from the Linus Pauling Center fo r Science, Peace and 
Hea lth, Portland, OR, USA) and P-sheet in green. T his figure is adapted from Kelly et 
al., 2005. 
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A major drawback with circular dichroism is that the signal obtained is an average of 

the different elements involved. Therefore, it is not possible to distinguish different 

domains or the source of the main signal. Amino acid segment deletion or study of a 

specifie sequence can enable differentiation of the signal's origin. However, this 

process might change the interactions in the protein and as a consequence the 

secondary or tertiary conformations. 

Circular dichroism rapidly provides information on the secondary structure of a 

prote in, a peptide, or even membrane pro teins by subtraction of the mode! membrane 

background signal. This technique was used in this thesis for the studies in Chaptcr~ 

V and VI. 

2.3 Fourier Transform Infrared Spectroscopy - Study of Miscibility Between 
Lipids 

Fourier transform infrared (FTIR) spectroscopy is a non-invasive method to obtain 

information on structure and dynamics of molecules due to their vibrational 

properties. The amount of sample needed is low: 0.1-1 mg of sol id, 10-50 f..lL for a 

solution (or suspension) with 1-5% by weight (Mendelsohn & Man tseh, 1986). 

FTIR is equipped with an optical deviee, which contains the 'heart' of the FTIR: the 

interferometer. The interferogram obtained, which gives the light intensity versus the 

optical path difference, is converted with the fast Fourier transform algorithm into the 

intensity light measured for each wavelength, which is the spectrum (Ftgun: 2 ISA-

8). 

The discovery of infrared began in 1800 and was directed by Sir Frederick William 

Herschel. Then, Albert Abraham Michelson designed the first interferometer in 

!880s. He received the Nobel Prize in Physics in 1907 for his research. Atom 
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vibrations of an orgamc molecule can be probed by infrared electromagnetic 

radiation, which has wavclengths from 1 to 1000 ~-tm (Atkins & de Paula, 201 0). The 

absorbance frequency is linked with the atom identi ty (mass and geometry) as well as 

the confo rmation of a chemical bond, whereas the bandw idth is due to the molecular 

dynamics. 

The mid-in frared, covered in the wavelength range from 2. 5 to 25 ~-tm (4000-400 

cm-1
) , is the spectral area that gives the most info rmation on structure and dynamics 

of biologica l systems, such as lipids and proteins (Lee & Chapman, 1986). To 

overcome the di fficul ty with biologica l samples with the strong absorption of water, 

high concentrations, low pathlength cells and/or deuterium ox idc solvent can be used 

(Lee & Chapman, 1986). T he limited absorption bands at 2450-2540 cm-1 and 12 15-

1555 cm-1 of deuterated water are outs ide the infrared bands of interest fo r biological 

membranes. FTIR spectroscopy allows the simultaneous study of severa! constituents 

of lipids through the analys is of their spectra, giving functional groups spec ifie 

frequencies. In the case of PLs with cho line headgroup ( r1gun: 2 1 -" ), the frequencies 

are li sted in l ahk 2 2 (Mendelsohn & Mantsch, 1986). An example of an infrared 

spectrum i given in f 1gurc 2 1_-13 , where each functiona l group of the li pid bas a 

characteristic band frequency, intens ity and width . l 1gurç-.. 2 1'i( -D are enlargement 

of the CH2 and CD2 stretching vibration bands. 
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Figure 2.15 (A) Interferogram of a mixture of DPPC-d62 lipid and TPC 
detergent at molar ratio q of 2, and its corresponding (B) infrared spectrum with 
framing of interest bands used in this study. Enlargement and application of the 
quartic function on the (C) CH2 symmetric (vs(CH

2
)) and antisymmetric (vas(CH z) ) as 

well as (D) CD2 symmetric (vs(CDz)) and antisymmetric (vas(co
2
)) stretching vibration 

bands. 
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Table 2.2 Frequencies of different functional groups of a choline phospholipid 
(deuterated acyl chains) w ith symmetric (vs) and antisymmetric (vas) stretching 
vibration bands (Mendelsohn & M antsch, 1986) 

Part of the Iipid Functional group 
Frequency 

(cm-1
) 

Choline V as(CH3 h N+ 3038 
Polar head Vas(PO- ) 1228 

Interfacial region v eco) 1735 
V as(C H2 ) 2920 

Hydrophobie region 
V s(CHz) 2850 

V as(CD 2 ) 2195 
Vs CD 2090 

Infra red is a powerfu l tool for the study of phase transition between gel (or rigid and 

ordered) and fluid (or di sordered liquid-crystal) phases of lipids (Lewis & 

McElhaney, 1998; Mendelsohn & Mantsch, 1986). This change of phases is induced 

by the temperature and result in a confo rmational modification of alkyl chain that can 

be measured by analyzing the stretching frequencies of CH2 or CD2 groups (Man tseh 

& McElhaney, 199 1). As a consequence, the frequencies of asymmetric and 

symmetric stretching bands of CH2 or CD2 increa e by 2-5 cm·1 w ith the temperature. 

The curve obta ined is called the thermotropi sm curve (l 1gurc 2.1 (1 ). Thereby, lipid 

alkyl chains are mainly in an ali-trans confo rmation (Lp') below the transition 

temperature (Tm) wh ile above Tm, gauche conformations are induced (La) ( f 1gurc 

1 5) . It is however not possible to determine the contribution of each CD bond in 

infrared because it is an average effect. 
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Figure 2.16 Thermotropism curve of a binary mixture of DPPC-d62 lipid and 
TPC detergent at molar ratio q of 2. The inflection point corresponds to the gel-fluid 
melting temperature (Tm). 

The study of transition phases to obtain infom1ation on miscibility of long- and short

chain phospholipid (or detergent) in bicelles was used in C ïwptcr~ Ill and 1 V. 
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Résumé 

Les bi celles sont des membranes modèles généralement fa ites des lipides à longues 

chaînes dimyristoylphosphatidylcholine (DMPC) et courtes chaînes dihexanoyl-PC 

(DHPC). Ell es sont largement utilisées dans l' étude des interactions membranaires et 

la déterminat ion structurale des peptides membranaires, étant donné leur composition 

et leur morpholog ie imitant les membranes eucaryotes riches en PC. À faibles 

rapports mola ires DMPC/DHPC (q), les bicelles se réorientent rapidement sur e lles

mêmes. La bicouchc de DMPC est stabilisée par des molécules de DHPC sur les 

bords qui sont fortement courbés . Les contraintes expérimentales imposées par des 

techniques te lles que le dichroïsme circulaire, la diffusion dynamique de la lumière 

ou la microscopie peut nécess iter l'utilisation de bicelle à haute dilution. Des études 

ont montré que de te lles conditions induisent la formation de petits agrégats et 

altèrent le rapport lipide/détergent des sys tèmes bicellaires. Les objectifs de ce trava il 

éta ient de déterminer la composition exacte des bi celles isotropes DMPC/DHPC et 

d'étudi er la miscibilité des lipide . Ceci a été réalisé en utilisant la résonance 

magnétique nucléaire (RMN) du phosphore et en explorant une large gamme de 

concentrat ions lipidiques (2-400 mM) et de rapports molaires q (0.15-2). Nos 

données démontrent comment la dilution modifi e le rapport molaire DMPC/DHPC 
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dans les bicelles. Une attention sp éciale doit être prise pour les échantillons avec une 

concentration lipidique totale :S 250 mM. Et ce notamment avec q ~ 1.5-2, car des 

diluti ons modérées peuvent amener à la formation de grosses structures lipidiques se 

réorientant lentement et pouvant affec ter l ' utilisation de techniques comme la RMN 

en so lution, le dichroïsme circulaire et la di ffus ion dynamique de la lumière. Nos 

résultats, soutenus par la spectroscopie infrarouge ainsi que les simulations 

moléculaires dynamiques, ont aussi montré que les phospholipides dans les bicelles 

sont majoritairement ségrégés seulement quand q > 1. Les frontières sont présentées 

pour les bicelles où il est possible de contrôler le rapport molaire q . Ce trava il tente 

donc de guider le choix de rapport molaire q et de concentration totale de 

phospholipides à utiliser pour obtenir des bicelles isotropes. 

Abstract 

Bicelles are mode) membranes generally made of long-chain 

dimyristoylphosphatidylcholine (DMPC) and short-chain dihexanoyl-PC (DHPC). 

They are extensively used in the study of membrane interactions and structure 

determination of membrane-associated peptides, s ince their composition and 

morphology mimic the w idespread PC-ri ch natura l eukaryotic membranes. At low 

DMPC/DHPC (q) molar ratios, fas t-tumbling bi celles are fo rmed in whi ch the DMPC 

bilayer is stabilized by DHPC molecules in the high-curvature rim region. 

Experimental constraints imposed by techniques such as circular dichroism, dynamic 

light scattering, or microscopy may require the use of bicelles at high diluti ons. 

Studies have shown that such conditions induce the fom1ation of small aggregates 

and a lter the lipid-to-detergent ra tio of the bicelle assemblies . T he obj ectives of this 

work were to determine the exact composition of those DMPC/DHPC isotropie 

bi celles and study the lipid miscibili ty. This was done using 31P nuclear magnetic 
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resonance (NMR) and exploring a wide range of lipid concentrati ons (2-400 mM) 

and q rati os (0.15-2). Our data demonstrate how dilution modifies the actual 

DMPC/DHPC molar ratio in the bicelles . Care must be taken fo r samples with a total 

lipid concentration :'S 250 mM and especia lly at q ~ 1.5-2, since moderate dilutions 

could lead to the fo rmation of large and s1ow-tumbling lipid structures that could 

hinder the use of solution NMR methods, c ircular dichro ism or dynamic light 

scattering studies. Our results, supported by infrared spectroscopy and molecular 

dynamics simulations, also show that phospholipids in bicelles are largely segregated 

only when q > 1. Boundaries are presented within w hich control of the bicelles ' q 

ratio is poss ible. This work, thus, intends to guide the choice of q ratio and total 

phospholipid concentrati on when using isotropie bicelles . 

100 200 300 400 
Total lip;.j concentration (mMJ 

3.1 In troduction 

Well -defined q 
Fast-tumbling 

DMPC-rich bilyer 

Bilayered micelles, or so-called bi celles, were introduced in the 1990s and quick1y 

gained in populari ty due to the ir simil ari ty w ith biological membranes (Sanders & 

Prestegard , 1990; Sanders & Schwonek, 1992) . These membranes mimetics are most 

commonly composed of dimyristoylphosphatidylcholine (DMPC) which organize in 

a bilayer stabilized by short-chain dihexanoylphosphatidylcholines (DHPC) in high 

curvature regions (Chou et al., 2002; Cross et al., 2011 ; Dürr et al., 20 13; M arcotte & 

Auger, 2005 ; Thiyagarajan & Tiede, 1994; Warschawski et al., 20 11 ) of dises or 

perfo rated vesicles (Barbosa-Barros et al., 20 11; Di lier et al., 2009; Dürr et al., 20 13; 
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Marcotte & Auger, 2005 ; Ram & Prestegard, 1988; Triba et al. , 2005 ; Warschawski 

et al., 20 Il) . Although the morphology of bicelles is debated, the planar region made 

of long-chain phospholipids constitutes a favorable environment to study molecular 

interactions as weil as the structure of membrane peptides and pro teins with different 

biophysical techniques such as nuclear magnetic resonance (NMR) , X-ray 

crystallography, circular dichroism (CD), and Fourier transform infrared (FTIR) 

spectroscopy (Diller et al. , 2009; Dürr et al., 2013 ; Faham et al., 2009; Macdonald et 

al. , 2013; Marcotte & Auger, 2005 ; Naito, 2009 ; Sanders & Prosser, 1998; Seddon et 

al. , 2004; Warschawski et al. , 2011 ; Yamamoto et al., 2014) . Most interestingly, for 

solid-state NMR applications, bicelles are known to spontaneously orient in a 

magnetic field in excess of 1 T at high DMPC/DHPC molar (q) ratios (above 2.3) and 

within well-defined total lipid concentrations (3 - 60% w/v) and temperatures 

(30-50°C) (Katsaras, 1998; Ottiger & Bax, 1998; Ram & Prestegard, 1988; Sanders 

et al., 1994; Sanders & Landis , 1994; Sanders & Schwonek, 1992; Triba et al. , 2005 ; 

Warschawski et al., 2011 ; Yamamoto et al., 2009) . This orientation is due to the 

negative diamagnetic susceptibility anisotropy of the phospholipids which align with 

their long axis perpendicular to the magnetic field direction . 

When the DMPC/DHPC q ratio falls below 2.3 , bicelles rapidly reorient in solution 

(Luchette et al., 2001 ; Sanders & Landis, 1994; Vold et al. , 1997), enabling solution 

NMR experiments that are useful for the structural study of membrane-binding 

peptides such as met-enkephalin (Marcotte et al. , 2004), motilin (Andersson & Maler, 

2002), antimicrobial peptides (Haney et al., 2009), as weil as the assessment of 

membrane association of peptides and small molecules (Andersson et al. , 2004; 

Chartrand et al. , 2010; Grave) et al. , 2013 ; Marcotte et al., 2004) . The use of low q 

ratio ::;0.5 allows improving the resolution of the NMR (Son et al. , 2012; Vold et al. , 

1997) and CD (Biverstâhl et al. , 2009; Bocharov et al., 2008; Mineev et al. , 2011 ; 

Surya et al., 2013 ; Vold et al. , 1997) spectra . These so-called isotropie bicelles are 

also employed in others studies such as dynamic light scattering (DLS) (Bocharov et 
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al., 2008; Mineev et al., 2011), FTIR spectroscopy (Surya et al., 2013), flu orescence 

(Biverstahl et al. , 2009; Glover et al., 2001) and electron paramagnetic resonance 

(EPR) (Andersson & M~i.l e r , 2005). The morphology of isotropie bicell es is generally 

considered to be disc-shaped with DMPC molecules on the planar secti on segregated 

from the DHPC molecul es in the rim , and a di ameter which increases with q ratio 

(G lover et al., 2001 ; Lt1chette et al., 200 1). The presence of transmembrane pro teins 

in low q bi ce lles may however lead to a change in the size of the aggregates, as 

shown fo r mice ll es, and poss ibly to a reorganiza tion of the lipids and detergents 

(Kang & L i, 2011 ; le Maire et al. , 2000). 

Bicelles samples w ith a tota l lipid concentration lower than 150 mM are required 

w ith teclmiques using a laser light source to avo id light scattering effeets when 

perfo rming CD (Bocharov et al., 2008 ; Chartrand et al., 201 0; M ineev et al. , 20 Il ; 

Surya et al., 20 13 ; Void et al., 1997) or DLS (Bocharov et al., 2008; Mineev et al. , 

20 Il ) but are a Iso employed in other techniques such as NMR (Bocharov et al., 2008; 

Grave! et al., 20 13; Mineev et al., 2011 ; Surya et al., 20 13), FTIR spectroscopy 

(Surya et al. , 20 13) and crysta llography (Faham et al., 2009) . A thorough study of 

D1 4PC/D6PC bicelles in such conditions w ith q ratios from 0 .5 to 5 was carri ed out 

by van Dam and co-worker (van Dam et al., 2004) using cryo-transmiss ion e lectron 

microscopy (TEM), DLS, and fluorescence spectroscopy. At q ratios below 1 and for 

strong dilutions, small aggregates were observed. This work also prov ided strong 

indications that the fo rmed aggregates are more complex than the idea l bicell e mode! 

!!"! '.'.th!ch the DM PC ?. !"!d DHPC !!le>lecules Hre fnll y .c; P.grP.gMP. rl ln ::~rlrliti o n , as was 

orig ina lly evidenced by G lover et al. (Glover et al., 2001 ), the authors noted that 

di lu tion alters the actual composi ti on of the aggregates. Indeed, the ind ividual 

constituents of bicelles have specifie cri tical micell e concentrations (CMCs) tbat can 

range from the nanomolar for the phospholipids, to the millimolar fo r the detergents. 

As a con equence, in samples prepared with concentrations in the millimolar range, a 

significant proporti on of free surfacta nts in solution w ill be present in eq uilibrium 
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with the phospholipid aggregate. The importance of thi s effect has recently been 

considered by the group of Sanders who has proposed alternative bicelles composed 

of surfac tants with higher CMCs (Lu et al. , 20 12). The widespread use of 

DMPC/DHPC bicelles prompted us to carry out a systemati c study of the effect of 

dilution on this system. 

The objective of this work IS thus to study the effect of dilution on the exact 

composi tion of the widely utilized DMPC/DHPC bicelles and the misc ibili ty of its 

constituents. Us ing 31P NMR, q ratios ranging from 0.15 to 2 and concentrations from 

2 to 400 mM are investigated. The work is carri ed without the use of paramagnetic 

shift reagents. The NMR results indicate changes in misc ibili ty between short-and 

long-chain phospholipids and these are further supported by FTIR spectroscopy and 

molecular dynamics simulations. We thus provide data which will guide the choice of 

q ratio and total phospholipid concentration to enable the study of membranes and 

membrane-related processes using isotropie bicelles . 

3.2 Materials and Methods 

3 .2. 1 Materials 

1 ,2-Myristoyl- 1-sn-glycero-3-phosphocholine (DMPC) and 1 ,2-hexanoyl-1-sn

glycero-3-phosphocholine (DHPC) were obtained from Avanti Polar Lipids 

(Alabaster, AL, USA) and used without further purifica tion. DHPC, which is highly 

hygroscopie, was freeze-dried prior to weighing. Deuterium oxide (D20 ) was 

purchased fro m CDN Isotopes (Pointe-Claire, QC, Canada) . 
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3.2.2 Sample Preparation 

Bi celle samples with the highest concentration ( 400 mM) and at q ratios rang mg 

between 0.25 and 2 were prepared by suspend ing the appropriate weight of DMPC 

and DHPC in a 100 mM KCI solution made with D20. The sample was then 

submitted to 10 cyc les of freeze (liquid N2)/thaw (60 °C) and vortex shaking, 

resulting in a uniform transparent nonviscous solution. Seriai dilutions were then 

performed from 400 to 2 mM before NMR spectrum acqui sition . 

3.2 .3 31P Solution NMR Experiments 

Ail spectra were recorded on a Varian Inova Uni ty 600 (Agilent, Santa Clara, CA) 

spectrometer operating at a frequency of 246 .86 MHz for 31P and equipped with a 5 

mm double-resonance probe. A single-pulse experiment was employed with a rr/2 

pulse of 13 .3 ~-ts , a recycle delay of 5 s, and an acquisition time of 1 s with broadband 

proton continuous wave decoupling at a field strength of 5 kHz. A preacquisition 

delay of 15 min was used before each experiment to ensure samp1e thermal 

equ ilibration. Spectra were acquired at !east in triplicate with 32 to 5 12 scans at 25 oc 
unless otherwise specified. They were referenced internally using a sealed capillary 

containing phosphate ions at pH = 11 in D20 whi ch was previously referenced with 

respect to 85% H3P04 at 3.38 ppm. Ali spectra were processed using MNova 

software (Mestrelab Research, Santiago de Compostela, Spam). 

3.2.4 FTIR Experiments 

Infrared spectra were recorded with a icolet Magna-560 Fourier transform 

spectrometer (Thermo Scientific, Madison, WJ, USA) equipped with a narrow-band 
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mercury-cadmium-telluride (MCT) detector and a germanium-coated KBr 

beamsplitter. A volume of 30 11L of the 400 mM bicelle sample was placed between 

CaF2 Biocell windows (Biotools lnc ., Jupiter, FL, USA) manufactured with a 

calibrated path length of 50 J.lm. The windows were placed in a homemade heating 

cell using a Peltier element as a heating/cooling deviee. To prevent solvent 

evaporation during the course of long-term measurements, the sealing surface of the 

cell was lubricated with mineral oil. A total of 128 interferograms were acquired with 

a resolution of 2 cm-' apodized with a Happ-Genzel function in the spectral range of 

4000-650 cm-1 at various temperatures ranging from 5 to 70 oc. Spectra were 

corrected for water vapor and CaF2 contributions by substraction of a reference 

spectrum. Data were processed with the software Grams/ Al 8.0 (Galactic Industries 

Corporation, Salem, NH, USA). The spectral regions corresponding to the carbon

hydrogen stretching vibrations were baseline-corrected using a quartic function . The 

methylene symmetric stretching frequency was obtained from the center of gravity 

calculated at the top 10% of the band. 

3.2 .5 Molecular Dynamics Simulations 

Three sets of MD simulations were performed at 310 K, namely, a self-assembly of 

DMPC/DHPC at q of 0.25 (350 ns) , the relaxation of an ideal DMPC/DHPC bicelle 

at q of0.25 (450 ns) , and the self-assembly of pure DMPC in water (60 ns) , aimed at 

validating the DHPC mode!. Each simulation box contained 200 lipid molecules (200 

DHPC or 160 DHPC + 40 DMPC) in a volume of about 850 nm3
, yielding a total 

lipid concentration of 400 mM, and 130 mM NaCl. Each simulation system contained 

about 80 000 atoms. Lipids were described by the CHARMM36 force field (Klauda 

et al., 201 0), in our modified version with united-atom acy! chains (Hénin et al., 

2008) ; the water mode! was TIP3P. Both the all-atom force field and its united-atom 

modification are extensively validated against experimental data ; the united-atom 
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version enhances the relaxation kinetics of the lipids while reducing computati onal 

cost, lcading to improved sampling. A li simulations were run using the NAMD 2.9 

software package (Phillips et al., 2005) on the SGI Altix supercomputer Jade at 

CINES (Montpellier, France). Self-assembl y simulations were started from randomly 

di stributed solutes prepared with the G ROMACS tool genbox (Pronk et al., 201 3). 

The ideal bicell e system was prepared by cutting a di se out of a pre-equilibrated 

DMPC bilayer, and inserting it in a water environment with randomly placcd DHPC 

molecules . The DMPC bilayer structure was preserved by pos iti onal res traints 

applied to the DMPC hcadgroups. After 30 ns of simulation, the restraints were li fted 

to let the overall structu re relax. 

DMPC/DHPC aggregation was analyzed usmg a customized versiOn of the 

g_clusts ize too l from G ROMACS 4.5 .5 (Pronk et al., 201 3). Hydrophobie clustcrs 

were detected by restricting the analys is to united-atom part icles fo rming the acy! 

chains of the lipid and detergent. A cutoff distance of 4. 1 A was chosen in order to 

include a li contac t peaks of the intcrparticle radi al distributi on func ti on, while 

minimizing the contribution of shor1-li ved contacts, detected in the form of hi gh

freq uency noise in the cluster size dependence as a fu nction of time. Cha in order in 

DMPC was quanti fied by measuring the distribu tion of to rsional angles between 

neighboring acy! chains (with centers Jess than 10 A away) . The direction of each 

myristoyl chain was co mputed as the principal ax is of inert ia w ith the lowest 

eigenva lue; the analysis was implemented w ithin the LOOS framework (Romo & 
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3.3 Results and Discuss ion 

3.3. 1 Exact Composition of Bicelles under Dilution: 3 1P NMR 

The long and short-chain phosphatidylcholines constituting the bicell es comprise a 

single phosphorus a tom in their polar headgroup . The high gyromagnetic ratio of the 
31 P isotope as weil as its 100% natural abundance leads to an eas ily detectable NMR 

signal which is dominated by the chemical shift anisotropy (CSA). The resulting 

spectra are characteristic of the lipid phases present in the sample (Seeli g, 1978). 

However, the CSA is averaged by the fast tumbling of bicelles at low q ratios, 

resulting in an isotropie resonance for each lipid which can be exploited to obtain 

information on their environment and dynamics. 

3 1 P NMR spectra of DMPC/DHPC bicelles were recorded for q rati os rang mg 

between 0 (pure DHPC) and 2 in water. An example is given in figure 3.1 for spectra 

obtained at q = 1 and concentrations decreasing from 400 to 2 mM. For concentrated 

so lutions at a magnetic fi eld of 14.1 T, two resonances can be resolved . The broader 

upfi eld signal at ca. -0 .50 ppm is ass igned to the long-chain DMPC, whereas the 

narrow downfield signal is ascribed to DHPC (Sanders & Schwonek, 1992) . As the 

sample is diluted, DMPC's resonance gradually broadens until it completely 

disappears at 8 mM, while its chemical shi ft slightly decreases from -0 .51 to -0.58 

ppm . For concentrations above 25 mM the DMPC/DHPC molar rati o calculated from 

the integrais of the two lipid resonances on the 3 1 P NMR spectra is in agreement with 

the q value. DMPC molecules appear to be part of rapidly reori enting aggregates as 

sugges ted by the relative resolution of the peak compared to the one obtained with 

DMPC ves icles. Interestingly, sample turbidi ty could be observed at higher dilutions 

(<25 mM) and with q rati os 2::0.75 (F1gurc ~..i.l. Supporting lnl'ormatJon). Thi s 

phenomenon is expected if aggregates w ith characteri stic sizes on the order of the 

visible wavelength are present (Lu et al., 20 12). 
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Figure 3.1 Evolution of the 3 1 P NMR spcctrum of bi celles w ith q = 1 as a 
fun ction of dilution . The calculated effec tive q (q*) is indicated . Data were obta ined 
at 25 oc. 

In contrast to the behavior of DMPC's resonance, the narrow DHPC signal rcmains 

sharp down to a concentration of 25 mM , then broadens with a full w idth at half

max imum (fwhm) of 7 to 25 Hz between 25 and 8 mM, to finally sharpen again at 2 

mM (fwhm of 5Hz). In addit ion, its chemica l shi ft increases w ith dilu tion, from -0.43 

ppm at 400 mM to -0 .23 ppm at 2 mM , a va lue s imilar to the 3 1P chemical shi ft of 

free DHPC molecul es in solution ( -0 .23 ppm) (data not shown). The variation of 

DHPC 3 1P chemica l shi ft va lue w ith concentrati on has been prev iously expla ined a 
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resulting from the fast exchange between the bulk solution and the bicelles (Glover et 

al. , 2001 ). As a consequence, the chemical shi ft value observed on the spectrum (8abs) 

is a weighted average of the chemical shifts of the free (8rrcc) and bicelle-bound (8bic) 

DHPC molecules: 

Oobs = XtreeO[ree + XbicObi c (3.1) 

where Xi corresponds to the molar fractions of DHPC molecules in solution and in the 

bicelles. Equation 3.1 can be rearranged to ob tain the following expression: 

[DHPC][ree (~:: - 8bic ) + Obic 0 _ Ufree obs - [DHPC]total 
(3 .2) 

Therefore, a plot of 8abs as a function of the inverse of the total DHPC concentration 

([DHPC]10 1a1) should yield a straight line from which 8bic can be extracted as the y

intercept and the concentration of free DHPC can be determined using the slope and a 

8rrcc value of -0.23 ppm obtained for a pure DHPC solution at 2 mM. We carried out 

this systematic analysis for bicelles with q of 0.15 to 2 at concentrations ranging 

between 400 and 25 mM where DHPC molecules are in fast exchange between the 

bulk solution and fast-tumbling bicelles . The result is presented in F1gure S3.2 in the 

Supporting Information for q = 1 as a representative example. ln this case, 8bic is 

equal to -0.43 ppm, the slope is equal to 1.15, and therefore the concentration of free 

DHPC is 5.6 mM. For ali the q values studied in this work, the fast-exchange mode! 

appears to be a good approximation with correlation coefficients of the linear fits 

greater than 0.95. For each q value, the concentration of free DHPC which is present 

in bicelle samples can be referred to as a "critical bicelle concentration" (CBC), in 

analogy witb a critical micelle concentration (CMC), and the average values obtained 

for triplicates are reported in F1gure 3.2 as a function of ali q ratios studied. 

rigun.: J 2 shows that the extreme case of pure DHPC (q = 0) gives an average CMC 

of 16.5 mM, consistent with the literature value of 16 mM reported for this detergent 

(Marsh, 2013 ). As the sample is enriched in DMPC, the CBC gradually decreases to a 
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value of 6.0 mM at q = 1. This result is in excell ent agreement with published CBC 

va lues of 4 (at 15 and 37 °C) and 7 mM (at 25 °C) for DMPC/DHPC bicell es at q = 

0.5 (Giover et al., 2001 ; Rami rez et al., 2000) or CBC values estimated to 7-10 mM 

(from 28 to 40 °C) for high q values (q = 2.3-3.3) (Struppe & Void, 1998). As the 

sys tem is further enriched in DMPC, the CBC is stable with poss ibly a slight increase 

up to a value of 6.7 mM at q = 2, but this increase is within the experimental enor. 

20 ~------------------------~ 

~ 12 

5 10 
u 
B s 

6 

4 

2 

0 ~----~----~--~~--~~ 
0,0 0,5 1,0 1,5 2,0 

q=[DMPC]/[DHPC] 

Figure 3.2 Evolution of the critical bicelle concentration (CBC) as a function 
of q. Average values (n = 3) determined at 25 oc with standard deviation . The dotted 
tine is a guide to the eye. The CMC for ideally mixed bicelles (CMCmix) is 
indistinguishablc from the zero horizonta l axis at the scale of this figure for ali q 
values. Note that at q = 0, CBC = CMCoHrc. 

Our resu lts were obtained at 25 °C, but they can be generalized to temperatures up to 

40 °C. Indeed, it has been shown that the CMC of DHPC micelles i almost constant 

between 11 and 50 oc (Marsh, 2013 ). A similar study in bi celles at q = 0.5 a Iso 

showed no di ffe rence in the concentration of free DHPC between 15 and 3 7 oc 
(Giover et al. , 200 1 ). Nevertheless, we verifi ed possibl e temperature effects on the 

CBC for q = 1 at 25, 37, and 50 oc and found s imilar results (data not shown), 

confirming that the CBC is stable in thi s temperature range. To takc into account the 

presence of a non-negligible concentration of free DHPC in the bicclle mixture, 
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which corresponds to the CBC, the effec ti ve DMPC/DHPC molar ratio (q*) in the 

bicellar obj ects can be ca lculated, as proposed by Glover et al. (2001 ): 

q* 
[DMP C] 

[DH PC ]- CBC 
(3.3) 

The effect of the dilution on the effective molar ratio q* fo r severa! theoretical q 

ratios (known from the mass of the lipid powders used during sample preparation) is 

presented in F igun: 3.3 (lPp) . Conversely, and in order to guide the experimentali st, 

the va lues of q* as a functi on of q fo r di fferent totallipid concentrations are plotted in 

~ igurL' 1 1 ( bottom ). Our results clearly show that attention must be pa id wh en 

samples are prepared in diluted conditions (i. e., :S lOO mM) and especially at high q 

ratios (q - 1.5-2). Indeed under such conditions, the actual DMPC/DHPC molar 

ratio q* in the bi celles strongly deviates from the expected q ra tio. As a result, even a 

moderate dilution could Jead to q* 2: 2 .3 , where the formation of large and slow

tumbling lipid structures that could hinder the use of solution-state NMR methods are 

observed. For example, fo r q = l at a total lipid concentration of 16 mM, a q* of 3.2 

is found . The q* :::; 2.3 limit is indicated as a dashed line in 1 igurc 3.3 . 

By indicating q* on the 31P NM R spectra in F1gurL' i.l , it is poss ible to better 

understand the behavior of bicelles under dilution. From 400 to 100 mM, the 

effective q* is very close to 1, the value expected from the sample preparati on. With 

furth er dilution from 75 to 25 mM, q* increases up to 1.8, an effective q ratio at 

which isotropie bicelles still prevail. When reaching 16 mM, a q* of 3.2 is calculated 

and corresponds to large bicelles that would orient in the magnetic fi eld if the 

concentration were higher (Struppe & Void, 1998). Additional dilution of the bicelle 

samples led to an infinite q*, tha t is, DMPC vesicles are formed. Note that at such 

low concentrations, the broad spectra which are expected for MLVs could not be 

detected. 
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Figure 3.3 Evolution of the effective q* for DMPC/DHPC isotropie bicelles as 
a function of sample dilution for severa! q ratios determined at 25 oc (top). The gray 
zone is the region where bice ll es are isotropie , i.e., below q* of 2.3 (li mit of isotropie 
motion) , above q"' = l (iipid segregation belween Div1PC auù DHPC), a •IÛ q"' - q 1 

10% (crosses). Value of q* as a function of q for different totallipid concentrations 
(bottom) . Solid lines are a guide to the eye. 

Us ing the effective q* and assummg bicelles are disk-shaped, it is possible to 

calculate the actual size of the bicelles using the fo ll owing equation modifi ed from 

Triba et al., 2005 : 
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R= r_~_q' [rr + (rr 2 + 32-ly ;z] 
4 À 3q' 

(3 .4) 

where Ris the bicelle di sk radius, r _~_ is the length of a DHPC molecule (1.1 nm), and 

À is the volume ratio of DHPC over DMPC (0.61 nm) (Triba et al., 2005). A bicelle 

wi th q = 1 for example would have a diameter of -65 A. The results of the 

calculation (Tahk <; '.l. Supportmg lnl~lllnation) show an increase in the bicelle 

diameter for the same sample up to -1 90 A when it is diluted to a tota l lipid 

concentrati on of 16 mM (q* = 3.2). Variation of the concentration of free DHPC 

molecules at strong dilutions, and its resu1ting effect on bicelle size, clearly needs to 

be taken into account when in terpreting lateral diffus ion data. This is especially the 

case if geometrical parameters of the bicell es are infe rred from diffus ion data 

(Andersson & Maler, 2006). 

3.3 .2 Lipid Concentration Threshold to Maintain the Desired q Ratio w ith Isotropie 
Bicelles. 

In a rder to ensure that solution NMR experiments are carri ed out w ith fast- tumbling 

bicelles at the desired DMPC/DHPC molar ratio q, we have determined the totallipid 

concentration threshold that should be used. To do so, a 10% deviation from the 

desired q ratio was considered as acceptable. Replacing q* by 1.1 x q in equation J.J 

leads to a definiti on of the minimum lipid concentration threshold: 

* = . [DMP C] < l lX 
q [DHPC] - CBC - . q (3.5) 

which can be rearranged to define a minimal total lipid concentration fo r a given q 

ratio: 

[DM PC + DHPC] = ll x CBCx(q + 1) (3 .6) 
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The minimum total lipid concentration thresholds to be used at q ratios rang ing from 

0.15 to 2 calculated from cquatton \(, are presented in "Ltbk· 'i\ ~ in the 'iupport111g 

lnllWllHttton and plotted in l'tgurc ~ . .\ as crosses. 

3.3.3 Lipid Miscibility in Bicelles: Comparing CBC and CMC 

The use of bicelles to tudy the membrane interaction of drugs, peptides, or other 

molecule , or to determi ne the structure of membrane-associating peptides i often 

motiva ted by the presence of a fl at DMPC-rich region in these aggregates . In thi s 

section, wc vcri fy lipid miscibili ty as a function of q . The fac t that the CBC va lue at q 

~ 1 ( -6 mM) is lower than the CMC of pure DHPC ( 16 mM) indica tes that the 

DMPC molecules stabilize DHPC molecules into bicellar aggregates (Holl and & 

Rubingh, 1983). It is interes ting to compare the CBC detem1ined from our analys is to 

the CBC that would be obtained if Dl4PC and DHPC would fonn an ideal mixed 

micelle (CMC.nix) which can be calculated as follows (Holland & Rubingh, 1983): 

1 Xt 1-X! --=--+-
CMCmix CMC1 CMC2 

(3.7) 

where CM Ci is the CMC value of each pure surfac tant and x1 is the molar fraction of 

surfac tant 1. With CMCoHPC = 16mM and CMCo t4PC = 6 nM (Marsh, 2013) , CM Cmix 

va lues bctwccn 46 and 9 nM would be expected for q values between 0 .15 and 2, 

respecti vely. The plot of CMCmix as a function of q ratio for an ideal mixed bi celle 

thus becomes v trtuaiiy indi stinguishabie from the horizontai ax is in i tgurL' ; ::2 . The 

CBCs detcrmi ned from our experimental results for the same q va lues range between 

13 and 5 mM. 

The discrcpancy betwecn the experimental curve and the idea l mix ing curvc (1 1 '"'"L' 

~ 2) show that the partitioning of both lipids between solution and the aggregate 

strong ly deviate from an ideal mixed mi cell e, suggest ing that the two lipids are at 
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!east partially segregated within the bicelle. To veri fy thi s hypothesis, FTIR 

experiments and molecular dynamics simulations were performed. 

3.3.4 q 2:: 1: FTIR Spectra Confirrn Lipid Segregati on in Isotropie Bicelles 

In arder to study the degree of miscibili ty between D14PC and D6PC in bicelles, we 

measured the thermotropic behavior of these lipids at di fferent q rati os and high total 

lipid concentration (400 mM) by FTIR spectroscopy. This was done by using 

protonated D6PC and D 14PC with perdeuterated acy! chains (D 14PC-d54), and 

plotting the CD2 symmetric stretching frequency ( ~2090 cm - 1
) as a functi on of 

temperature . The methylene stretching vibrations in lipid acy! chains are sensitive to 

changes in the trans/gauche conformer ratio and allow probing the transition between 

an ordered gel to more disordered liquid crystalline phase (Mendelsohn & Mantsch, 

1986). In the case of an ideal homogeneous mixture, the melting temperature (Tm) 

can be calculated considering the respective Tm and mole fractions of the lipids 

(Marsh, 20 13): 

(3 .8) 

where the Tm of D6PC and D14PC/Dl4PC-d54 are - 46 (Sakuma et al., 2010) and 

21 oc (experimental value), respectively. The them1otropic behavior of DMPC-d54 is 

shawn in figure 1.-t (top) as weil as the variati on of the melting temperature with 

DMPC-d54 molar fraction compared to the variation expected for an ideal mixed 

micelle ( botlom ). The experimental and ideal mel ting temperatures are reported in 

1 a bk S.L\ in the Support1ng 1 nlèxmation . The Tm of 21 oc obtained from the infrared 

spectroscopy analys is is constant when q is superior to 1 and corresponds to that of 

pure DMPC-ds4 - Moreover, the values of the CD2 symmetr ic stretching frequencies 

are almost superimposable in the fluid phase, indicating that the acy! chain ordering is 

not affected by the presence of DHPC. 
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These results suggest that DMPC is largely segregated in the planar section of 

bicelles when q > 1. As the q ratio is decreased, the discrepancy between the 

experimental Tm of DMPC-d54 in bicelles and the calculated Tm of DMPC-ds4 in an 

ideal mixed micell e diminishes, showing progressive mixing of DMPC and DHPC 

molecules, even though bicelles retain some level of bilayer content and ani sotropy, 

as observed by Glover and colleagues (200 1 ). 
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Figure 3.4 Temperature dependence of the wavenumber of the CD2 ymmetric 
stretching vibration in bicelles with varying q ratios (top) . Detcrmincd melting 
temperatures (Tm) for bicelles and calculatcd for an ideal mixture a a function of 
DMPC mol ar fraction (bottom) . Dotted lines arc a guide to the eyc. 
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The CD2 symmetri c stretching frequenci es augment in both the gel and fluid phases 

due to an increased disordering of DMPC acyl chains, probably caused by the 

proximity of mobile DHPC molecules. Interestingly, Andersson and M~iler (2005) 

have shown that the lipids' local mobili ty at q = 0.25 and 0.5 is more affected by the 

nature of the surfactant than the overall size of the bi celle. This influence is consistent 

with the mixing at these low q ratios found in our work. lt would be of interes t to 

study bicelles at lower q ratios; however, the melting temperatures drop below the 

freezing point of water and hinder such monitoring. Therefore, to study the mixing 

behavior of DMPC and DHPC in such conditions, molecular dynamics simulations 

were perfo m1ed at a q of 0.25. 

3.3 .5 q ~ 0.5: Molecular Dynamics Simulations Show Lipid Mixing in Very Small 
Bi celles 

An ideal bicelle assembly at q* = 0.25, completely segregated and dise shaped, was 

obtained by )etting DHPC molecules self-assemble around a bilayer patch of DMPC 

molecules with res trained pos itions (F1gur~ 3.5!\ ). The same system after 300 ns of 

unrestrained MD relaxation at 3 10 K is shown in Figur~ 3 SB . Our simulations give 

free DHPC concentrations of 34 ± 8 mM (pure DHPC/water) and 21 ± 6 mM 

(DMPC/DHPC self-assembly) . This is higher than the experimental CMC/CBC in the 

same conditions, but within a fac tor of 2, indicating that the free energy of 

aggregation of the mode! is underestimated by less than the thermal energy RT. The 

atomistic mode) thus possesses chemical accuracy, unlike coarse-grained models that 

give access to much larger space and time scales, at the expense of capturing the 

specifies of any parti cular chemical system (Vacha & Frenkel, 2014). 

The self-assembly simulation started with randomly di stributed DMPC and DHPC 

molecules in solution. It showed a rapid aggregation on the nanosecond time scale, 
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followed by slower rearrangement and fluctuations of the aggregates that, like the one 

in ltgurc 'l. 513 , were not disc-shaped and did not exhibit bilayer-like regions or 

notable DMPC clusters. This result could also be observed for thcm1odynamically 

stable disk-like bicelles if their formation required slow ordering and segregation of 

the components that could not occur within the 350 ns self-assembly simulation for 

kinetic reasons. To tes t thi s hypothes is , we also performed a separate simulation 

sta11ing from an " ideal" bicelle in which DMPC and DHPC molecul es werc 

completely segregated. In the first 30 ns, DMPC mol ecules were artificially res tra ined 

to preserve the bilayer anangement, and DHPC molecules spontaneously assembled 

on the edge , thus forming a canonical disc-shaped bicelle as shawn in 1 tgurc 'l..5 \ . 

Aftcr 30 ns, DMPC restraints were lifted and a rapid mixing ensued , leading to mixed 

micell es (l t!.!.llt\.' ' 513) comparable to those observed under self-assembly conditions. 

In general , atomistic simulations of such systems may suffer from metas tability due 

to time scale limitations. 

B 

Figure 3.5 Simulat ion of a bicelle at q* = 0.25 . (A) Ideal bicellar assembly 
obta incd by rcstraining DMPC lipid positions. Cyan, DMPC (headgroup atoms 
co lored by clement); orange, bice llar DHPC; transparent, mice ll ar and free DHPC 
mol ecules . The simulation periodic box is outlined in blue. (B) Same system after 
300 ns of MD relaxation at 310 K. Ali DHPC molecules colored orange. 
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Here, we crucially obtained the same final structure starting from different states, 

showing that the mixed micelle is the most kinetically accessible aggregate from a 

random dispersion, but also that a perfectly segregated bicelle is unstable. Together, 

these simulations clearly predict a thermodynamic tendency of DHPC and DMPC 

molecules to mix and fonn small aggregates devoid of a bilayer-like region, at very 

low q ratios. 

The ideal segregated bicelle prior to relaxation exhibits collective acy! chain arder 

typical of a bilayer rearrangement, with a distribution of torsion angles between 

neighboring chains peaked around 0, as shawn in Fiuurc 3.6A . In sharp contrast, the 

DMPC/DHPC aggregates form ed after relaxation show a much broader distribution 

of angles between the neighboring myristoyl chains. Correspondingly, the black !ines 

in Figure ) 68 indicate a strong ordering in the ideal segregated bicelle system, where 

the DMPC bilayer region is indeed enriched in DMPC. In contrast, the data obtained 

(in red) from the aggregates formed after bicelle relaxation show very weak 

enrichment, denoting significant yet imperfect lipid mixing. Thus, for bicelles with q 

< 1 where infrared studies suggest sorne lipid segregation, our simulations predict a 

nonideal behavior intermediate between that of pure DMPC and an ideal 

homogeneous mixture of DMPC and DHPC. 

Altogether, our results suggest that for studies where a bilayer-like region is required, 

bicelles with a q > 1 should be utilized. Note that in such conditions the correlation 

times of bicelles will be long and consequently resonances will be broadened thus 

potentially hindering the study of integral membrane proteins. The q ratio boundaries, 

where DMPC and DHPC are expected to be segregated while still forming aggregates 

which reorient rapidly in the magnetic field , and the lower limit of the total lipid 

concentration where expected and actual q ratios vary by Jess than 1 0%, defi ne the 

ideal work region which is highlighted in gray in r IgurL 3. ~ -
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Figure 3.6 Lip id m1xmg and ordering in the simulated low-q* mixture. (A) 
Distribution of torsion angles between neighboring myristoyl chains in DMPC, in the 
ideal bicelle mode! (black) and after unrestrained relaxation (red). (B) Radial 
distribution function s of glycerol C2 atoms between DMPC molecules (solid !ines) 
and between DHPC and DMPC (dashcd !ines), in the ideal bicell e (black) and 
unrestrained mixed micelle (red). 

3.4 Conclusion 

Low q DMPC/DHPC bicell es were studied by 31P NMR, FTIR spec troscopy, and 

molecular dynamics. The critical biccllar concentration (CBC) was introduced as an 

important parameter which allows determining the exact long-to-short chain lipid 

ratio in the system and the di ameter of the bicelle. This knowledge is necessary to 
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improve sample control fo r experiments requiring small membrane abjects such as 

solution NMR, or diluted conditions such as CD or OLS. Finally, the word "bicelle" 

appears to be a misnomer fo r q ra tios below 1 w here lipid complexes would be more 

accurately described as mixed micelles . 

Note Added in Proof 

While the proofs of this article were being prepared, a publication addressing s imilar 

issues by other techniques was published by Ye et al. (Langmuir, DOl: 

10.1 02 1/la50023 1 z). Overall the ir conclusions are in agreement with ours, although 

our molecular dynamics simulations point against the di se shape of mi xed 

DMPC/DHPC micelles at low q. lt should be noted that we define the critical bi celle 

concentration (CBC) as the free concentration of DHPC in so lution at which DMPC/ 

DHPC aggregates are fo m1ed, in exact analogy to the criti ca l micelle concentrati on 

(CMC). Ye et al. describe the CBC as the totallipid concentration at which bilayered 

bicelles are fo nned. 

Acknowledgments 

This work was supported by the Natural Sc iences and Engineering Research Council 

(NSERC) of Canada. P .T.F . W. would li ke to acknowledge financial support fro m the 

Wellcome Trust (Grant No. 090658/Z/09/Z). M .B. w ishes to thank the Université du 

Québec à Montréal , the Training Program in Bionanomachines (NSERC), the 

Canadi an Institutes of Health Research Strategie Training Initiative in Chemical 

Biology, and the Centre Québecois sur les Matériaux Fonctionnels (CQMF) for the 

award of scholarships. This work was granted access to the HPC resources of CINES 

(Montpellier, France) under the allocation x20 13077058 made by GENCI (Grand 



96 

Équipement National de Calcu l Intensif) . Dr. A. Grossfi eld is gratefu lly 

acknowledged for providing custom simulation analysis tools. l.M. is a member of 

the CQMF and the Groupe de Recherche Axé sur la Structure des Proté ines 

(GRASP). 

Supporting Information 

Visual aspect of the bice lle samples at di ffe rent lipid concentrations and molar ratios. 

Bicelle radius ca lculated for q = 1 from the effective q value (q*). Observed 31P 

chemica l shift of DHPC as a function of the inverse of DHPC concentration in 

DMPC/DHPC mixtures w ith q = 1. Minimal total phospholipid concentration 

recommended to conserve the des ired bice lle molar ratio q. Comparison of the 

experimental melting temperature of DMPC-d54 in bicell es with values expected in 

ideal mixed mi ce ll es at different q ratios. 
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Figure S3.1 DMPC/DHPC samples with a molar ratio q of 1.75 at 
concentrations ranging from 100 to 2 mM (top) and a fixed concentration of 16 mM 
and q ratios ranging from 2 to 0.5. Data obtained at 25°C. 
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Figure S3 .2 Variation of the observed 31P chemical shift of DHPC as a function 
of the inverse of DHPC concentrati on in DMPC/DHPC bicclle mixtures with q = 1. 
Data were obtained at 25°C. 

Table S3.1 Bicelle di sk radius calculated for q= l according to equation 4 from the 
effective q value q*. 

Effective q* 
Bice lle rad ius 

(nm) 

1 6.5 

1.1 7.1 

1.2 7.6 

1.3 8.2 

1.8 1 1.0 

3.2 19.0 
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Table S3.2 Minimal total phospholipid concentration recommended to conserve 
the desired bicelle molar ratio q. 

q 
[DMPC+DHPC] min 

(mM) 

0.15 162 

0 .25 133 

0.50 120 

0 .75 121 

1.00 121 

1.25 133 

1.50 172 

1.75 186 

2.00 221 

Table S3.3 Comparison of the experimental mel ting temperatures (Tm) of DMPC
ds4 in DMPC/DHPC bicelles and expected Tm for an ideal mixed micelle at different 
q ratios. 

q 

0 

0 .5 

1 

2 

3 

Experimenta l bice lle Tm 
coq a 

6.0±0.3 

17.0±0.9 

21.0±0.9 

21.0±0.9 

21 .0±0.3 

Calculated mixed micelle Tm 

CCC) 
-46.0 b 

-23 .7 

-12 .5 

-1 .3 

4.3 

21.0 

a Tota l lipid concentration of 400 mM, therefore q = q* 

b Tm of pure DHPC from (Sakuma et al. , 2010) 
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Foreword 

Maïwenn Beaugrand carried out the majori ty of the experiments and analyzed the 

results. Aline Bali e iro Gambaro performed sorne NMR replicas . Maïwenn Beaugrand 

conducted the litera ture research and wrote the manuscript with the help of Doctor 

Alexandre A. Arnold, Professors Philip T. F. Williamson and Isabelle Marcotte. 

In thi s Chapter, lipid abbreviations are convenicntly written to indi cate the length of 

the acyl chains and thus, simplify the reading. For example, DMPC and DPC will be 

referred as Dl4PC and DPC 12, respectively. 

Résumé 

Les bicelles (micelles en bicouche) sont des membranes modèles utili sées dans 

1 ' étude structurale de peptide et d ' interactions membranaires . Elles ont 

traditionnellement faites de phospholipides à longues (C14) et courtes chaînes (C6), 

nommés dimyristoylphosphatidylcholine (D 14PC) et dihexanoyl-PC (D6PC). Ce sont 

des mimétiques membranaires attrayants en raison de leur compos ition et surface 

planaire, s imila ires à l' environnement nati f de la membrane. Afin d ' améliorer la 

solubilisation des protéines membranaires e t pern1ettre leur étude dans de systèmes 

bicellaires, D6PC a été remplacé par les détergents de la famille 

mono!! lky lphn c::phnr.hnlinP.s (MA Pl.HO) f .::1 ctoct écylphosphocholin e (DPC 12) est 

connue pour sa capacité à so lubiliser les protéines membranaires. Plus 

spécifiquement, la DPC12, tétradecyl- (TPC 14) et hexadécyl-PC (HPC16) ont été 

employées. Pour vérifier la possibi li té de faire de bicell es avec différentes épaisseurs 

hydrophobe afi n de mieux s 'adapter aux protéine membrana ires, la D 14PC a été 

éga lement remplacée par des phospholipides avec des longueurs de chaînes alkyle 

différentes : dilauroyl-PC (D 12PC) , dipalmitoyl-PC (D 16PC), distéaroyl-PC (D 18PC) 
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and di arachidoyl-PC (D20PC). Les résultats obtenus par RMN de l' état solide du 

phosphore à plusieurs rapports molaires lipide/détergent ( q) et températures indiquent 

que des bicelles magnétiquement ori entées peuvent être formées avec Dl 2PC/DPC12 

(de q= 1.8 à q=3.4 et de 12 à 67°C), D l 4PC/DPC 12 (de q= l.6 à q=3.0, de 32 à 52°C), 

Dl 6PC/DPC12 (de q= 1.6 à q=2.4, de 42 à 47°C), Dl 4PC/TPC 14 (de q= l.2 à 2.6, de 

27 à 77°C) , Dl 6PC/TPC14 (de q= l.2 à q=2.4, de 37 à 57°C) et Dl 8PC/HPC16 

(q= l. 6, 57°C) . La qualité de l'alignement est simila ire à celle des bicelles class iques 

alors que la fa ible concentration micellaire critique (CMC) des tensioacti fs et leur 

miscibilité partielle avec les phospholipides sont susceptibles d 'être avantageuses 

pour la reconstitution des protéines membranaires. 

Abstract 

Bicelles (bilayered micell es) are mode! membranes used in the study of peptide 

structure and membrane interactions. They are traditionally made of long- (C 14) and 

short- (C6) chain phospholipids, namely dimyristoylphosphatidylcholine (D1 4PC) 

and dihexanoyl-PC (D6PC). They are attractive membrane mimetics because of their 

compos ition and planar surface similar to the native membrane environrnent. To 

improve the solubilisation of membrane proteins and allow their study in bicellar 

systems, D6PC was replaced by detergents from the monoalkylphosphocholine 

(MAPCHO) family of which dodecylphosphocholine (DPC12) is known fo r its 

ability to solub ilize membrane proteins. More spec ifically DPC 12, tetradecyl

(TPC 14) and hexadecyl-PC (HPC 16) have been employed. To veri fy the possibili ty 

of making bicelles with di fferent hydrophobie thicknesses to better accornmodate 

membrane prote ins, Dl 4PC was also replaced by phospholipids with di ffe rent alkyl 

chain lengths: dilauroyl-PC (D12PC), dipalmi toyl-PC (Dl 6PC), distearoyl-PC 

(D1 8PC) and diarachidoyl-PC (D20PC). Results obtained by 31P solid-state NMR at 

severa! lipid-to-detergent molar ratios (q) and temperatures indicate that 



104 

magnetica lly-ori ented bi celles can be formed w ith D1 2PC/DPC 12 (from q= l .8 to 

q=3.4 and from 12 to 67°C), Dl4PC/DPC 12 (from q= l.6 to q=3.0, fro m 32 to 52°C), 

Dl 6PC/DPC12 (from q= l.6 to q=2.4, from 42 to 47°C), D14PC/TPC 14 (from q= l. 2 

to 2.6, from 27 to 77°C), D16PC/TPC 14 (from q= l. 2 to q=2.4, from 37 to 57°C) and 

Dl 8PC/HPC 16 (q= l.6, 57°C). The quali ty of their alignment is similar to the one of 

class ical bicell es whil e the low critical micelle concentration (CMC) of the 

surfactants and their parti al mi sc ibili ty w ith phospholipids are likely to be 

advantageous for the reconstitution of membrane proteins. 

4 .1 Introduction 

Bilayered micelles, or so-call ed bicelles, were introduced in the 1990 's and quickly 

gained in popularity due to their similariti es with biological membranes (Sanders & 

Prestegard, 1990; Sanders & Schwonek, 1992) . They are composed of long-chain 

phospholipids organized in a bilayer stabilized by short-chain lipids or detergents in 

the high curva ture region of dises or perfo rated ves icles (Barbosa-Barros et al., 20 Il ; 

Diller et al. , 2009; Ram & Prestegard, 1988). T he planar region made of long-chain 

phospholipids constitutes a favorable environment to study molecular interacti ons as 

well as the structure of membrane peptides and proteins with di ffe rent biophysical 

techniques such as nuclear magnetic resonance (NMR), c ircular di chro ism and 

fluorescence (De Angcli s & Opella, 2007; Dili er et al., 2009; Dürr et al. , 20 13; Naito, 

2009; Pros er et al., 2006; Rase hie et al., 201 0; Sanders & Prosser, 1998; Whil es et 

al., 2002). Bicelles can also be used to obta in protein cry tais fo r X-ray 

crystallograp hy (Faham & Bowie, 2002 ; K imb le-hill , 2013) and have potential 

pham1aceutica l app li cat ion (Barbosa-Barros et al., 2008; Lucyanna Barbosa-Barros 

et al., 2011 ; Mal er & Gras lund, 2009 ; Rodriguez et al. , 20 1 0; Ru bio et al. , 20 1 0). 
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One strength of structural studies by solid-state NMR is that they are not limited by 

the solubility, the size of the macromolecules or complex, or the requirement of 

crystals (Sun et al. , 20 12) . This ena bles the study of membrane peptides and pro teins 

in a near-native membrane environment. The importance of lipid interactions to the 

fo lding, structure and functioning of membrane proteins bas long been recognized 

(Bowie, 2004; Curran et al., 1999; Lauterwein et al., 1979; Perozo et al. , 2002 ; 

Williamson et al., 2003), in particular the hydrophobie mismatch and lateral packing 

pressure due to the curvature of the lipids or detergents in model membranes (Bowie, 

2004; Hong & Tamm, 2004; Killian, 1998; Nyholm et al., 2007; Strandberg et al., 

2004) . The insertion and fo lding of membrane proteins is indeed more favorable with 

long-chain lipids (Hong & Tamm, 2004). 

To better mimick the complexity and diversity of biological membranes, different 

long-chain lipids with or without insaturations or net charge, and with various alkyl 

chain lengths have been proposed in the preparation of bicelles . The bile salt 3-

( cholamidopropyl) dimethylammonio-2-hydroxyl-1-propane sulfate (CHAPSO) used 

with D 14PC in the 1990s (Sanders & Prestegard, 1990) was quickly replaced by 

D6PC - more structurally similar to phospholipids (Sanders & Schwonek, 1992). 

Studies have been done to improve the bicelles' stability by changing the length of 

the detergent using dipentanoyl-PC (D5PC) and diheptanoy1-PC (D7PC), the length 

and unsaturation of the phospholipid using dilauroyi-PC (Dl2PC) , dipalmitoyl-PC 

(Dl6PC) and palmitoyloleoyl-PC (POPC) (Triba et al. , 2006), or by using ether lipids 

(Aussenac et al. , 2005). Triton X-1 00 detergent demonstrated a better magnetic 

ali gnment and stabi 1 ity of the MPs in the bi layer (Park & Opella, 201 0) , while 

addition of cholesterol , cholesterol 3-sulfate and/or hexadecyltrimethylammonium 

bromide (CTAB) stabilizes the bilayer and increases the temperature range at wbich 

bicelles form (Yamamoto et al. , 2014). Loudet et al. (2007) showed that 

perpendicularly aligned bicelles can be formed without lanthanide addition (Prosser 

et al. , 1996, 1998) by using the modified lipid 1-tetradecanoyl-2-( 4-( 4-
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biphenyl)butanoy1)-PC (TBBPC). To obtain bicell es at low concentrati ons and more 

suitabl e for solution NMR, detergents with low critical micelle concentration (CMC) 

were used such dodecyl-PC (DPC 12) (Lu et al. , 20 12; Nolandt et al., 20 12), 4-

cyclohexyl-1-buty i-PC (cyclofos-4), 5-cyclohexyl- 1-butyl-PC ( cyc lofos-5) , 6-

cyclohexyl-1 -butyl-PC (cyclofos-6) and 7-cyclohexyl-1 -butyl-PC (cyclofos-7) (Lu et 

al., 20 12). Other lipids such as the anionic phospholipid dimyristoy1phosphoglycerol 

(Dl4PG) (Semchyschyn & Macdonald, 2004), cardiolipin (Parker et al., 2001) , and 

sphingomyelin (Anderluh et al., 2005) can also be incorporated into bi celles to 

mimick a variety ofbi ologica l membranes. 

The obj ective of our work was to develop PC-based bicellar systems w ith various 

hydrophobie chain lengths to accommodate membrane proteins and peptides. W e 

focused on phosphocholines since they are abundant in eukaryoti c membrane cells 

(Warschawski et al., 2011) . Name1y, a seri es oflipids rang ing from D1 2PC to D20PC 

(di arachidonoy!PC) were combined with monoalkylphosphocholine (MAPCHO) 

detergents ( ~tg un: -J.. 1 and [ ahk-+ 1 ). 

0 
Il 

o--r-o~ +/ 

o- l ' 

Figure 4.1 Mo lecular structures of phosphatidylcholines with an alkyl chain R 
from 12 to 20 carbones (top) and monoalkylphosphocholine detergents with an alkyl 
chain R ' from 12 to 16 carbones (bottom) used fo r the preparati on of bi celles . 
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Specifically, dodecyl- (DPC 12), tetradecyl- (TPC 14) and hexadecyl (HPC 16) 

phosphocholines were employed. The detergent DPC I2 is known to well solubilize 

membrane proteins and has previous1y been used with D1 4PC to prepare isotropie 

and magneti cally-a ligned bicelles (Arora et al., 2001 ; Dam berg et al., 2001 ; K alli ck 

et al., 1995; Koehler et al., 2010; Lu et al., 201 2; No1andt et al., 201 2; Oxenoid et al., 

2002). Wh en compared to DPC 12, TPC 14 micelles have shown the ir abili ty to 

maintain the activity of diacylglycerol kinase (DAGK) due to their better match with 

the hydrophobie span of the transmembrane domain of thi s protein (Koehler et al., 

201 0). ln this work, we present the characterization of MAPCHO bicelles using 31 P 

and 2H solid-state NMR, and discuss the molar ratios and hydrophobie cha in length 

of the phospholipids and detergents in relati on to the magnetic alignment of the 

bi celles. Fourier transform infrared (FTIR) spectroscopy allows obtaining 

info rmation on the segregation between phospholipid and detergent molecules. 

Finally, data on the ' critica1 bicellar concentration' (CBC) of the di fferent binary 

systems, by analogy with the 'critical micellar concentration ' (CMC), is provided 

using isotropie bicelles . 

4.2 Materials and Methods 

4.2.1 Materi als 

Phospholipids 1 ,2-dilauryl-sn-glycero-3-phosphocholine (D 12PC), 1 ,2-dimyristoyl

sn-glycero-3 -phosphocholine (D 14PC), 1 ,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(D 16PC), 1 ,2-distearoyl-sn-glycero-3-phosphocho1ine (D 18PC) and 1,2-

diarachidonoy1-sn-glycero-3-phosphocholine (D20PC) as weil as detergents n

dodecy1phosphocholine (DPC12) , n-tetradecylphosphocholine (TPC14) and n

hexadecy1phosphocholine (HPC 16) were obtained from A van ti Polar Lipids 
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(Ai abaster, AL, USA) and used without further purification. Ytterbium(III) nitrate 

pentahydrate and 2H-depleted water were purchased from Sigma Aldrich (Oakville, 

ON, Canada). Deuterium ox ide (D20 ) was obtained from CDN Isotopes (Pointe

Claire, QC, Canada). 

4.2.2 Sample Preparation 

Samples used fo r solid-state NMR and infrared experiments were prepared by 

suspending the appropriate weight of detergent and phospholipid in nanopure water 

(pH 4.5) or 2H-depleted water. The tota l concentration used was 400 mM, weil above 

the CMC of ali constituents ( Lthk ...J. 1 ). Sampl es had molar rati o (q) ranging from 1 

to 3.6 with 80% (w/v) hydration. Samples were then submitted to about 10 cycles of 

freeze (liquid N 2) , thaw (60°C) and vortex shaking. The alignment of bicelles was 

' flipped ' w ith the normal of the bilayer parallel to the magnetic fi eld by adding the 

lanthanide salt YbCb at a concentration of 2.5 mM (Nolandt et al., 20 12; Prosser et 

al., 1998) fo r the binary sys tems Dl 4PC/TPC 14 and D1 6PC/TPC 14 . 

For solution NMR, bi celles containing DPC 12 were prepared at total lipid and 

detergent concentration of 100 mM and q ratios of 0.5 and 1 whil e TPC 14-based 

samples were made at 20 mM and a q ratio of 0 .5 . Samples were made using D20 and 

submitted to cycles of freeze/ thaw/vortex shaking. Seriai diluti ons were then 

4 .2.3 Nuclear Magnetic Resonance 

Ali solid-sta te NMR experiments were ca tTied out on a hybrid olution/so lid-state 

Vari an Inova U ni ty 600 (Agitent, Santa-C lara, CA, USA) spectrometer operating at 
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frequencies of 599.95 MHz for 1H, 246.86 MHz for 31P and 92.125 MHz for 2H, and 

equipped wi th a 4-mm broadband/ 1H dual-frequency magic-angle-spinning (MAS) 

probehead. For 31P NMR spectra, a pha e-cycled Hahn echo pulse sequence (Rance 

& Byrd, 1983) was used with gated broadband proton continuous wave decoupling at 

a field strength of 50 kHz. A n/2 pulse of 3 f.lS, an interpulse delay of 33 f.lS, a recycle 

delay of 5 s, an acquisition ti me of 20 ms and a dwell ti me of 5 f.lS were used, and 64 

to 512 scans were acquired. Spectra were extemally referenced with respect to the 

signal of 85% phosphoric acid set to 0 ppm. 2H NMR spectra were obtained using a 

so1id echo pulse sequence (Davis et al., 1976) with a n/2 pulse length of 3 f.lS, an 

interpu1se delay of 45 f.lS and a repetition delay of 500 ms. Typically 2400 scans were 

acquired. For 31 P and 2H NMR experiments, pre-acquisition de lays of 10 and 15 

minutes were respecti vely used between temperature steps. Spectra were acquired at 

!east in duplicate at temperatures ranging from -3 °C to 82°C depending on the 

phospholipid/detergent system. Ali spectra were processed using MNova software 

(Mestrelab Research, Santiago de Compostela, Spain) . 

Ali solution 31 P NMR experiments were carried out on an A vance III HD 600 MHz 

spectrometer (Bruker, Milton, ON, Canada) and equipped with a 5-mm double

resonance probe. A single-pulse experiment was employed with a n/2 pulse of 15 f.lS, 

a recycle delay of 5 s, and an acqui sition time of 1 s with broadband proton 

continuous wave decoupling at a field strength of 5 kHz. A preacquisition delay of 10 

min was used before each experiment to ensure them1al equilibration of the samples. 

Spectra were acquired at !east in duplicate with 8 to 8 192 scans at 37°C. They were 

intemally referenced using a sealed capillary containing phosphate ions at pH = 11 in 

D20 which was previously referenced with respect to 85% H3PÜ4 at 3.38 ppm. Ali 

spectra were processed with the Bruker TopSpin 3.2 interface. 
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4 .2.4 Fourier Transform lnfrared Spectroscopy 

Infrared spectra were recorded with a Nicolet Magna-560 Fourier transform 

spectrometer (Thermo-Nicolet, Madison, WI, USA) equipped w ith a narrow-band 

mercury-cadmium-telluride (MCT) detector and a gem1anium-coated KBr 

beamsplitter. A volume of 30 f.!L of the 400 mM bicelle sample was placed between 

CaF2 Biocell windows (Biotools Inc., Jupiter, FL, USA) manufac tured with a 

calibrated path length of 45 f..tm . The windows were placed in a homemade heating 

cel! using a Pelti er element as a heating/cooling deviee. To prevent solvent 

evaporation during the course of long-term measurements, the sea ling surface of the 

cel! was lubricated with parafi lm di ssolved into chloroform. A total of 128 

interferograms were acquired with a resolution of 2 cm- 1 apodized with a Happ

Genzel function in the spectral range of 4000-650 cm- ! at various temperatures 

ranging from 13 to 70°C. Spectra were corrected for water vapor contributions using 

a reference spectrum. Data were proces ed with the software Grams/ AI 8.0 (Galactic 

Industr ies Corporation, Salem, N H, USA). The spectral regions corresponding to the 

carbon- hydrogen stretching vibrations were baseline-corrected us ing a quartic 

fu ncti on. The methylene symmetric stretching frequency was obtai ned from the 

center of gravity calculated at the top 5% of the band . 

Table 4.1 Results compilati on of 31P solid-state NMR spectra . Black and grey 
squares with white fo nt correspond to magnetically-oriented systems with a 
longitudinal bi layer dev iati on (static mosaicity) less than 5° and 10° from the 
magnetic fie ld direction, respectively. Light grey squares with black fo nt correspond 
to a deviation of le than 15°. Crosses are experiments done but not corresponding to 
an ori ented system. The numbers are repre entative of the dynamic mo a icity when 
only two peaks were visible on the spcctra. In parcntheses nex t to phospholipids 
name, the gel-to-fluid phase transiti on temperature (Marsh, 20 13) and next to 
MAPCHO detergents is the critical mi celle concentration (Rakotomanga et al., 2004; 
Sandcrs & Sonnichsen, 2006). 
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4.3 Results and Discuss ion 

4.3.1 Versatile Magnetically-Oriented Bicelle with Low Free Surfactant 
Concentration 

Severa! binary lipid mixtures were prepared by changing the chain length of the 

MAPCHO detergents (DPC 12, TPC 14 and HPC 16) for a li the phospholipids 

inves tiga ted, namely D 12PC, D 14PC, 0 16PC, D 18PC and D20PC. Structures of the 

molecules are presented in 1 igurc -l.l . Ali the lipid mixtures wcre studied by 31P 

solid-state NMR and the experiments are summari zed in 1 able -l.l . In thi s table, 

properties such as the mclting temperature (T111) of phospholipids and CMC of the 

detergents are given. 

hgur(' -l.2 presents a characteristic example of one of the systems studied, namely 

01 6PC/TPC 14. The magnetic alignment is revealed by two well-resolved peaks on 

the 31P solid-state NMR spectra between 42 and 52°C - s imilarly to classical 

014PC/0 6PC bicelles where the peak at circa -12 ppm is ass igned to D14PC. This 

a lignrnent is confirmed by well-reso lved Pake doublets on the 2H solid-state NMR 

spectra in the same range of temperatures . 

31 P solid-s tate NMR spectra of other mixtures are presented in 1 1 ~un: S-l 1 . The 

molar rat io and temperatures at which MAPCHO bicelles o rient are summarized in 

1 abk· -l 2. Bicelles could be formed with DPC 12 and phospholipids with chain 

lengths trom 12 to 16. ûur resuits fo r Di4PC/DPC12 biceiies are in agreement wilh 

Nolandt et al. (20 12) although our systems seem to orient between 37 to 52°C as 

compared to 36 to 47°C in their study for q = 3.2 . With TPCI4, bicelles cou ld be 

fom1ed with phospholipid having 14 to 16 carbon long chain . Finally, oricnted 

bi celles containing HPC 16 were only be fo rmed with D 18PC at q = 1.6 and 57°C. As 

shown in 1 1gurc \-L 1 ( , the poor quali ty of the spcctra and the limited q and 
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temperature range of orientation discouraged the exploration of more HPC 16-based 

bi celles . 

_L,.c __ 
32°C 

1 0 0 -10 -20 15 10 5 0 -5 -1 0 -15 

31 p Chemical Shift 
(ppm) 

2H Frequency 
(kHz) 

Figure 4.2 Evolution of the (A) 31P and (B) 2H NMR spectra of Dl6PC 1 
TPC14 bicelles with q = 2 as a function of temperature 
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Table 4.2 Compilation of molar ratio q and temperature ranges at which 
magnetically-oriented systems are formed. 

Lipid Detergent Molar ratio q Temperature (0 C) 

D12PC DPC 12 1. 8-3.4 12-67 

D14PC DPC 12 1.6-3 .0 32-52 

D14PC TPC 14 1.2-2 .6 27-77 

Dl6PC DPC 12 1.6-2.4 42-47 

D1 6PC TPC14 1.4-2.4 37-57 

D1 8PC HPC16 1.6 57 

In the study of transmembrane protein structure by solid-state NMR, it is interesting 

to orient the bilayer parallel to the magnetic field (Warschawski et al., 2011). The 

addition of lanthanides to bicell es has been shown to flip th e orientation of the bi layer 

plane from parallel to perpendicular to the magnetic field. Using thi s strategy, the flip 

of the alignrnent bas been demonstrated with the system Dl4PC/DPC12 by 31P NMR 

(Nolandt et al., 2012). This is also possible for Dl6PC/TPC 14 (Figure -U) and 

D 16PC/DPC 12 (data not shown) ; the possibility to flip the bicelles th us appears to be 

a genera l property ofMAPCHO bicelles . 

20 10 0 -10 -20 -30 40 30 20 10 0 -10 

31 p Chemical Shift (ppm) 31P Chemical Shift (ppm) 

Figure 4.3 31P NMR spectra of Dl6PC/TPC14 bicelles \q = 2; 400 mM) at 
47°C (A) without and (B) with 2.5 mM of the lanthanide ions Yb +. 
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One possible advantage ofMAPCHO-based bicelles over classical bicelles is the very 

low CM Cs of this type of surfactants (Tank-+. 1 ). Indeed, the presence of a significant 

amount of free surfactant can be a drawback in particular when samples need to be 

diluted (Beaugrand et al., 2014) . By studying the effect of dilution on 3 1P NMR 

spectra, the concentration of free detergent (or cri ti cal bicellar concentration, CBC) 

can be determined (Beaugrand et al., 2014; Glover et al. , 2001). The CBC values are 

listed in 1 able -l.3 . 

Table 4.3 Cri ti cal bi celle concentration (CBC). Free chemical shi ft of DPC 12 at 
0.125 mM and TPC14 at 0.025 mM were measured at 0.330 and 0.324 ppm, 
respecti v ely. 

Lipid Detergent Molar ratio q CBC (mM) 

Dl2PC 0.75±0.01 

Dl4PC DPC12 0.78±0.0 l 

Dl6PC 0.82±0.01 

DPC12 0.86±0.02 
Dl4PC 0.5 

TPC14 0.07±0.01 
Dl4PC D6PC 0.5 7.5±0.5 

For a given molar ratio q of 0.5 and long-chain phospholipid D 14PC, the CBC with 

D6PC, DPC12 and TPC14 are 7.5 (Beaugrand et al. , 2014), 0.86 and 0.07 mM, 

respective1y. The magnitude of the CBC follows the CMC of the detergents (15 , 1.5 

and 0.12 mM (Sanders & Sonnichsen, 2006), respectively) and it is thus c1early 

advantageous to use MAPCHO bicelles when diluted conditions are necessary. For a 

given mo1ar ratio q of 1 and detergent DPC12, the CBC for Dl2PC, Dl4PC and 

Dl6PC are 0.75 , 0.78 and 0.82 mM, respective1y. By increasing the 1ength of the 

phospholipid, the CBC slight1y increases , possibly indicating a decrease in miscibi1ity 

when the chain-1engtb mismatch increases (Beaugrand et al., 2014). For a given 

detergent DPC 12 and phospholipid D 14PC, the CBC slightly decreases from molar 
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ratio q of 0.5 to l , an effec t also observed fo r class ical bicelles and attributed to a 

higher segregation between D 14PC and D6PC as q increases (Beaugrand et al., 

2014). 

4 .3.2 Behav iour as a Func tion of the Tempera ture 

As already described by Triba et al. (2005 , 2006), it is poss ible to identi fy di ffe rent 

charac teri stic transition temperatures forbicell e sys tems by 31P solid-sta te NMR as a 

fun ction of temperature. The best known transition for the phospholipids is the 

metting temperature (Tm) that corresponds to the transition between gel and liquid 

crys talline phases. A il Tm of the lipids studi ed in this work are listed in 1 abk· 4 1. In 

bi celle systems, an important trans ition corresponds to the temperature at w hich they 

o ri ent in the magnetic fi eld (Triba et al. , 2005; 2006). Thi s temperature is g rea ter than 

the superi or to Tm in class ical bicelles. 

f 1~urc' 4 2 and \4 1 di splays the tempera tu re behav iour fo r the molar ratio q w hich 

bi celles ori ent in the larger range of temperatures fo r the di ffe rent M APCHO systems 

as observed by 31P solid-state M R. Be low the lip ids' Tm, NMR spectra of the 

di ffe rent MA PCHO-PC systems show a pea k cente red at 0 ppm indi ca tive of fas t

tumbling structures, as weil as a powder patte rn w hich is particularly in tense fo r the 

sys tems in w hich the dete rgents and the phospho lipids have the same a lky l chain 

!::::-;.gth (D l2PC/DPC 12 ::!D.d Dl 4PC/TPC!4) (1 1!.!111 .• _ • ._ 1.., :111rl ~-l 1) As exemplifi ed in 

l1gurL -1 ..J. w ith Dl 6PC/TPC 14, the sample i liquid and transparent, bu t was milky 

wh en a powder pattern was observed on the 31 P NMR spectrum. Around Tm, two 

broad resonances emerge fro m the 31 P NMR spectra fo r ali the systems, as was seen 

fo r D 14PC/D6PC w hen magnetic a lignm ent starts (Tri ba et al., 2005). A bove the 

li pids' Tm, the samples are transparent and viscous (1 1~urè 4 4) and two well -deft ned 

resonances are observabl e (1 1 gurè' 4 2 .md ~ -1- 1) and charac teristic of oriented 



117 

bicelles (Sanders & Schwonek, 1992; Triba et al., 2005). The low-field (higher ppm 

values) peak has be en ascribed to the short-chain phospholipid (or the detergent in 

our case) mainly on the edges or holes, while the high-field (lower ppm values) 

resonance corresponds to the long-chain phospholipid mainly in the bilayer (Triba et 

al., 2005). Another transition is observed at higher temperatures, when a peak appears 

at -15 ppm on the 31P NMR spectra, which is characteristic of a 90° orientation in 

vesicles. This transition is described as Tv by Triba et al. (2005). The sam pies 

become liquid again and Jose transparency (FigurL' 4 4). There seems to be the 

appearance of vesicles coexisting with other structures such as bicelles and fast

tumbling objects (Figures 4.2 and S4.1 ). 

Figure 4.4 Samples of the binary system D 16PC/TPC 14 at a molar ratio q of 2 
and a concentration of - 400 mM and different temperatures from 25 to 70°C. At 
25°C, the sample is milky and slightly viscous, becomes Jess viscous at 30°C and 
35°C and transparent and fluid , at 40°C, it is really viscous and transparent, at 55°C, 
it becomes less viscous and starts to cloud. 



118 

When compared to traditional D 14PC/D6PC bi celles, the MAPCHO bicelles 

explored in thi s work di splays larger temperature range of a lignment. D 14PC/D6PC 

typically orient between 30-50°C as reviewed elsewhere (Dürr et al. , 2013; Marcotte 

& Auger, 2005) whi le the MAPCHO systems with Dl4PC can orient between 27-

770C ( 1 ahks -L 1 <md 4 2). 

4 .3.3 Behaviour as a Function ofMolar Ratio q 

1 1gtti\~'> -1:.:; and S-1.:?. show the 3 1P NMR spectra at different q ratios at a temperature 

where most systems are oriented. Similarly to the temperature, it is possible to 

identi fy transitions according to the molar ratio q for systems that di splay aligned 

bicelles . Therefore, qm describes the minimal ratio at which orientation occurs, i.e., 

when two resonances are observed on the 3 1P NMR spectra. We can also define a qv 

when a powder pattern starts to show on the spectra. The q111 and qv values are 

displayed in 1 ables 4.1 and 4 2 . As an example, the system Dl6PC/TPC14, has qm 

and qv values of 1.2 and 2.6, respectively. 

When compared to traditional D 14PC/D6PC bicell es, the MAPCHO bicelles 

explored in thi s work start to align at lower q molar ratios . Moreover, the q111-qv 

interva l in which oriented abjects are found is smaller. D 16PC/D6PC typically orient 

for q ratios of -2.5 and 7.5 as reviewed elsewhere (Dürr et al. , 20 13 ; Marcotte & 

Auger, 2005 ). The magnetic-aiignment oÎ a biiayer is àue w rhe ani sotropy of 

diamagnetic susceptibility of the phospholipids. However, a suffic ient number of 

phospholipids is required to counterbalance thermal agitat ion, i.e. the planar region 

needs to be above a certain threshold size. One might therefore infe r that MAPCHO 

bice!les at q values as low as 1.6 for DPC 12 or q = 1.2 for TPC14, have already 

reached this thrcshold sizc fo r orientation w hich is only atta ined for the D 14PC/D6PC 

y tem at q = 2.5. 
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1.2 

1.4 

1.6 

1.8 

2.0 

2.4 

10 0 -10 -20 

2.6 

40 20 0 -20 

J lp Chemica l Shift (ppm) 

Figure 4.5 Evolution of the 31 P NMR spectrum of D 16PC 1 TPC 14 bicelles at 
52°C as a function of the molar ratio q. 

lt is noteworthy that an intermediate type of oriented systems appears at low q ratios. 

lt is characterized by two well-resolved peaks with chemical shifts, shifted to lower 

fie lds as compared to classical bicelles . In addition, the integration of the two peaks 

strongly deviates from the expected q values. For example, in the case of 

Dl6PC/TPC14, these type of system appears between q = 1.2 and 1.6. The observed 
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chemical shifts and resonance integrations would be consistent with a bicelle system 

in which a large proportion of phospholipids are in the high curvature area whi le a 

large proportion of surfactants are in the planar region. Therefore, if a surfactant

solubilized protein is progressively reconstituted in a bicelle by adding phospholipids 

(i .e. increasing q ratio) , the miscibility between phospholipid and surfactant gradually 

dimini shes and the protein is gently brought from the surfactant to the bilayer 

environment. The reconstitution of membrane proteins into MAPCHO bicelles would 

therefore be eas ier than in classical bicelles . 

In arder to better evaluate the bicelle orientation, the static (Amold et al., 2002) and 

dynamic (Triba et al., 2005 ; Zandomeneghi et al., 2003) mosaicities can be 

calculated . The static mosaic spread reports on the angle di stribution of the 

phospholipid bilayer and the magnetic fi eld. lt can be determined from the shape of 

the lipid and detergent resonances in the 31P solid-state NMR spectrum. Oriented 

bicelles can also undergo rapid oscillations around their main orientation. This 

dynamic mosaicity can be described with a Gauss ian distribution and the width of 

this di stribution can be extracted fro m the position of the long-chain phospholipid 

resonance on the 31P solid-state NMR spectrum. Values of dynamic and static mosaic 

spreads for al! sys tems are compiled in 1 ahk -l 1 Static mosaicities fall below 5° for 

the best oriented systems, the quality of the orientation of MAPCHO systems is 

therefore as good as the one of class ical bi celles. The best dynamic mosaicity is of 6°, 

it is obtained with the D14PC/TPC14 system at 77°C. 

4.3.4 Effect of Detergent-Phospholipid Cha in Length Difference on MAPCI-IO 
Bicell es 

Data can be analysed either by looking at the effect of vary ing the MAPCHO 

detergent on the bicelle formation with a g iven phospholipid, or of the phospholipid 
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fo r a given MAPCHO detergent. However, it appears that these effects can be unified 

by considering the di fference in chain length between the phospholipid and 

surfac tant. 

As shawn m 1 ahk-., -1- 1 and -1-.:2 , DPC 12 cao forrn oriented bicelles with 

phosphatidylcholines with chain lengths ranging from 12 to 16 carbons, and TPC14 

with phosphatidylcholines whose chain lengths range from 14 to 16 carbons. HPC 16 

can only form bicelles with D 18PC. Bice lles could not be fo rmed wh en the surfac tant 

hydrophobie length was greater than the lipid bilayer (TPC14 and Dl 2PC for 

example). In all cases, increasing the chain length di fference resulted in a decrease of 

the temperature range in which bicelles could be formed. For example, 

D 14PC/TPC 14 systems orient over a temperature range of 50°C as compared to 20°C 

fo r D1 4PC/DPC 12 bicelles. The range of q ratios at which bicelles ori ent is also 

reduced when the chain mismatch increases. For example, D 12PC/DPC 12 bi celles 

orient from q= l. 8 to 3.4 while Dl4PC/DPC12 orient from q= l.6 to 3.0 and finally 

D1 6PC/DPC12 only orients between q= l. 6 and 2.4. 

Our data thus indicate that in the case of MAPCHO-based bicelles, it is ideal to use 

the surfactant with hydrophobie chains with the same number of carbons than the 

phospholipid. The maximum difference allowed is 4 carbons although it was only 

possible to fo rm bi celles fo r DPC 12 with D 16PC. A certain a mount of deviation from 

the same length rule is possible. In a rder to establish an empirical cri teri on which 

could predict whether a given surfac tant-phospholipid pair will fo rrn bicelles, we 

calculated the ratio of the hydrophilic headgroup volume divided by the hydrophobie 

volume fo r both the surfac tant and the phospbolipid ( R = VHydrop h ili c /VHydrophobic) . 

The empirical observati on is that when this ratio R is equal to the surfac tant and the 

phospholipid (or RP h ospholipid / R surfactant ~ 1) oriented bi celles can fo rrn (l ah le 

-1-.-1-). A similar observation cao be made fo r bicelles made with short-chain 
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phospholipids instead of detergent and the phospholipid ratio however needs to be 2.5 

times larger than the one of the short-chain lipid ( lnbh.·-+ -+ ). 

Table 4.4 Ratio of the hydrophilic-to-hydrophobic volume ratios of the 
phospholipid (PL) on the detergent or short-chain phospholipid. Volumes of 
hydrophobie tai) and hydrophilic headgroup were calculated using the average Iipid 
component volumes from Armen et al. (1998). Systems that did not lead to aligned 
sample are in italie. The difference column is compared to the value of 1 for 
MAPCHO systems and 0.4 for short-chain phospholipid systems. 

Detergent or Difference 
PL 

short-chain PL 
Ratio 

(%) 

DI2PC 0.87 -13 

DI4PC 
DPCI2 

1.02 +2 

DI6PC 1.17 + 17 

D18PC 1.3 1 +31 

D12PC 0.77 -23 

DI4PC 0.90 -10 
TPCI4 

Dl6PC 1.03 +3 

D18PC 1.1 6 +16 

D / 4PC 0.80 -20 

D/6PC 0.92 -8 
HPCI6 

DI8PC 1.03 +3 

D20PC / . 15 +15 
DI4PC D5PC 0.35 -12.5 
DI 2PC 0.49 +22.5 
DI4PC D6PC 0.42 +5 
DI 6PC 0.37 -7.5 
DI4PC D7PC 0.49 +22.5 

4.3.5 Miscibility 

Triba et al. (2005) have shawn the importance of surfactant and pho pholipid 

miscibility in the morphology of bicelles. In arder to compare the degree of 

miscibility between D 14PC/D6PC and MAPCHO-based bicelles, we measured the 
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thermotrop ic behaviour of these systems at a total lipid concentrati on of 400 mM and 

hydra tion of 80% . This was done by FTIR using protonated detergents and 

phospholipids with perdeuterated alkyl chains (D 16PC-d62). By plotting the CD2 

symmetric stretching frequency ( ~2090 cm_,) as a function of temperature, the 

metting temperature of the phospholipid can be determined from the inflexion point 

( ~ igun.: -1 6). The values of the CD2 symmetric stretching frequencies in the liquid

crystalline phase are almost superimposable white in the gel phase, the presence of 

the detergent increases the wavenumbers (Figure -1.6) . Thi s indicates that the alkyl 

chain ordering is affected in the gel phase but not in the fluid phase by the presence of 

the detergent. With MAPCHO detergent, the T 111 of the phospholipid is s lightly 

decreased compared to the systems with D6PC (-1 or -2°C) (Figure -1.6). This 

indicates a higher perturbati on of the bilayer which is likely due to the higher 

miscibili ty of MAPCHO detergents and phospholipids compared to D 14PC and 

D6PC in the D6PC-based bicelles. 

This hypothes is is further confirmed by integrating the 31P NMR peaks and 

comparing their ratio to the theoretical q ratio (Tahk -L5). Indeed, if the surfac tant 

and phospholipid are perfectly segregated in the high-curvature and bilayer regions 

respectively, the ratio of the integration of the two peaks measured on the 31P NMR 

spectra should be equal to q. Thi s is however not the case for MAPCHO bicelles as 

shown in T~1bk -L5 . For example, in the case of the Dl2PC/DPC 12 at 37°C, fo r q = 2, 

the ratio of the integrais of the two peaks was 1.4, while a value of 2.6 was found for 

q = 3. Overall , a stronger deviation from the theoretical q values is observed fo r 

MAPCHO bicelles than fo r the phospholipid bicelles (Table -+.5). Since the ratio of 

integrais is smaller than the theoretical q, phospholipids appear to be misc ibl e in the 

high curvature regions. 
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Figure 4.6 Temperature dependence of the wavenumber of the CD2 symmetric 
stretching vibration in Dl 6PC-d62 (A) and Dl4PC-d54 (B) ves icles and q = 2 bice lles with 
va rious detergent. Determi ned melting temperatures are indicated in the legend in 
parentheses. 
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Table 4.5 31P resonance integration ratio compared to the molar ratio q . 

Temperature Molar ratio Integration Difference 
Lipid Detergent 

(OC) ratio (%) q 

2 1.4 -30 
D12PC 37 

DPCL2 
3 2.6 -13 .3 

D14PC 37 2 1.5 -25 

D16PC 47 2 1.4 -30 

D14PC 37 2 1.8 -10 
TPC14 

D1 6PC 47 2 1.8 -10 

D1 4PC D6PC 37 
2.5 2.3 -8 
3.5 3.3 -5 .7 

4.4 Conclusion 

We have shown that mixtures of phospholipids with varying hydrophobie thicknesses 

(from 12 to 18 carbons) could forrn oriented bicelles with MAPCHO surfac tants . The 

quality of the orientation is similar to the one obtainable with class ical phospholipid

based bicelles. The orientation of the bilayer region of these bicelles could be 

changed from para llel to perpendi cul ar to the magnet ic field by adding lanthanides. 

The MAPCHO based bicelles orient in a broader temperature range than classical 

bicelles and offer greater stability upon dilution due to the low CMC of the 

surfac tants. Both DPC 12-d38 and TPC 14-d42 are commercially available in full y 

perdeuterated forrn and are more cast-effective than the class ical D6PC-d35 . 

Moreover, detergents such as DPC 12 or TPC14 can be used directly in the 

purification process of membrane proteins. By progressively adding phospholipid to 

the surfactant-membrane protein mixture, and exploiting the graduai decrease in 

miscibili ty between surfactant and PL in MAPCHO bicelles, the membrane protein 

can be safely reconstituted in a bicelle bilayer environment (see ( haplL'r V). 



126 

Acknowledgments 

I. M . gratefull y acknowledges funding from the Natural Sciences and Engineering 

Research Council (NSERC) of Canada and M. P. from the Engineering and Physical 

Sciences Research Council (EPSRC grant EP/1029036/ 1 ). M. B. wishes to thank the 

Faculté des Sciences of the Université du Québec à Montréal, the NSERC 

Bionanomachines training program, and the Canadian Institutes of Health Research 

Strategie Training Initiative in Chemical Biology fo r the award of scholarships as 

weil as Dr. Ansgar B. Siemer. I.M. is member of the CQMF, the Bionano program 

and the Groupe de Recherche Axé sur la Structure des Protéines (GRASP). The 

authors would like to thank Dr. Dror E. Warschawski for interes ting di scuss ions. 

Supporting Information 

31 P-NMR spectra of the di fferent systems as a function of the temperature and as a 

function of the mo lar ratio q. Detem1ination of static mosa icity , Sbilaycr and dynamic 

mosa icity. 



A D1 2PC 1 DPC 12 

q = 3 ~ ~ 

re _____/VL 
20 0 -20 

12"C ___J__ 

D1 4PC 1 DPC 12 
q = 2 

17"C ~ 17"C _j_ 
~~~~ A A 0 1 6PC~~PCI2 

2r c ___jJL 2r c _} v \_ q 

37"C ~ 37"C ~ 37"C j_ 
42"C ~ 42"C :i[ 42"C I 
47"C =:c 47"C I 
52"C =:c 52"C :1[_ 
57"C~ 57"C~ 
67"C =r 67"C L 
n·c= n·cl 

10 0 -10 -20 

J lp Chemica l Shift 

(ppm) 

10 0 -10 -20 

J lp Chemica l Shift 

(ppm) 

4r c 

10 0 -10 -20 
31P Chem ica l Shift 

(ppm) 

127 



128 

B DI 4PC /TPC I4 
q = 2 

22"C~ 
20 0 -20 

10 0 -10 -20 

3 1P Chemica l Shift (ppm) 

10 0 -10 -20 10 0 -10 -20 

3 lp Chemical Shi ft (ppm) 3 1P Chemical S hi ft (ppm) 

Figure S4.1 31P-NMR spectra of each oriented systems of mi xtures with DPC 12 
(A) , TPC 14 (B) and HPC16 (C) at temperature between 7 and n ·c. 
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Figure S4.2 31P-NMR spectra ofeacb oriented systems of mixtures w ith DPC12 
(A), TPC 14 (B) and HPC 16 (C) at di fferent [phospholipid] 1 [detergent] molar ratio q 
between 1 and 2.8. Enl arged spectra above the figures were added when necessary to 
defin e the orientation of the system. 
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Static mosaicity 

The shape of the 31 P resonance spectrum allowed us to estima te the mosaic static 

spread ( 0 , which is the standard deviation of the gaussian distribution of the bicelle 

orientation angle ({3) from the main orientation at 90° ({30). The probability to find 

bicelles whose normals are at an angle {3 with respect to the magnetic field is thus 

given by (Arnold et al., 2002; Zandomeneghi et al., 2003) : 

Sbilayer and dynamic mosaicity 

(f3-f3o)2 

2Ç2 (S4.1) 

The 31P resonance frequency (ôobs) of phospholipid in bicelles (Triba et al., 2005 ; 

Zandomeneghi et al., 2003) is given by: 

(S4.2) 

where Ôiso is the isotropie chemical shift, 8 is the angle between the bilayer normal 

and the magnetic field direction, ëf is the anisotropy and Sbu is the order parameter 

describing the motions of the bi layer nom1al compared to its average orientation. 

In a magnetic field 8 0 , bicelles have their bilayer normal perpendicular to the 

direction of 80 (i.e. 8 = 90), thus : 

(S4.3) 
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Since bicelles undergo rapid fluctuations, S bilayer would be unequal to 1. The 

deviation of the angle of the Gauss ian distribution (c) is called mosaic dynamic 

spread and can be es timated, as it is dependent of the S bilayer: 

sin2 e 
90° -- 1 f

0 
e 2E2 x- (3cos 2 8- l)xs in 8 xd8 

- 2 
sin2e 

90° --
fo e 2E 2 xsin8 x d 8 

(S4.4) 

This Gaussian distribution can be represented graphically (adapted from Schmidt

Rohr & Spiess, 1994) by: 
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Résumé 

Le syndrome du QT long (SQTL) est un dysfonctionn ement cardiaque qui prolonge 

l' intervalle de repolarisation du cœur, pouvant amener à des arythmies cardiaques et à 

la mort subite. Cette patholog ie est induite par des mutations ou acqui se par la liaison 

hors cible de médicaments bloquant les canaux potass iques du human ether-a-go-go 

related gene (hERG) . Pour réduire les ri sques du SQTL acquis , les autorités 

réglementaires requièrent des tests in vitro pour tous les nouveaux m édicaments 

vérifiant leur potentie l à bloquer les canaux hERG . De nombreuses mutations 

assoc iées au SQTL et les s ites de liaison de médicament présumés qui conduisent au 

blocage du canal ont été repérés sur l' hélice du pore, suggérant qu ' il joue un rôle clé 

dans cette pathologie. De plus, il est connu que la présence de lipides spéc ifiques a un 

rô le potentiel dans la régulation du processus d 'ouverture et de fermeture du pore des 

canaux potass iques. Pour approfondir notre compréhension moléculaire de cette 

pathologie, nous avons étudié le comportement de l ' hé lice du pore dans des 

membranes zwitterioniques et anioniques utilisant une approche combinée avec 

dichroïsme circulaire et RMN de l'é tat solide. Tout d ' abord nous avons étudié la 

structure secondaire par dichroïsme circulaire de 1 ' hélice du pore du hERG, en la 

comparant à ce lle d ' un autr canal potas ique typique, K vl.S , dans différents mili eux 

(tampon, mi celles et bicelles). Dans les membranes modèles , les hé lices du pore 

éta ient principalement en structure a-hélicoïda le. Dans un deux ième temps, les 

interactions des hé lices du pore de hERG ou de Kvl.S ont été étudi ées par RMN de 
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l'état solide du phosphore et du deutérium. L 'hélice du pore du hE RG a une plus forte 

affinité avec la bicouche anionique. Ensemble, ces résultats suggèrent un rôle 

potenti el des lipides ani oniques sur la fonction de l'hélice du pore du hERG . 

Abstract 

Long QT syndrome (LQTS) is a cardiac dysfunction that prolongs the heart 

repolarization interval, leading to cardiac arrhythmia or failure. This pathology can be 

induced by mutations or acquired through the off-target binding of drugs that block 

the human ether-a-go-go related gene (hERG) potass ium channels . To reduce the 

ri sks of acquired LQTS, regulatory authoriti es demand in vitro testing of ali new drug 

entities fo r hERG-blocking potential. Many of the mutations associated with LQTS 

and putative drug binding sites that lead to channel block have been mapped to the 

pore heli x, suggesting that it plays a key role in defining the pathology. Moreover, the 

presence of spec ifie lipids have potential role in the regulation of the ga ting process 

on severa! potass ium channels. To further our molecular understanding of thi s 

pathology we have investigated the pore-helix in both zwitterioni c and anionic mode! 

membranes using a combined c ircular dichroism and solid-state NMR approach . 

Firstly, we have studi ed the secondary structure of the hERG pore-helix by circul ar 

di chroism, comparing it to that of another typi cal potass ium channel - Kv 1.5 - in 

di fferent environments (buffe r, micelles and bicelles) . In both mode! membranes the 

pore-helices were predominantly a -helical in structure. Secondly, interactions of the 

hERG or Kv l. 5 pore-heli ces w ith the membrane were investigated using 31P and 2H 

solid-state NMR. The hERG pore-helix has a stronger affini ty w ith anionic bil ayers. 

Together, these results suggest a potential role of anionic lipids on the hERG pore

helix function. 
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5.1 Introduction 

The human ether-a-go-go related gene (hERG) voltage-gated potassium channels are 

located in the myocardium cell membranes and responsible for the IKr current 

(Tamargo et al. , 2004; Wulff et al. , 2010) essential for the repolarization following 

the cardiac action potential (Pearlstein et al., 2003; Sanguinetti et al., 1995; Wulff et 

al., 20 1 0) . Inhibition of the hERG channel, through mutation (inherited) or the 

binding of channel blockers (acquired), prolongs the heart repolarization interval, 

resulting in long QT syndrome (LQTS) - a condition that may lead to cardiac 

arrhythmia or failure (Kamiya et al. , 2006; Pearlstein et al. , 2003; Vandenberg et al. , 

20 12). This pathology is of particular importance in drug development as many 

compounds have been shown to bind off-target to the hERG channel resulting in 

enhanced risk of acquired LQTS. Indeed, acqu ired LQTS has led to the withdrawal of 

severa) blockbuster medications (Aronov, 2005 ; Pearlstein et al., 2003), such that 

regulatory authorities now demand in vitro testing of all new drug entities for hERG

blocking potential (Roden & Temple, 2005 ; Shah, 2008) . 

The hERG channel is composed of four monomers containing six transmembrane 

helices each (Sanguinetti et al. , 1995). The current structure of this membrane prote in 

is predicted by homology with other voltage-gated K+ channels (Kutteh et al. , 2007; 

Stansfeld et al. , 2007; Subbiah et al., 2004; Tseng et al., 2007) and its structure has 

never been determined experimentally. The first fo ur helices (S 1 to S4) constitute the 

A longer S5P linker as well as a pore-helix and a K+ selectivity filter with unique 

amino acid sequences as compared to other potassium channels are found on the 

extracellular loop that links S5 to S6 (Vandenberg et al. , 20 12) . Des pite the paucity 

of structural information, mutations in patients with inherited LQTS suggest that 

inhibition of the channel by drug binding may result from interactions with the pore 
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helix and thus a clear understanding of its structure and potential interactions with 

drugs may help reduce these off-target effects. 

From homology studies, res idues Y 6 11 to S621 are believed to fo m1 an a -helical pore 

helix within the hE RG channel ( Figure 5.1'\ ) . The most extensive structural studies 

conducted on the pore he lix to date have been done by solution NMR studies with the 

peptide solubilised into detergent micelles. Interes tingly, the pore helix of the hERG 

channel was extended by three res idues on the N-terminal side (K608-S 62 1) in both 

zwitterionic dodecylphosphocholine (DPC) and anionic sodium dodecylsulfa te (SDS) 

micelles (Pages et al., 2009) . This three-residue extension of the pore helix results in 

the inclusion of three charged res idues (K6os, D6o9 and K61o) that lie at the membrane 

interface (Pages et al., 2009) . 

These three res idues are absent rn a number of other potass ium channels (1- igurl' 

5 l 8- r ), many of which are used as templates for the generation of hERG homology 

models, yet the inclus ion of these residues may clearly influence both the structure of 

the pore helix and its interaction with the bilayer influencing its role in determining 

channel fun cti on. A notable di fferences between the pore heli x in hERG and other Kv 

channels is the absence of the double W motif ( f 1gurc 5.1 C) that is thought to 

contribute to the stabili ty of the selectivity filter in other K+ channels (Doyle et al. , 

1998) and are close to the anionic lipid binding site important in regulating channel 

gating (Ai vis et al., 2003; Lee, 2003 , 2004; M arius et al., 2008, 201 2). Additionally, 

transmembrane helix 1 of wild- type KcsA and KcsA mutant containing the turret 

region of Kv 1.3, in the presence of phospholipids, was shawn to unwind and rewind, 

inducing conformational changes on the turret region and the pore helix, during the 

ga ting process (van der Cruij sen et al., 2013). Moreover, other Kv channels require 

the presence of specifie lipids fo r potenti al regulation of the ga ting, such as 

sphingomye lin with Kv2.1 (Ramu et al., 2006; Swartz, 2006), amome 

phosphatidy linos itol 4,5-bisphosphate w ith Kv 7 .1 (Zaydman & Cui , 20 14; Zaydman 
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et al., 20 13) and anionic phosphatidic acid with Kv 1.2 channel mutant with its helix

turn-helix segment termed the vo ltage sensor replaced by the one of Kv2. 1 (Hi te et 

al. , 2014) . 

A 
SSP linker 

5 8 0 590 600 
1 1 1 

PBMDSRIGWLBNLGDQIG!CPYNSSGLGGP 

SF 
~~-----is6 

510 610 62 0 63 0 
1 1 1 1 

BERG ACIWYAIGNMEQSIICOK:rvTALYrTFSSLTSVGFGNVSPNTNSEiti 
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Figure 5.1 (A) Loop connecting the S5 and S6 helices of hERG and Kv 1.5 
with the 24 amino-acid residue peptides used in this study in red. (B-F) Frequency 
plots of rcsidues con esponding to the purple part in A comprising the pore-heli x (PH) 
and selectivity filter (SF) . (B) 22 a subunits of human card iac potassium chatmels 
(Tamargo et al., 2004). (C) 39 human Kv channels. (D) 15 human Kir cha1mels. (E) 
14 human K2r channcls. (F) 15 prokaryote and eukaryote channels with known 
tructure used in the sequence homology for hERG (Kutteh et al., 2007 ; Stansfeld et 

al., 2007; Subbiah et al., 2004; Tseng et al., 2007). The height of the residues 
represents the frequency with which they occur. The color of the residues represents 
their hydrophobicity properties with neutra) residues in green (S, G, H, T, A, P), 
hydrophilic residues in blue (R, K, D, E, N, Q) and hydrophobie res idues in black (Y, 
V, M , C, L, F, I, W) . The frequency plots were generated with WebLogo 3 
(http ://web logo.threeplusone.com/) . Ail sequences used were found on the UniProt 
webs ite (http ://www.uniprot.org/) and are listed in 1 ilbk:-. S5 1-'-15 .5 in the 
"'ll pp kllll'll tar) i ni( lrilld tillll. 

To assess how these major structural changes may influence how the hERG PH 

interacts with the lipid bilayer, we have undertaken a study to investigate how the 

hE RG pore helix interacts with both zwitterionic and negatively chargcd lipid 

membranes. Dimyristoy lphosphatidylcholine (DMPC) and dimyristoylphosphatidyl-
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serine (OMPS) were selected, since phospholipids with PC headgroup are the most 

abundant in eukaryotic membrane and PS is an anionic lipid present in human 

membranes . To determine how the presence of the pore helix influences the polar and 

apolar regions of the bilayer, 31P and 2H solid-state NMR experiments were 

performed, respecti vely. To assess how the bilayer properti es influence the structure 

of the pore helices comparable circular dichroism (CD) studies have been performed. 

Considering the particular sequence of the hERG channel pore helix, we have 

performed identical experiments on the pore helix from Kv 1.5 as a ' typical ' 

representative of the Kv channels as it possesses most of the key res idues associated 

with this fami ly of channels (Figure 5 1 C). 

5.2 Materials and Methods 

5.2 .1 Materials 

Phospholipids 1 ,2-dimyristoyl-sn-glycero-3-phosphocholine non deuterated (DMPC) 

and deuterated (DMPC-d54), 1 ,2-dimyristoyl-sn-glycero-3-phospho-L-serine (OMPS) 

as weil as detergent n-dodecylphosphocholine (DPC) were purchased from A van ti 

Po lar Lipids (Alabaster, AL, USA) or Anatrace (Maumee, OH, USA) and used 

without further purifica tion. Deuterium-depleted water was obtained from Sigma 

Aldrich (Oakville, ON, Canada). 

5.2.2 Peptide Synthesis and Purification 

Kv 1.5 (N459-G4s2) and hERG (G6o3-G626) pore helix peptides were synthetized on a 

Tribute peptide synthes izer (Prote in Technologies, Tucson, AZ, USA) with standard 
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Fmoc chemi stry usmg 2-(6-chloro-1-H-benzotri azole-1-yl)-1 , 1 ,3,3-

tetramethylaminium hexatluorophosphate (HCTU) as a coupling reagent and 

diisopropylethy lamine (DIEA) as a base. Peptides were cleaved from the res in using a 

mixture of TF A:ethancdithiol :phenol:water (92 :2 .5:3:2.5 ; v/v). After filtration and 

evaporation of the cleavage mixture, peptides were precipi tated and washed w ith 

di ethylether, solubilized in water and lyophilized. Crude peptides were puri fied by 

reverse-phase high performance liquid chromatography (RP-HPLC) on a preparative 

Luna C 18 column (250 mm x 2 1.2 mm; 5 flin , 1 OOÂ, Phenomenex) using a linear 

gradient of ACN in H20 /TF A (0.06% v/v). Co llec ted fracti ons were analyzed by 

analytical RP-HPLC using an Aeris peptide XB C 18 column (150 mm x 4 .6 mm; 

3.6 j.lm, Phenomenex) and by ESI-TOF mass spectrometry. Fracti ons conesponding to 

the des ired peptides, as confi rmed by mass spectrometry, w ith puri ty higher than 

95%, measured by analytical HPLC, were fina lly poo led and lyophili zed . 

5.2.3 Sample Prepara ti on 

Peptides were reconstituted into DPC-based bicelles (Nolandt et al., 2012 , ( hapkr \ ) 

as DPC has previously shown to readil y solubilize a longer version of the hERG pore 

he lix (SGoo-1642) (Pages et al., 2009) . 

For circul ar dichro ism (CD), the appropriate peptide at a concentration circa 20 11M 

was dissoi ved into 8 mM DPC mieeii es and Tris HCi i û mlvi, pH 7.4 bu lfer. Tiie 

sample was then subj ected to multipl e cycles of freeze (liquid N 2), thaw (60°C) and 

vortex shaking until a un iform transparent solu tion was obta ined . The DPC 

concentrati on was thus about 7 times above the criti ca l micelle concentration (CMC). 

This mixture was theo added to long-c ha in phospho lipid DM PC or DM PC with 10 

mol% OMPS, and submi tted to further cycles of freeze/thaw/mixing. The tota l 

concentration of phospho lipid and detergent was approx imately 16 mM. The 
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phospholipid-to-detergent molar rati o (q) was 1 whil e the phospholipid/peptide molar 

ratio was 400: 1. 

For so lid-state NMR both bicell ar and vesicular samples were studi ed . Bicelle 

samples were prepared in a similar way using nanopure water, a peptide 

concentration of about 5 mM , a total concentration of phospholipid and detergent of 

400 mM and a 80% (w/v) hydration. The molar ratio q was 2 while the 

phospholipid/peptide molar ratio was 50: 1. Typically, 50% of the DMPC was 

deuterated. Vesicles of DMPC and DMPC doped w ith 10 mol% DMPS at totallipid 

concentration of 400 mM were prepared. Both peptides and lipids at a 

phospholipid/peptide molar ratio of 50:1 were solubilised in nanopure water to 

achieve 80% (w/v) hydration and subj ected to multiple cycles of freeze (liquid N2) , 

thaw (60°C) and vortex shaking until a homogeneous suspension was obtained. 

5.2.4 Circular Dichroism Spectroscopy 

Far-ultraviolet spectra were recorded using a J-8 15 CD-spectropolarimeter (Jasco, 

Easton, MD, USA) . Spectra were recorded from 190 to 260 nm at 3 7°C using a 

wavelength step of 0.5 nm, scanning speed of 20 nm.min-1
, bandwidth of 1 nm and a 

response time of 1 s. For each sample, three scans were averaged and a background of 

the corresponding mode! membrane was subtracted. To ascertain the secondary 

structure contributions to the CD spectra data were analysed using protein bas is 7 and 

the CDSSTR algorithm (Sreerama & Woody, 2000) on the DichroWeb server 

(Whitmore & Wallace, 2008). 
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5.2.5 Nuclear Magnetic Resonance (NMR) 

31P and 2H solid-state NMR experiments were perforrned on an Avance III HD 400 

MHz spectrometer (Bruker, Milton, ON, Canada) equipped with a 4 mm double

resonance probe. For 31P NMR spectra acquired witb or w ithout magic-angle 

spinning (MAS), a phase cycled Hahn echo pulse sequence (Rance & Byrd, 1983) 

was used with broadband proton continuous wave decoupling during the acqui sition 

at a field strength of 85 kHz. A n/2 pulse of 4 11s, an interpulse delay of 27 11s, a 

recycle delay of 5 s and a dwell ti me of 10.2 IlS were used, and 256 to 2048 scans 

were acquired. Acquisition times of 30 and 100 ms were used for static and MAS 

experiments, respectively. Spectra were referenced extem ally with respect to the 

signal of 85% phosphoric ac id set to 0 ppm. 2H NMR spectra were obtained using a 

quadrupole echo pulse sequence (Davis et al., 1976) with a n/2 pulse length of 3 IlS, 

an interpulse delay of 60 IlS and a recycle delay of 1 s. Typically 2400 scans were 

acquired. Following each temperature step the sample was allowed to equilibrate for 

10 minutes at the new temperature before the spectrum was acquired. Spectra were 

acquired at temperatures ranging from 22°C to 62°C. Ali spectra were processed 

u ing MNova software (Mestrelab Research, Santiago de Compostela, Spain) and line 

broadening of25 and 50 Hz were used for 31P and 2H spectra, respectively. 

5.3 Results and Discuss ion 

5.3.1 Secondary Structure (CD) 

To assess how the structure of the pore heli ces of Kv 1.5 and hERG res ponds to 

changes in lipid environment, CD spectra were recorded in membrane mimetics 

possessing either a zwitterionic or negative surface charge. More specifically, 

liposomes and DPC-based bicelles with pure DMPC (No landt et al. , 20 12) and 
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DMPC with 10 mo l% DM PS were used. The detergent DPC was selected fo r its 

abili ty to solubilize membrane proteins (Arora et al., 2001 ; Dam berg et al., 2001 ; 

Kall ick et al., 1995 ; Koehler et al., 2010; Oxenoid et al. , 2002; Warschawski et al. , 

201 1) and a longer version of the hERG PH (S Goo-1642) (Pages et al., 2009). 

In the absence of lipid membranes, the pore helices were poorly soluble and readily 

aggregated. In zwitterionic DPC micelles, the pore heli ces from both hERG and 

Kv 1.5 exhibi ted a class ical a -helical spectrum (f ig: urc-; 5.2A and 5.2B, respectively) 

with minima at 208 nm and 222 nm and a maximum at 195 nm . 

A 40000 B 40000 

30000 ~ 30000 
~ -., 
0 " "' "0 

~ 
·;;; 

20000 
(\ ~ 20000 

~ 
..... j , \ 0 
0 E 
E 10000 f•' "0 10000 "0 : • NE 
NE i l 

/,' 0 
0 i'l 
"' .., 0 :. " " 1 ·~·': @, 
~ 210 250 .., 

~ 
~ 

~ ~ 
-10000 -10000 

~ 
~ 

-20000 -20000 

-30000 Wavelength (nm) -30000 
Waveleng th (nrn) 

Figure 5.2 Circular dichro ism far-UV spectra of the pore helices from (A) 
hERG and (B) Kv 1.5 channels reconstituted into 8 mM DPC micelles (sol id tines), 16 
mM DMPC/DPC 2: 1 bicelles (dotted !ines) and 16 mM DMPC/DMPS/DPC 1.8:0.2 :1 
bi cell es (da shed li nes) . 

Although an accurate quantitative assessment of secondary structure remams 

challenging, it can provide a guide as to changes in the secondary structure in 

response to di fferent environments. Deconvolution of the spectra acquired for the 

pore heli ces of the hERG and Kv 1.5 channels in DPC exhibited 72% and 73% 

he1ic ity, respectively, w ith the remainder arising fro m the contributi on of ~-strands , 

tums and random co i! structures (Ta bk 5. 1 ). 
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Table 5.1 Deconvolution of secondary structure contributions to CD spectra of 
hERG and Kv 1.5 pore helices in micellar and bicellar env ironnements of 
DMPC/DPC (2: 1) and DMPC/DMPS/DPC (1.8/0 .2/1) using dataset 7 and CDSSTR 
a1gorithms on Dichroweb server. a: a-helix, (3: (3-sheet, T: (3-tum, R: random coi l and 
NRMSD: normalized root mean square disp1acement. 

Sample a 13 T R NRMSD 

+ DPC micelle 0.72 0.06 0.09 0.12 0 .002 

hERG + Zwitterionic bicelle 0.67 0.12 0.07 0.15 0.002 

+ Anionic bicelle 0.61 0.18 0.04 0.17 0 .002 

+ DPC micelle 0.73 0.09 0.06 0.11 0.003 

Kv1.5 + Zwitterionic bicelle 0.68 0. 13 0.07 0. 12 0 .002 

+ Anionic bicelle 0.64 0.11 0.11 0.14 0 .002 

When reconstituted into zwitterionic bicelles composed of DMPC/DPC a significant 

drop in the maximum at 195 nm is observed for both the hERG and Kv 1.5 with a 

corresponding fall in hclical structure to 67% and 68%, respectively. A further 

decrease in helicity of about 9 and 6% compared to the zwitterionic bicelle is also 

observed upon reconstitution into DMPC/DMPS/DPC bicelles, respectively. These 

observations suggest that in both micellar and bicellar environments the hclical 

structure ex tends beyond that predicted (see 1 1gurl' :'i 1 ). 

5.3.2 Interaction with Membrane (Solid-State NMR) 

Considering the effect of the membrane composition on the structure of the pore 

helices of the hERG and Kv 1.5 channels, their interaction with model membranes 

was studied by solid-state NMR u ing lipo ome and DPC-based magnetically

oriented bicelles. 31 P and 21-1 olid-state NMR report on changes in organization and 

dynamic of the headgroup and apolar chain regions, respectively. 
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To detem1ine how the pore helices influenced botb the phase behaviour and the 

dynamics within the lipid headgroup 31P solid-state NMR spectra of zw itterionic lipid 

bilayers were recorded of DMPC liposomes (F1gurc 5.JA). 
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Figure 5.3 31P solid-state NMR spectra of (A) DMPC and (B) DMPC/DMPS 
9:1 liposomes with pore-helix peptides were recorded at 37°C. Vesicles alone (black 
dotted !ines), with hERG (black solid lines) and with Kv1.5 (grey solid !ines). 

The additi on of the pore helices from hERG and Kv 1.5 in DMPC liposomes resulted 

in a change in intensity between the 0° and 90° edges of the spectrum, with fewer 

lipids on the 90° edge. Thi s can be ascribed to a change in ves icle shape or transverse 

relaxation (T2) effect caused by an increase in slow motions (Dolainsky et al. , 1993) . 

As shown in fable 5.2 , a 10% decrease of the chemical shift anisotropy is induced by 
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the presence of the pore helices, indicating an increase in lipid headgroup dynamics . 

3 1P solid-state NMR experiments using MAS have been carried out to verify 

shie lding or deshi elding effect of the pore he lices on the phospholipids headgroup. As 

shown in rabk 5 2, there is no signifi cant di fference of the isotropie chemica l shi ft of 

DMPC in the presence of the pore helix. 

Table 5.2 Perpendicular (o.L) and iso trop ie (D'iso) chemical shi fts are g iven for 
liposomes of DMPC and DMPC/DMPS 9:1. The ani sotropie tensor (a') was 
calculated by: 2(oiso - o.L)· 

51. Oiso (j 

Sample 
(ppm) (ppm) (ppm) 

Zwitterionic liposome -1 5.8 -0.66 30.3 

+ bERG -13.9 -0.67 26 .5 

+ Kv l .5 -13.7 -0 .67 26. 1 

Anionic liposome -14.4 -0.66 27 .5 

+hERG -1 4.4 -0 .66 27.5 

+ Kv l .5 - 13.8 -0.66 26 .3 

To assess how the pore helices in teract w ith zwittcrionic bicelles, the peptides were 

reconstituted into bi cell es sys tems composed of DMPC/DPC (2: 1 ). As expected in 

pure lipid systems composed of DMPC/DPC (2: 1) the system adopts a magnet ica lly 

a ligned phase (Nolandt et al., 2012) demonstrated by the two well -resolved peaks in 

the 31P NMR spectrum and the well resolved Pake doublets in the 2H NMR spectrum 

(hgur~ 54\) over a temperature range of37-42 °C ( 1 1hk 5 ~ ). 
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Figure 5.4 31 P (left) and 2H (right) so lid-state NMR spectra of (A) DMPC/DPC 
2: 1 bi cell es and (B) DMPC/DMPS/DPC 1.8:0.2:1 bi celles with and without pore
helix peptides recorded at 37°C. Pure bicelles are represented in black dotted li nes, 
with bERG in black full !ines and with Kv 1.5 in grey full line. In panel B, the 
spectrum obtained in the presence of hERG 's pore helix was separated since it covers 
a broader chemical shift range. 
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Table 5.3 Effect of the hERG and Kv 1.5 pore helices on bicelles of DMPC/DPC 
(2: 1) and DMPC/DMPS/DPC (1.8/0.211). The left (c51erc) and right (cSright) peak 

chemical shifts, Sbilaycr (Sbic), static and dynamic mosaicities, as weil as temperature at 
which oriented bicelles are observed are reported. r ljll<ll1011" to determine the s bil and 
mosaicities are described in the Suppkmcntdr) lnlnrmat10n. ( haptcr 1\ . The data 
used to calculate the Sbil , dynamic mosaicity are reported in rabk ç;:; () . The static 
mosaicity is estimated with simulation spectra. 

Sample cS le ft cSright Static Dynamic Orientation 

(ppm) (ppm) sb il mosa icity mosa icity (OC) 

Zwitterionic bicelle -3.7 -9 .3 0.58 4 20 37-42 

+hERG -4.4 -10 .3 0 .72 9 16 27-42 

+Kv l .5 -5 .0 -11.1 0.80 Il 14 32-52 

Anionic bicelle -5.1 -11. 3 0.77 5 16 27-42 

+hERG Not ori ented 

+Kv l.5 -6.1 -1 2.0 0.82 12 13 27-42 

The degree of orientation is affected by slow fluctuations around the membrane 

director that manifes ts as a distribution of resonances within the spectra and fast 

fluctuations about the membrane normal that lead to increased averaging of the 

chemica l shie1ding anisotropy of the phosphate headgroup. The slow fluctuations can 

be characterised by the static (Arnold et al., 2002) mosaic spread that models the 

distribution of lipid orientations about a membrane director as a Gauss ian 

distribution. Similarly, the rapid fluctuations can be modelled as a dynamic mosaic 

spread characterised by a Gaussian distribution of the bicelle order parameter about 

the membrane normai (Triba et ai., 2ûû5; Zanàomeneghi el ai. , 2ûû3). In p u1 t: 

DMPC/DPC bicelles, this gives ri se to a static mosaic spread of 4° and a dynamic 

mosaic spread of 20° ( 1 1bk .'i \ ) as previously reported for pure bicellar systems 

(Zandomeneghi et al., 2003) . The add ition of the pore helices from hERG and Kv 1.5 

results in an upfield shi ft in both the DPC and DMPC peaks in the 31P NMR spectra 

and a broadening of the resonances. An increase in the temperature range over which 

the magnetically aligned phase is stable is a lso observed, with the pore helix of Kv 1.5 
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extending the range over which a stable bicellar structure fonns from 5 to 20 oc 
(Table 5.3). The changes in resonance pos ition and lineshape indicate that the pore 

heli ces increase the static mosaic spread of the bicelles while the dynamic mosaicity 

is reduced with the most pronounced effects occurring in the case of Kv 1.5 (Ta bk 

5 3). Therefore the interaction of the pore helices seems to slow dawn the bi celles 

The changes in the lipid dynamics in the presence of the pore helices are not 

restricted to the lipid headgroup since the lipid chains exhibit a similar ordering 

effect. Thi s is evidenced by the increase in quadrupolar splitting (~vQ) of DMPC-d54 

in zwi tterioni c bicelles fo r bath the methyl (~v111 ) and plateau (~vp) regions of the 2H 

NMR spectra. The quadrupolar spli tting (~vQ) for a C-D bond in a lipid bilayer 

system with axial symmetry reports on the va riations in the lipid cha in arder since: 

3 ezqQ 2 
l:lvQ = --(3cos e - l)Sco 

4 h 
(5 .1) 

where (e 2 qQjh) is the quadrupole coupling constant (- 167kHz), e is the angle 

between the bilayer normal and the magnetic fi eld direc tion, and Seo is the arder 

parameter of a deuterium bond vector. The largest quadrupolar spli tting is attributed 

to the deuterium bonds close to the lipid headgroup (plateau) while the smallest 

quadrupolar splittings arise from the more mobile (methyl) deuterium atoms at the 

end of the alkyl chains. Table 5.-+ shows an increase in ~vp of 8% and 13% fo r the 

pore helices of hERG and Kv 1.5, respectively. The lipid chain ordering goes as fa r as 

the terminal methyl where ~vm also increases . 
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Table 5.4 Quadrupolar splitting of the plateau (.0.vp) and methyl (.0.vm) regions of 
DMPC-d54 into bicell es at 37°C of DMPC/DPC (2: 1) and DMPC/DMPS/DPC 
( 1.8/0.2/ 1 ). 

Sample .0.vp Difference .0.vm Difference 

(kHz) (%) (kHz) (%) 

Zwitterionic bicelle 16.1 2.3 

+hERG 17.4 +8 2.4 +4 

+Kvl.5 18 .2 + 13 2 .5 +9 

Anionic bicell e 18 .9 2.7 

+hERG Not oriented 

+ Kv 1.5 19.5 +3 2.7 0 

As the activity of a number ofK+ channels (Alvis et al., 2003 ; Hite et al. , 2014; Lee, 

2003, 2004; Marius et al. , 2008, 2012; Zaydman & Cui , 2014; Zaydman et al., 20 13) 

are known to be influenced by the presence of anionic lipids within the membrane, 

the pore he li ces were reconstituted into DMPC/DMPS (9: 1) liposomes and 31P NMR 

spectra recorded to assess how the PHs intluenced the phase behaviour and dynamics 

of the lipid headgroups ( rq,'.urc :'i.3B). PC and PS are miscible (S ilvius & Gagné, 

1984) and the Tm of the mixture is about 25°C considering the molar fraction and Tm 

of DMPC (23.9°C) and DMPS (39°C) (Marsh, 2013). Therefore the negative ly 

charged liposomes are in the tluid phase at 37°C. The spectrum shows that the 

presence of Kv 1.5 's pore helix modifi es the intensity di stribution between the 0° and 

90° edges, poss ibly due to a change in lipid headgroup dynamics. Also, the pore heli c 

decreases the CSA of DMPC by about 5%. As observed with DMPC liposomes, 31P 

NMR experiment with MAS reveals no change in the isotropie chemical shift of 

DMPC (DMPS cou ld not be reso lved). ln contrast to the pure DMPC liposomes 

however, where both the hERG and Kv 1.5 pore heli ces brought about a reduction in 

the CSA, upon the addition of DMPS to the liposomes the largest changes in C A is 

with Kv 1.5 pore helix. 



15 1 

To assess how the pore helix peptides interacted with DPC-based bicelles containing 

the anionic lip id DMPS, the pore heli ces were reconstituted into DMPC/DMPS/DPC 

bicelles (1. 8:0.2 : 1). In the pure lip id system two peaks are resolved in the 3 1P 

spectrum (F 1gurc 5...J.B), albeit upfie ld shifted compared to the pure DMPC/DPC 

system. This suggests a reduced dynamic mosaic spread in presence of DMPS, 

although little change in the static mosaic spread is seen. The resonance of the anionic 

lipid is upfie ld to that of DMPC, as observed by Marcotte et al., 2003 with 

DMPC/dihexanoylPC (DHPC) bicelles containing 10 mol% DM PS, and appears as a 

peak shoulder. Upon the addi tion of the Kv 1.5 's pore helix, al! resonances move 

upfie ld and exhibi t broadening, similarly to what was observed with DMPC/DPC 

bicelles (F1gurc 5...J.). This again suggests a greater dynamic mosaicity but reduced 

dynamic mosaic spread. 

F1gun . .: 5.4B shows the effect of thi s pore helix on the negatively-charged bicelles. 

Only a 3% increase of ~vP was detected ( fable 5...J.), suggesting that the peptide 

slightly orders the alkyl chain porti on close and does not insert deeply in the 

membrane in the presence of DMPS. lt is also possible that the pore helix 

preferentially interacts with the negatively-charged lipids, thus reducing the effects 

observed on DMPC, both in the bicelles and the liposomes. 

In contrast to the Kv 1.5 channel, the pore helix of hERG appears to cause s ignifi cant 

perturbations to DMPC/DMPS/DPC bicelles. Over the temperature range studi ed (22-

620C), it proved imposs ible to identi fy a pure magnetically aligned phase. As seen in 

f'1gur-. 5...J.H , the presence of the bERG pore helix results in a spectrum consistent 

with phase separati on, with one broad resonance di splaying a small shoulder 

downfie ld to the isotropie chemical shifts of the phospholipids, indicative of an 

isotrop ie phase or non-oriented bilayer under quas i-fast-tumbling. These are 

superimposed on an axially symmetric powder pattern indicative of a non-aligned 

bilayer phase. This is cons istent with the 2H NMR spectrum which is similar to that 
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of pure DMPC ves icl es, albeit with supressed motion m the alkyl chains, 

superimposed with the contribution of small and slowly tumbling objects between 

±2.5 kHz. Thesc effects suggest that the presence of the anionic lipid OMPS 

significantly enhances the interaction of the hERG pore helix with the bilayer. The 

absence of any significant changes in the morphology of the DMPC/DMPS ves icl es 

suggests that in this instance interaction between the hERG pore helix and the bicelle 

may be fac ilitated by the solubilisation by DPC. 

5.4 Conclusion 

Our findings demonstra te tha t the pore helices from both hERG and K v 1.5 adopt a 

helical conformation when reconstituted into zwitterionic and negatively charged 

lipid bilayer composed of DMPC/DPC and DMPC/DMPS/DPC respectively s imilar 

to that previously observed in detergent micelles (Pages et al., 2009). Altbough the 

di fferences are slight, bath peptides become less helical upon the incorporation of 

anionic lipids into the bilayer. Despite the peptides exhibiting similar structural 

changes upon the introduction of anionic lipids into the bicelle , the manner in wh ich 

they interact with the bi layer differs significantly. The Kv 1.5 pore helix interacts 

more strongly with zwitterionic bicelles, increas ing the order within the headgroup 

and chain regions significantl y more tban the hERG pore helix. In contrast, the hE RG 

interacts more ex tensively w ith the negatively charged lipid bilayers with significant 

changes in both the headgroup and chain region consistent with a reduction in lipid 

mobility and/or di sruption of the bilayer phase. These properti es can in part be 

explained by the amino acid equence with Kv 1.5 exhibi ting a higher hydrophobicity 

(Fauchère & Pli ska, 1983) and lower hydrophobie moment (E isenberg et al. , 1982) 

than the bERG pore helix. Similarly the hERG exhibits a net positive charge 
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compared to the Kv 1.5 helix that would favour its interaction with the negatively 

charged lipids erable 5.5). 

Table 5.5 Hydrophobicity, hydrophobie moment and net charge of the pore-helix 
peptides were calculated with HeliQuest website (http ://heliquest.ipmc.enrs .fr/) . 

Segment 

hERG (Y6JJ-S62 1) 

hERG (K6os-S62 J) 

Kv1.5 (146rT477) 

Hydrophobicity Hydrophobie moment Net charge 

0 .834 0.261 0 

0.459 0.206 + 1 

1.033 0.203 -1 

When studying fragments of the whole channel, care must be taken when 

extrapolating to the functional relevance of our findings to the who le channel. Based 

on our current structural understanding of K+ channels the pore helices are accessible 

to the local bilayer, and thus the interactions of the hERG channel with the anionic 

lipids and the proximity of the KDK motif to the surface of the bilayer suggest that 

these interactions may contribute to channel regulation. Interestingly, the region 

corresponding to the KDK motif of hERG is located close to anionic lipid binding 

sites that have been identified on other K+ channels (Alvis et al. , 2003 ; Lee, 2003, 

2004; Marius et al., 2008, 2012) suggesting that these residues may play a role in the 

regulation of the hERG channel. 
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Lists of the pore he lix sequences of the human cardiac potass ium channels, 

prokaryo tic and eukaryotic channcls with known struc ture used in the sequence 

homology fo r hERG, human Kv channels, human K;, channels and human K2r 

channels. 
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Table SS.l List of a-subunit of human cardiac potassium channels (Tamargo et 
al., 2004) used for the frequency plot in Figure 5 1 B. All sequences data are from 
UniProt webs ite (http: //www.uniprot.org/) . AN is for access ion number whi te start 
and end correspond to the position of the first and last residue of the sequence given . 

Protein short name Gene namc Unip ro t AN Sequence Star! End 

Kv 1.4 KCNA4 P22459 THFQSIPDAFWWAVVTMTTVGYGDM 506 530 

Kv 1.5 KCNA5 P22460 TH FSSIPDAFWWAVVTMTTVGYGDM 462 486 

Kv 1.7 KCNA7 Q96RP8 SHFTSIPESFWWAVVTMTTVGYGDM 340 364 

Kv4 . 1 KCN D 1 Q9N SA2 TNFTSIPAAFWYTIVTMTTLGYGDM 354 378 

Kv4 .2 KCN D2 1 KI AA 1044 Q9NZV8 SK FTSIPAAFWYTIVTMTTLGYGDM 352 376 

Kv4 .3 KCN D3 Q9UK 17 SK FTSIPAS FW YTIVTMTTLGYGDM 349 373 

Kv6 .2 KCNG2 Q9UJ 96 RDFSSVPASY WWAVISMTTVGYGDM 35 1 375 

Kv7. 1 1 KvLQTI KCNQ 1 1 KCNA8 P5 1787 VE FGSYADALWWGVVTVTTIGYGDK 294 3 18 

Kv 11.1 / hERG KCN H2 / ERG1 Q 12809 SIKDKYVTALYFTFSSLTSVGFGNV 606 630 

Kir2. 1 /I RK - 1 KCNJ2 / IRK 1 P63252 SEVNSFTAAFLFSIETQTTIGYGFR 124 148 

Kir2 .2 1 IRK-2 KCNJ 12 II RK 2 Q 14500 MQVHG FMAAFL FSIETQTTIGYGLR 125 149 

Kir3. 1 / G 1RK- 1 KCNJ3 / G1RK I P4 8549 ANVYN FPSAFLFFIETEATIGYG YR 125 149 

Kir3.4 1 G IRK-4 KCNJ5 1 G IRK4 P48544 ENLSGFVSAFL FSIETETTIGYGFR 13 1 155 

Kir6.2 1 1KA TP KCNJ1 1 Q 14654 TSIHSFSSAFLFSIEVQVTIG FGGR 11 2 136 

K2P1.1 / TWIK- 1 KCNK 1 1 TWIK 1 000 180 NWNWDFTSAL FFASTVLSTTGYG HT 99 123 

K2 P2. 1 /TREK- 1 KCNK2 1 TREK 1 095069 ISHWDLGSSFFFAGTVITTIGFGNI 139 163 

K2P3. 1 / TAS K- 1 KCNK3 1 TASK 1 014649 GVQWRFAGSFYFAITVITTIGYGHA 75 99 

K2P5. 1 1 TAS K-2 KCN K5 1 TAS K2 095279 FNN WNWPNAMIFAATVITTIGYGNV 80 104 

K2P6. 1 1 TWIK-2 KCN K6 1 TWIK2 Q9Y257 DPAWD FASALFFASTLITTVGYGYT 8 11 2 

K2P9 . 1 1 TAS K-3 KCN K9 1 TASK3 Q9NPC2 GVQWK FAGSFYFAITVITTIGYGHA 75 99 

K2P10- 1 / TREK-2 KCN K 10 1 TREK2 P57789 SS HWDLGSAF FFAGTVITTIGYGNI 149 173 

K2 PI 3. 1 /TH1K-1 KCN KI 3 Q9H B 14 IEGWSY FDSLY FCFVA FSTIG FGDL 2 19 243 

K2 P1 7. 1 / TASK-4 KCN K1 7 / TASK4 Q96T54 MGRWELVGSFFFSVSTITTIGYGNL 98 122 
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Table S5.2 List of human Kv channels used for the frequency plot in 1 1gun: 'i 1 C. 
Ali sequences data are from UniProt website (http ://www.uniprot.org/). AN is for 
accession number whi le sta ti and end correspond to the positi on of the first and last 
res idue of the sequence given. 

Protcin short na me Gene name Unipro t AN Sequence Start End 

Kv l.l KCNA I Q09470 SHFSSIPDAFWWAVVSMTTVGYGDM 354 378 

Kv l.2 KCNA2 Pl6389 S FPSIPDAFWWAVVSMTTVGYGDM 356 380 

Kv l.3 KCNA3 P2200 1 SGFSSIPDAFWWAVVTMTTVGYGDM 426 450 

Kv l.4 KCNA4 P22459 THFQSIPDAFWWAVVTMTTVGYGDM 506 530 

Kv i.S KC AS P22460 THFSSIPDAFWWAVVTMTTVGYGDM 462 486 

Kv l. 6 KC A6 Pl 7658 SLFPSIPDAFWWAVVTMTTVGYGDM 404 428 

Kv l.7 KC A7 Q96RP 8 SHFTSIPESFWWAVVTMTTVGYGDM 340 364 

Kvl .8 KCNA IO Q 16322 SHFSSIPDGFWWAVVTMTTVGYGDM 403 427 

Kv2 . 1 KCN B I Q 1472 1 TKFKSIPASFWWATITMTTVGYGDI 359 3 3 

Kv2 .2 KCN B2 Q92953 TKFTSIPASFWWATITMTTVGYGDI 363 387 

Kv3. 1 KCNC I P4 8547 THFKNIPIGFWWAVVTMTTLGYGDM 382 406 

Kv3.2 KCNC2 Q96PR I TQ FKN IPIGFWWAVVTMTTLGYGDM 4 19 443 

Kv3 .3 KCNC3 Q14003 TYFKNIPIGFWWAVVTMTTLGYGDM 4 5 509 

Kv3.4 KCNC4 Q0372 1 TDFKNIPIGFWWAVVTMTTLGYGDM 4 1 442 

Kv4. 1 KC Dl Q9NSA2 TNFTSIPAAFWYTIVTMTTLGYGDM 354 378 

Kv4 .2 KCND2 Q9NZV8 SKFTS IPAAFWYTIVTMTTLGYGDM 352 376 

Kv4 .3 KCN D3 Q9U KI 7 SKFTSIPASFWYTIVTMTTLGYGDM 349 373 

Kv5. 1 KC F I Q9113MO TLFKSIPQSFWWAIITMTTVGYGDI 352 376 

Kv6 . 1 KC G l Q9U IX4 PEFTSIPACYWWAVITMTTVGYGDM 406 430 

Kv6.2 KCNG2 Q9UJ9G RDFSSVPASY WWAVISMTTVGYGDM 35 1 375 

Kv6.3 KCNG3 Q8TA E7 KDFTSIPAACWWVIISMTTVGYGDM 355 379 

Kv6.4 KCNG4 Q8TD 1 LEFTSIPASYWWAIISMTTVGYGDM 400 424 

Kv7. 1 / KvLQTI KCNQI P5 1787 VEFGSYADALWWGVVTVTTIGYGDK 294 3 18 

Kv7.2 1 KvLQT2 KCNQ2 04 3526 UH ~UTYAUALWWGL1 TLTT1G! G UK L Y-J L~J 

Kv7.3 1 KvLQT3 KC NQ 3 043525 EEFETYADALWWGLITLATIGYGDK 298 322 

K v7.4 1 K vLQT4 KC Q4 P56696 SDFSSYADSLWWGTITLTTIGYGDK 265 289 

Kv7.5 1 KvLQTS KC QS Q9 R82 KEFSTYADALWWGTITLTTIGYGDK 293 3 17 

Kv8 . 1 K NV I Q6P IU I TT FT SVPCAWWWATTSMTTVGYGDI 374 398 

Kv8.2 KCNV2 Q8TDN2 TNFTTIPHSWWWAAVSISTVGYGDM 439 463 

Kv9 . 1 KCNS I Q96KK3 VGFNTIPACWWWGTVSMTTVGYGDV 403 427 

Kv9 .2 KCNS2 Q9ULS6 EGLATIPACWWWATVSMTTVGYGDV 356 380 

Kv9.3 KC S3 Q9BQ3 1 SSLTSIPICWWWATISMTTVGYGDT 352 376 



157 

KviO. I / hEAG I KCNI-1 1 / EAG I 095259 SKNSVYISSLY f TMTSLTSVG FGNI 445 469 

Kvl0.2 / hEAG2 KCN I-15 1 EAG2 Q8NCM2 SKDSLYVSSLYfTMTSLTTIGFGNI 414 438 

Kvll . l / hERG KCN H2 / ERG I Q 12809 SIKDKYVTALYfTfSSLTSVGfGNV 606 630 

Kvll.2 / hERG 2 KCN I-1 6 / ERG2 Q9H252 SVQDKYVTALYfTFSSLTSVGFGNV 458 482 

Kvl l.3 1 hERG-3 KCN H7 Q9 S40 SRSRESLCSIRRASSVHDIEGFGVH 26 1 285 

Kv12. 1 KCN H8 Q96L42 SIRSAYIAALYFTLSSLTSVGFGNV 4 16 440 

Kvl2.2 KCN H3 Q9U LD8 SLRSAYITSLYFALSSLTSVGFGNV 447 47 1 

Kvl2.2 KCN I-1 3 Q9ULD8 SLRSAYITSLYfALSSLTSVGFGNV 447 47 1 

Table S5.3 List of human Kir channels used fo r the frequency plot in Figure 5.1 D. 
Ali sequences data are from UniProt website (http ://www. uniprot. org/). AN is for 
access ion number while start and end correspond to the position of the fi rst and las t 
residue of the sequence given. 

Protci n short namc Gene namc Unipro t AN Sequence Start End 

Kirl.l 1 ROM -K KCNJ 1 1 ROMK 1 P48048 ENINGLTSAfLfSLETQVTIGYGfR 123 147 

Ki r1 .2 / Ki r4.1 KCNJ IO P78508 VQVHTLTGAfLfSLESQTTIGYGfR 11 0 134 

Kir l .3 / Kir4 .2 KCNJ 15 / KCNJ 14 Q997 12 MKVDSLTGAFLfSLESQTTIGYGVR 109 133 

Kir2 . 1 / IR.K- I KCNJ2 / IRKI P63252 SEVNSFTAAfLfSIETQTTIGYGfR 124 148 

Kir2 .2 / IR.K -2 KCNJI 2/IR K2 Q 14500 MQVHGFMAAFLfSIETQTTIGYGLR 125 149 

Kir2.3 / IR.K-3 KCNJ4 / IRK3 P48050 MHVNGFLGAFLfSVETQTTIGYGfR 11 6 140 

Kir2 .4 / IR.K-4 KCNJ 14 / IRK4 Q9UNX9 SHVASfLAAfLfALETQTSIGYGVR 129 153 

Kir2.6 KCNJI 8 8 7U540 MQVHGfMAAFL f SIETQTTIGYGLR 125 149 

Kir3 . 1 / GIRK- 1 KCNJ3 / GIRK 1 P48549 ANVYNFPSAfLfFIETEATIGYGYR 125 149 

Kir3 .2 / GIRK-2 KCNJ6 / GIR.K 2 P4805 1 TNLNGFVSAfLfSIETETTIGYGYR 134 158 

Kir3.3 / GIRK-3 KCNJ9 / GIR.K 3 Q92806 NNLNGFVAAfL f SIETETTIGYGHR 102 126 

Kir3.4 / GIRK-4 KCNJ5 / GIR.K4 P48544 ENLSGFVSAfLfSIETETTIGYGfR 13 1 155 

Kir5. 1 KCNJI 6 Q9NPI9 DNVHSFTGAFLfSLETQTTIGYGYR 11 3 137 

Kir6. 1 l uK A TP-1 KCNJS Q 15842 TNVRSFTSAfL f SIEVQVTIGFGGR 122 146 

Ki r6.2 / IKATP KCNJII Q 14654 TSIHSFSSAFLfSIEVQVTIGFGGR 11 2 136 

Kir7. 1 KCNJI 3 060928 KYITSFTAAFSFSLETQLTIGYGTM 10 1 125 
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Table S5.4 List of human K2P chatmels used for the frequency plot in ~ïgurc 

5.1 ! . Ali sequences data are from UniProt website (http ://www.uniprot.org/). AN is 
for accession number wh ile start and end correspond to the position of the first and 
last res idue of the sequence given. 

Protcin short namc Gene namc Uniprot AN Sequence Stan End 

K2Pl. l / TWIK- 1 K CN K I / TWIKI 000 180 NWNWDFTSALFFASTVLSTTGYGHT 99 123 

K 2P2.1 1 TR EK- 1 KCN K2 1 TR EK 1 0 95069 ISHWDLGSSfFFAGTVITTIGFGNI 139 163 

K 2P3. 1 / TASK- 1 K CN K3 1 TA SK 1 0 14649 GVQWRFAGSFYFAITVITTIGYGHA 75 99 

K2P4.1 1 TR AA K K CNK4 / TRAA K Q9N YG8 HSAWDLGSAfFFSGTIITTIGYGNV 85 109 

K2P5. 1 1 TAS K-2 KCN K 5 / TA SK2 095279 FNNWNWPNAMIFAATVITTIGYGNV 80 104 

K2P6.1 / TWIK-2 K CN K6 / TWIK 2 Q9Y257 DPAWDFASALFFASTLITTVGYGYT 88 11 2 

K2P7.1 KCN K 7 Q9Y2U2 GRTWDLPSALLFAASILTTTGYGHM 87 Ill 

K2P9.1 1 TAS K-3 KCN K 9 1 T AS K 3 Q9N PC2 GVQWKFAGSFYFAITVITTIGYGHA 75 99 

K 2PI O. I / TR EK -2 K CNKI O/ TREK 2 P57789 SSHWDLGSAFFFAGTVITTIGYGNI 149 173 

K 2PI 2.1 / T HIK-2 KCNKI 2 Q9HBI 5 RPRWDFPGAFYFVGTVVSTIGFGMT Il l 135 

K 2PI 3.1 / TH IK- 1 KCNKI 3 Q9H814 IEGWSYFDSLYFCFVAFSTIGfGDL 2 19 243 

K2PI 5.1 / TASK-5 KCNK 15 Q9H427 GRQWKFPGSFYFAITVITTIGYG HA 75 99 

K2P1 6.1 / TA LK- 1 KCNKI 6 / TA LKI Q96T55 VEGWSFSEGFYFA FITLSTIGFGDY 194 2 18 

K 2P17.1 / TASK-4 KCN K I 7 / T A SK4 Q96T54 MGRWELVGSFFFSVSTITTIGYGNL 98 122 

K2PI 8. 1 KC K l 8 Q7Z4 18 ETQLD FENAFYFC FVTLTTIGFGDT 305 329 
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Table SS.S List of prokaryotic and eukaryotic channels with known structure used 
Ill the sequence homology for hERG (Kutteh et al., 2007; Stansfeld et al., 2007; 
Subbiah et al., 2004; Tseng et al., 2007) and used for the frequency plot in Figure 
5.1 F. Ali sequences data are from UniProt website (http ://www.uniprot.org/). AN is 
for accession number while start and end conespond to the position of the first and 
last residue of the sequence given. 

Protcin short 

na mc 

AKT 1 

CNG 1 

EAG / d-cag 

HC N 1 1 BCNG- 1 

KcsA 1 KCS 1 

Kir8ac 1.1 

Kv2 .1 / h-DRK 1 

Kv4 .3 

Kv 10.1 / hEAG 1 

KvA P 

MthK 

PA K1 

rK v 1.2 

Shaker 

T. cr 

Uniprot Organi sm 

AN 

Q38998 Arabidopsis rhaliana 

P29973 Homo sapiens 

Q02280 Drosophila melanogasrer 

06074 1 Homo sapiens 

POA334 Srreptomyces lividans 

P83698 Pseudomonas pseudomal/ei 

Q 14 72 1 Homo sapiens 

Q9UK 17 Homo sapiens 

095259 Homo sapiens 

Q9Y DF8 Aeropyrum pen 1ix 

027564 

Q9U00 1 

P63 142 

P085 10 

Q 10V66 

Merhanorhermobacrer 

thermaurorrophicus 

Parameciwn te traurelia 

Rau us norvegicus 

Drosophila me/anogaster 

Trichodesmium ety thraeum 

Sequence 

SLWMRYVTSMYWSITTLTTVGYGDL 

RLARKYVYSLYWSTLTLTTIG ETP 

SRKSMYVTALY FTMTCMTSVGFGNV 

SWGKQYSYALFKAMS HMLCIGYGAQ 

AQLITYPRALWWSVETATTVGYGDL 

QSPPGFVGAF FFSVETLATVGYGDM 

TKFKSIPASFWWATITMTTVGYGDI 

SK FTSIPASFWYTIVTMTTLGYGDM 

SKNSVYISSLY FTMTSLTSVGFGNI 

SSI KSVFDALWWAVVTATTVGYGDV 

ESWTVSLY WTFVTIATVGYGDY 

DLYTK YF SLYWITITSMTVGYGDI 

SQ FPSIPDA FWWAVVSMTTVGYGDM 

SF FKSIPDAFWWAVVTMTTVGYG DM 

GTRTQYINCLYWAITTLTTVGYGDI 

Start End 

235 259 

344 367 

435 459 

340 364 

57 8 1 

92 11 6 

359 383 

349 373 

445 469 

19 1 2 15 

44 

30 1 

356 

424 

194 

65 

325 

380 

448 

2 18 
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Table S5.6 Values for the ani sotropie tensor (J) eomponents : CJxx' CJYY and CJ22 

were obtained by speetra simulation. The isotropie pati ( CJiso) and the ani sotropie 

tensor were defined as (Jiso = ~ ( CJxx + CJyy + CJ22 ) and ëi = 2 X ( CJ22 - (Ji so ) , 

respeetively. 

(Jx x = (Jyy (Jzz (Jiso 
(j 

Sample 
(ppm) (ppm) (ppm) (ppm) 

Zwitterionie liposome -7.45 15.40 0. 17 30.46 

+hERG -6 .67 13.33 0.00 26.66 

+Kv l. 5 -6. 54 13. 17 0.03 26.28 

Anionie liposome -6.73 14.56 0.37 28.3 8 

+hERG -6. 89 14.33 0. 18 28.3 0 

+ Kv l. 5 -6.64 13.56 0.09 26.94 
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Résumé 

Le gène hu man ether-a-go-go related (hERG) est membre des canaux K v et est 

localisé dans les membranes cellulaires du myocarde. Des mutati ons ou des effets 

secondaires de médicaments sur cette protéine peuvent induire le syndrome du QT 

long (SQTL). Cette maladie est un dysfoncti onnement du coeur prolongeant 

l ' intervall e de repolarisati on et pouvant amener à des arythmies cardi aques et à la 

mort subite. Pour réduire les ri sques de ce SQTL acquis, les autorités réglementa ires 

requièrent des tests in vitro pour tous les nouveaux médi caments pour leur potenti el à 

bloquer les canaux hERG . Le domaine du pore du canal hERG es t une c ible 

importante des médicaments indui sant le SQTL, cependant à ce JOur une 

compréhension moléculaire précise de ces interactions a été entravée par 1 ' absence de 

dütm ées stmcture ll es de haute résolution pour ce canal. Ce problème es t en partie li é 

à la non obtention de haut ni veau d ' expression et de purifi cation de la proté ine. Dans 

ce papier, nous décrivons un protocole qui permet 1 ' express ion et la pur ifica tion de 

quantités de l' ordre du milligramme du domaine du pore du canal hERG (Asp540
-
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Tyr673
). L ' analyse structura le préliminaire de la protéine révèle qu 'avec des micelles 

de détergent la protéine adopte une structure cohérente avec cell e proposée dans la 

li ttérature. L'enregistrement d ' un seul canal révèle que la reconstitution du domaine 

du pore de hERG dans des bicouches montre des courants similaires à ceux observés 

dans la pro téine entière. En dépit de l'absence de l ' imp01tant domaine sensible au 

voltage, nous pensons que ce sys tème fo urnira des indicati ons pertinentes sur la 

structure et la pharmacologie du domaine du canal hERG, contribuant à la 

compréhension du LQTS acquis. 

Abstract 

The human ether-a-go-go re lated gene (bERG) is a member of the K v charu1els and is 

located in the myocardium cell membranes. Mutations or off-target effects of drugs 

on this protein can induce the long QT syndrome (LQTS), which is a cardiac 

dysfuncti on that prolongs the heart repolarisa tion interval, leading to heart arrhythmia 

or failure. To reduce the ri sks of this acquired LQTS, regulatory authorities demand 

in vitro testing of a li new drug entities for hERG-blocking potenti al. The pore domain 

of the hERG channel is an important target of LQTS-prone drugs, but to date a clear 

molecular understanding of these interacti ons has been hampered by the absence of 

high-resolution structural data pertaining to thi s cha1U1el, a problem which in part is 

due to the intractabili ty of the protein to high-level expression and purifica tion. In this 

paper we describe a protocol that permits the express ion and purification of milli gram 

quanti ti es of the pore domain of the hERG channel (Asp540
- Tyr673

). Preliminary 

structural analysis of the protein reveals that wi th detergent micelles the protein 

adopts a fold consistent with its proposed structure. Single charu1el recording revea ls 

that upon reconstitution into lipid bilayers the hERG pore domain exhibits similar 

currents to those seen in the full-length prote in . Despite the absence of the important 

voltage-sensing domain, we believe that thi s system will provide valuable insights 
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into the structure and pharmacology of the pore-domain of the hERG channel, 

contributing to our understanding of acquired LQTS. 

6. 1 Introduction 

Ion channels are key regulators of cardi ac acti on potential, determining the rate, 

rhythm and contracti on in response to changing demands on cardi ac output. The 

amplitude and length of the cardi ac action potential is dependent on the orchestrated 

fl ow of Na+, Ca2+ and K+ ions across the ce li membrane, with potass ium currents 

repolari zing the cell and dcterrnining the length of the refrac tory peri od (Ravens & 

Cerbai, 2008). Two potass ium channels are largely responsible for supporting the 

currents responsible for cardiomyocytes repolariza ti on hERG (Kv 11 .1/KCNH2) and 

KvLQTl (Kv7.1/KCNQ1). Changes in ac tivity of these channcls can significantly 

alter the length of the action potential delay enhancing the possibili ty of arrhythmia 

and/or cardiac arrest (Ravens & Cerbai, 2008; Vandenberg et al., 20 12). 

The central ro le that the hERG channel plays in deterrn ining the rate of 

cardiomyocyte repolarization has led to extensive inves tigations into its regulation. In 

vivo, a number of cellular processes regulate hERG charmel acti vity including 

secondai-y messengers such as cAMP and PIP2 (Rodriguez et al., 2010; Yandenberg 

et al., 20 12) as weil changes in cellular environment such as oxidative stress, acidos is 

anà hyperkaiemia (Vanàenoerg et al., 2ûl2) aii uf wh ich cau iu li ut:uct: li1 t: u:tit: uf 

repolarizat ion. The inh ibition of the hERG channel and the resulting prolongation of 

the repolarization pcriod have stimulatcd great interest. This channelopathy, referred 

to as long-QT syndrome, can be induced through mutations within the channel or 

through the binding of drugs (Vandenberg et al., 201 2), especially withi n the pore 

domain (Aronov, 2005; Mitcheson et al., 2000; Recanatini et al., 2005). The 

inhi bition by drugs result ing in acqu ired or drug-induced long QT syndrome is a 
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maJor concem during the development of pharrnaceuticals, with products being 

removed from the market in the 1990 ' s due to their off-target effects on the hERG 

channel (Aronov, 2005 ; Laverty et al., 2011 ; Redfem et al., 2003 ; Stummann et al. , 

2009) . lndeed, currently 27% of promising drugs fail to join the market due to off

target binding and inhibition of the hERG channel (Laverty et al., 2011 ; Stummann et 

al. , 2009). Accordingly, a better understanding of the structural pharmacology and 

methods for high-throughput screening both in vitro and in si/ica would potentially 

allow such off-target effects to be identified early in the drug development pipeline 

and be designed out new therapies . 

Despite the important role hERG plays in the regulation of the cardiac cycle and its 

implications in drug development, the relation between structure and function is 

poorly understood. On the basis of its homology with prokaryotic channels 

(Mitcheson et al., 2000; Pearlstein et al., 2003; Sanguinetti & Tristani-Firouzi , 2006), 

it is thought to be a tetramer with each subunit possessing six transmembrane 

domains (S l-S6) . The first four of these (S 1-S4) form the voltage-sensing domain of 

the channel, whilst the last two (S5-S6) form the pore domain responsible for the 

passage of the ions across the bilayer. To date, the best structural data for this system 

is a crystal structure ofthe PAS (acronym for the gene products ofPer, Amt and Sim) 

domain (amino-acid 1-135) (Adaixo et al. , 2013 ; Li et al., 2010; Morais Cabral et al. , 

1998) and the cyclic nucleotide binding domain (Haitin et al., 2013) . Data on the pore 

domain is however restricted to the analysis of small sequence fragments by NMR 

(Chartrand et al. , 2010; Grave! et al. , 2013 ; Pages et al., 2009) and a number of 

homology models (Kutteh et al. , 2007; Mitcheson et al. , 2000; Sanguioetti & 

Mitcheson, 2005 ; Stansfeld et al., 2007; Thai et al. , 2010; Tseng et al., 2007). The 

hERG protein, is however unique within the voltage gated potassium channels, 

exhibiting unusual gating behaviour (Vandenberg et al. , 2012) including fast 

inactivation and recovery as well as characteristic sensitivities to toxins, drugs and 

ions (Ceccarini et al. , 2012 ; Gurrola et al., 1999; Ho et al. , 1999; Korolkova et al., 
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2001 ). These differences refl ect the rather low sequence homology of the hERG 

channel compared to the other K+ cha1mels, especially w ith in the S5-S6 segment 

(1 1gun.: (1 1 ). Indeed, the res idues that compose the SF which a re highly conserved 

within the voltage gated potassium channel family of prote ins di ffers (SVGFG as 

opposed to TVGVG) with significant di ffe rences in the supporting hydrogen-bonding 

network (Doyle et al. , 1998 ; Jiang et al., 2005 ; Pardo-Lopez et al., 2002). Similarly, 

S5P linker thought to be responsible for de termining the inactivati on of the channel, 

is some 35-38 res idues longer in hERG compared to other K + channels (Tseng et al., 

2007; Vandenberg et al., 201 2). 

lt is w ithin the pore domain (S5-S6) that many of the s tructura l determinants that 

resul t in both congenital and drug induced long-QT syndrome are thought to res ide. 

Analys is of mutati on results in LQTS Type 2 has revea led that many of the identified 

mutati ons are localised to the pore domain, with high frequenci es a lso found within 

the PAS domain (Vandenberg et al., 201 2) . Simila rly, studi es of compounds known 

to result in drug induced long-QT syndrome also indi cated the existence of mutations 

within the cham1ellining (Aronov, 2005 ; Thai et al., 2010; Zachariac et al., 2009). 

A detail ed molecular structure of the hERG cha1111el w ill c learl y aid our 

understanding of long-QT syndrome allowing the effects of the mutations and the 

rather promi cuous nature with which drugs interact with this cha1mel to be 

rati onali sed. Although extensive functional studies of the hERG channel have been 

conducted in Xenopus oocytes (Ki ehn et al., 1996; Sanguinetti et al., 1995; Trudeau 

et al., 1995; Wang et al. , 1997) and Chinese Hamster Ovary Ce ll s (CHO cells) (Lu et 

al., 2001 ; Torres et al. , 2003; Vandenberg et al., 2006), s tructura l studi es have been 

compounded by the intractabi li ty of the hERG chatmel to high-l cvel express ion. 

Desp ite extens ive efforts to date, the highest levels of expression wcrc achi cvcd w ith 

the transfer of a chimeric hERG con truct in Pichia pas/oris that resul ted in the 

production of microgram quantiti e of purificd protcin (Dhillon et al., 201 4) . Full -



167 

length sodium channels have also proven difficult to express while the expression of 

pore-only sodium channel constructs has been a successful approach for biophsical 

characterization (McCusker et al., 2012, 2011 ; Shaya et al. , 2011 ). Here we report on 

an expression and purification protocol of the pore-domain of the hERG channel in 

E. coli resulting in milligram quanti ti es of protein. We demonstrate that in the absence 

of the PAS, the voltage sensing domain and the cyclic nucleotide-binding domain, the 

pore domain remains folded in detergent and upon reconstitution into lipid bilayers 

exhibits single channel recordings similar to those observed for the full-length 

channel with patch clamp electrophysiology. Although, this does not allow us to 

understand the molecular properties of the channel in full , the high-level expression 

of the pore-domain will a id in the structural characterisation of the hERG channel and 

will begin to allow us to rationalise its electrophysiology and pharmacology 

properties. 

6.2 Materials and Methods 

6.2.1 Plasmid Construction and Protein Expression 

The hERG pore domain (Asp540
- Tyr673

) was ampli fied by PCR on a plasmid encoding 

full-length hERG obtained from Alvin Shrier (McGill University, Canada) using 

complementary oligonucleotides, 5' - C GGC CGG GAT CCG GAT CGC TAC TCA 

GAG TAC GGC GCG GC-3' and 5' -C GGG CCG CGG CCG CTA GTA GCG GGC 

TGT GCC CGA GT-3 ' (Invitrogen, Burlington, ON, Canada) as forward and reverse 

primers respectively. The pPROEX-HTa vector (Invitrogen, Burlington, ON, Canada) 

for the insertion of PCR products were both digested with BamHI and Notl restriction 

enzymes. The identity of the DNA sequence was confirmed by DNA sequencing 

(Génome Québec, QC, Canada) and corresponds to the pore domain of the hERG 

channel as shawn in Figure 6. 1. 
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5 ' -
CAG 
TTT 

GAC 
GGC 

pPROEX Hta vector encoding 
hERG55 56 fusionned with a 

hexahist idine 

ATG TCG TAC TAC CAT CAC 

GGC GCC ATG GAT CCG GAT 
GCG CTC ATC GCG CAC TGG 
TCA CGC ATC GGC TGG CTG 

CAT CAC 
CGC TAC 
CTA GCC 

CAC AAC 
GGC CCC TCC ATC AAG GAC AAG TAT 

CAT CAC 
TCA GAG 
TGC ATC 
CTG GGC 
GTG ACG 

GGC TTC GGC AAC GTC TCT CCC AAC ACC AAC TCA 
TCC CTC ATG TAT GCT 1\GC ATC TTC GGC AAC GTG 
CGC TAC TAG - 3 ' 

hERG55.56 (Asp5' 0-Tyr613 ) compare to 
other K' channels 

TEV protease 

cleavage site 

GAT TAC GAT ATC 

TAC GGC GCG GCC 
TGG TAC GCC ATC 
GAC CAG ATA = 
GCG CTC TAC TTC 
GAG AAG ATC TTC 
TCG GCC ATC ATC 

! 
ss 

CCA ACG ACC GAA MC CTG TAT TTT 
GTG CTG TTC TTG CTC ATG TGC ACC 
GGC AAC ATG GAG CAGCCA CAC ATG 
AAA CCC TAC AAC AGC AGC = CTG 
ACC TTC AGC AGC CTC ACC AGT GTG 

TCC ATC TGC GTC ATG CTC ATT GGC 
CAG CGG CTG TAC TCG GGC ACA GCC 

SSP 

BERG MSYYHHHHHHDYDlPTTENLYE* GAMDP 5'00RYSEYGAAV LFu.MCTFAL IAHWLACIWY AIGNMEQPHM DSRIGWLHNL GDQIGKPYNS 5 !>t 

KcsA 70HGSALHWRAA GAATVLLVTV LIAGSYLAVL AERGAPG--- - --------- ---------- 50 

MthK llHLPRVLKVPA TRILLLVIAV IrtGTAGFHF IEG-- ----- ---------- ----------3 4 

KvaP 15"IADAADKIRF Ylll.FGAVMLT VLYGAFAIYI VEYPDPN--- ------- - -- ---------- 1"' 

Kvl. 5 4 2 !>KTLQASMREL GLLIFFLFIG VILFSSAVYF AEAONQG--- ---------- ----------'155 
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Figure 6.1 Schematic representation of the express ion cassette for the His
tagged fu sion of the hERG pore domain compri sing the 2 transmembrane domains 
(S5 -S6). On the nucleotide and protein sequences, the His tag and then the TEV 
protease cleavage site are underlined and hERGss-s6 is in bold . The pore domain was 
also multi-aligned with other K + channels: three prokaryotic (KcsA, MthK and 
KvAP) and four eukaryotic (Kv l .5, Kv2.1 , Kv3 .1 and Kv4.3). 

For protein expressiOn, the construct was transfom1ed into BL2 1 pLysS (Promega, 

Southampton, UK) and plated on LB agar plates supplemented with 100 f.lg .mL-1 

amp icillin. The plates were grown over night at 37°C and a single co lony was picked 

and used to inoculate 50 mL of LB medi a containing 100 f.lg.mL-1 ampic illin . The 

culture was left to grow ovemight, and 5 mL was subsequentl y used to inoculate 500 
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mL of 2xYT media containing 100 f..lg.mL-1 ampicillin . The culture was incubated at 

37°C, shaking at 180 rpm, until an OD6oo of 1.0 was reached . Protein expression was 

then induced through the addition of isopropyl-~-D-1-thiogalactopyranoside (IPTG, 

1 mM final concentration) and K+ ion channel activity suppressed through the 

addition of tetraethyl ammonium bromide (TEAB, 10 mM final concentration). After 

a further 4 hours the cells were harvested at 4°C by centrifugation at 6,000 g for 20 

min and frozen at -20°C until use. 

6.2.2 Purification 

The pellet from 6 Lof E. coli was resuspended in 40 mL of phosphate buffered saline 

(PBS) (140 mM NaCl, 50 mM NaHzP04, 50 mM NazHP04, pH 7) supplemented with 

0.2 mg.mL-1 lysozyme, 0.02 mg.mL-1 DNase, 1 mM PMSF and 5 mM MgC]z and 

incubated for 30 minutes on ice. The cells were subsequently broken by sonication on 

ice for 6 minutes with a 50% duty cycle. The sample was then centrifuged at 16,000 g 

for 30 minutes at 4°C to remove unbroken cells and other cellular debris . The 

supernatant was th en decanted and centrifuged at 100,000 g for a further 90 minutes 

at 4°C resulting in a crude membrane pellet. The pellet was retained and resuspended 

in 50 mL of extraction buffer (PBS pH 7.4 with 20 mM imidazole, 0.9% w/v 

Sarkosyl) and left to stir gently in the cold room for 4h . The solubilised fraction was 

then passed through 0.44 f-tm filter and loaded onto a pre-equilibrated 1 mL HisTrap 

column (GE Healthcare Life Sciences, Little Chalfont, UK) on a continuous loop 

overnight. The column was then washed with 20 mL of wash buffer (PBS, 0.15 % 

w/v sarkosyl, 20 mM imidazole, pH 7.4) and eluted with elution buffer (PBS, 0.15 % 

w/v sarkosyl, 600 mM imidazole, pH 7.4) . Protein concentration was determined by 

BCA assay and/or OD280 assuming an extinction coefficient of 35 ,935 M-1.cm-1
• 
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The purity of the samples was ascertained on a 12 % SDS-PAGE gel. Prior to loading 

samples were heated to 90 oc for 5 minutes in reducing gel loading buffer. Gels were 

either stained with Commassie Blue and visualised on a Odyssey® Classic Infrared 

Imaging System (Li-Cor Biosciences Ltd ., Cambridge UK) at 700 nm or transferred 

onto nitrocellulose membranes (1 h at 1 OOV) for Western blot analysis. The 

nitrocellulose membrane was probed with a monoclonal anti-po lyhistidine antibody 

produced in mouse (Sigma-Aldrich Company Ltd. , Doreset, UK), which targeted 

hexahistidine tag. Binding was monitored with the quick Western Kit-IRDye® 

680RD and imaged on an Odyssey® Classic Infrared Imaging System at 700 nm. 

6.2.3 Mass Spectrometry 

The purity of the bERG pore domain was confinned by mass spectrometry. Aftcr the 

purification, the sample was desalted from imidazole with SpinTrap PD-1 0 desalting 

column (GE Healthcare Life Sciences, Little Chalfont, UK) by using a buffer with 0.9 

% sarkosyl in water. A vo lume of desa lted sample correspond ing to 1 mg of protein 

was then mixed, with 4 volumes of methanol, 1 volume of chlorofonn and 3 volumes 

of water, let on ice for 2 minutes before a l 0 minute centrifugation at 8,000 g. The 

upper fraction was removed carefully because the proteins are at th e interface. Then, 

3 volumes of methanol were mixed with the lower fraction before another 

centrifugation of 10 minutes at 8,000 g. The protein pellet was removed from the 

supernatant and kept on ice before use. 

Mass spectra were recorded on an LCT™ (Waters, Elstree, UK) orthogonal 

acceleration time-of-fl ight mass spectrometer fittcd with a nano-electospray source. 

The hERG pore domain in DMSO/H20 /HCOOH (95/4/ 1) (20 pmol.1 . .tr 1
, 5 Ill ) was 

loaded into borosilicate capillaries ( 1.2 mm o.d. x 0.69 mm i.d.) (Clark 

E lectromedical In struments, Reading, UK) that had been drawn to a fine tip us ing a 
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microelectrode puller (Narishige, Tokyo, Japan) and sputter-coated with 

gold/palladium. Spectra were recorded in the positive ion mode between 500-2000 

rnlz using the following instrument settings: capillary 1200 V, sample cone 40 V, 

extraction cone 9 V, source temperature 80 °C. Typically, 100 spectra were combined 

and deconvoluted using the maximum entropy algorithm MaxEnt™ (Micromass, 

Altrincham, UK) to give relative molecular mass spectra over the range 10,000-

50,000 Da at 1 Da resolution. Spectra were extemally calibrated using myoglobin 

spectra recorded under identical conditions immediately after each sample. 

6.2.4 Circular Dichroism Spectroscopy 

Samples for circular dichroism (CD) spectroscopy were buffer exchanged into 5 mM 

phosphate buffer, pH 7.4 containing 0.15 % sarkosyl using a PD10 column and had a 

final concentration of 0.2 mg.mL-1
• Samples were transferred into a 0.01 mm path 

length cuvette and far-UV CD spectra recorded from 300 to 190 nm on a Jasco J720 

Spectrophotometer (Jasco, Great Dunmow, UK). Spectra were acquired with a scan 

rate of 100 nm.minute-1
, with 1 nm step resolution and averaged over 10 

accumulations. 

6.2 .5 Reconstitution for the Electrophysiology 

The hERG pore domain was reconstituted into 100% POPG vesicles with a 

lipid/protein molar ratio of 2,000:1. A solution of DOPC and POPG lipids (1: 1 molar 

ratio, 6 ~tmoles total lipid) in chloroform solution was dried 2-3h under high vacuum. 

The resulting lipid film was th en hydrated with 1 mL of hydration buffer ( 150 mM 

KCI , 10 mM HEPES, pH 7.4) containing 40 mM ~-D-octyl glucoside (OG) and 
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sonicated with a bath sonicator until a clear so lution was obtained. Then, 20 11g of 

hERG pore domain in 0.9% of sarkosyl and PBS buffer was added to the OG

solubilized lipids to give a molar ratio of lipid/hERG tetramer of 2,000:1. Detergent 

molecules were then removed through the addition of two batches (80 mg each) of 

SM-2 Biobeads (mesh size 20-50, Bio-Rad, Hemel Hempstead, UK) with 1 hour slow 

mixing after each addition. The slow removal of the OG and sarkosyl by the 

Biobeads was associated with the formation of proteoliposomes that were 

subsequently decanted from the Biobeads and kept on ice until use. 

6.2 .6 Electrophysiology with Montai Mueller Method 

Lipid bilayers were fom1ed in a shaped aperture of - 85 11m diameter in a 50-f.Lm thick 

sheet ofParylene-coated SU8 photopolymer, as described in (Ka lsi et al., 2014). The 

aperture was pretreated with 5% hexadecane in hexane solution and gently dried 

under a nitrogen gas flow. The sheet was clamped in between two Teflon chambers of 

1.2 mL vo lume. After filling the chambers with buffer solution (150 mM KCI and 10 

mM HEPES pH 7.4), 5 f.LL of POPG in chlorofonn so lution (20 mg.mL-1
) was placed 

on top of the buffer so lution and all owed to evaporate (20-25 minutes) to produce a 

lipid mono layer at the buffer-air interface. Ra ising and lowering of the buffer solution 

in both compartments produced a lipid bilayer at the aperture, which was observed as 

an increase in the measured capacitance. Following formation of a bilayer, 5 f.LL of a 

suspension of DOPC/POPG (1 / 1 molar ratio) vesicles with reconstituted bERG pore 

domain wa added to one chamber, and the current across the membrane was 

monitored . If channel activity was not observed directly, the bi layer was broken and 

reformed , add ing add itional vesicles if necessary. Current and capacitance recordings 

were performed with Ag/ AgCI wirc electrodes connected to the CV -1 03BU 

headstage of an Axon Axopatch 200B amplifier and Digidata 1440A digitizer. The 
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bilayer current was measured at 5 kHz bandwidth and digitized at 50 kHz. Data was 

analyzed with Clampfi t 10.4 software after applying a 50 Hz or 20 Hz low-pass 8-

pole Bessel fil ter. 

6.3 Results and Discuss ion 

6.3 .1 Express ion of the hERG Pore Domain 

Following transformation into BL21 pLysS, the bacteri a were grown to an OD6oo of 

1.0 prior to induction. Conditions fo r optimal protein express ion were detem1Ïned by 

monitoring bacterial growth and the levels of protein expression by Western blot 

analys is. Preliminary studies sugges ted that induction of expression of the hERG pore 

domain was tox ic to the cell as ev idenced by reduced growth rates (data not shown). 

Over express ion of eukaryotic integral membrane proteins is w idely acknowledged to 

be tox ic in E. coli due to the limited membranes ava ilable for protein insertion and 

significant di fferences in protein insertion machinery (Martinez Molina et al., 2008; 

Wagner, 2008; Wagner et al., 2007). In this instance however, we postulated that 

expression of the functi on pore domain from hERG would contribute to the toxicity 

increasing the permeability of the bacterial membrane to K+ ions. Accordingly, 

expression was optimised across a range of conditions including reduced 

temperatures and IPTG levels thereby reducing rates of protein expression potentially 

allowing greater time for insertion of the membrane protein, and through the addition 

of sub lethal levels of K+ channel-blockers such as TEAB to miti gate the effects of 

hERG pore domain over express ion. Finally, optimal bacterial densities and levels of 

pro te in expression were obtained followi ng express ion for 4 hours at 3 7 oc in the 

presence of 1 mM IPTG and 1 0 mM TEAB as demonstrated by the presence of a 
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band at approximately 15 kDa, close to the predicted monomenc protein, m the 

Western blot of the bacteriallysate (1 tguro..·s 6.2.\-B. Lanc 2). 
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Figure 6.2 Coomassie stained (A) and Western (B) detected SOS-PAGE 
showing express ion and purification of the hERG pore domain. Markers (M); who le 
ce l! (pre-induction), Jane 1; who le cell (post-induction), lane 2; solubilized membrane 
fraction, lane 3; Flow through, Lane 4 ; Column wash, Lane 5; Elution fractions 1 and 
2, Lanes 6 and 7 respectively. 

Fo llowing the so lubili sation of the crude membrane fract ion in sarkosyl (l"tgurc (, 2 A.

B. L ct no.. \ ), the hERG pore domain is retained in the solubil ized ma teri al consistent 

with its expression and inserti on into the bac teri al membrane. The His tagged bERG 

pore domain binds with higb affinity to the Ni affinity column, with little/no 

solubilised materi al apparent in either the Commassie stained gel or the Western blot 
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of the flow through or column wash. Elution with 600 mM imidazole resulted in 

strong bands at approximately 15 k.Da close to the predicted molecular weight of a 

subunit from the hERG pore domain ( l-Igure 6.2 A.-8. La ne 6-7). Typically, 2.5 mg of 

hERG pore domain were obtained from 1 L of E. coli culture. 

6.3.2 Mass Spectrometry 

To confirm the nature of the purified bERG pore domain and ascertain that it was free 

of any modification we determined the molecular weight by electrospray mass

spectrometry. The predicted mass of the bERG pore domain with a hexahistidine tag 

preceding the N-tem1inus is 18,238 k.Da (Expasy Protparam (Gasteiger et al., 2003)). 

The electrospray mass spectrum of the bERG pore domain is shown in F 1gur-: (J ~ '\ . 

Charged species are detected with m/z ratios ranging from + 10 to + 19. Deconvolution 

of this spectrum with MaxEnt (1-igurL' 6.38) (Ferrige et al. , 1991) gives rise to two 

species the first corresponding to a protein with mo1ecu1ar weight 18,106 Da and the 

second 36,211 Da. The first of these is consistent with the molecular weight predicted 

for the hERG pore domain and associated affinity tags after the remova1 of the first 

methionine during expression. The second of these peaks correspond to the dimeric 

form of the protein highlighting that even under the harsh conditions under which the 

mass spectrometry has been cooducted there is still a tight association between the 

bERG subunits. This dimeric peak is not a harmonie artefact of the maximum entropy 

deconvolution because peaks correspooding to the odd-numbered charge states of the 

dîmer can be seen in the multiply-charged spectrum (Figure 6.3A). These results 

indicate that the hERG pore domain run anomalously on SOS-PAGE appearing with 

a molecular weight 3-4 k.Da lower than expected. 
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Figure 6.3 Electrospray mass spectrum of hERGss-S6· (A) Spectrum showing 
the mass to charge ratios of the spec ies after eiectrospray mass spectrometry. The 
labelled peaks indicate the multiply charged states of hE RGss-S6· Charge states 
la be lied 'd ' represent tho se arising from the di mer. Data has be en normalised to the 
value obtained for the largest peak. (B) The deconvoluted spectrum shows two peaks, 
one at 18. 106 kDa corresponding to the molecular weight of the hERGss-s6 without 
one methionine and the second one at 36.211 kDa corresponding to the dimer without 
one methionine per monomer. 

6.3 .3 Circular dichroism Spectroscopy 

CD was used to determine the secondary structure of hERG pore domain in sarkosy l 

micelles . The spectrum of the hERG pore domain in sarkosyl possesses two minima 
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at 208 and 220 nm and a max imum at 195 nm consistent with the fo rmation of a 

predominantly helical structure ( llt!un.: 6 -1- ). Secondary structure analys is w ith the 

ContinLL w ith Basis Set 7 in the Dichroweb analys is webserver (Whitmore & 

Wallace, 2008) returned helical contributions of 48.8%, strands of 6%, turns of 

17.4% and unordered of 27 .5%. Su ch an analys is is consistent w ith the annotation 

predicted in the UniProt database, suggesting that within the sarkosyl micelles the 

protein adopts a well-fo1ded conformation. 
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Figure 6.4 CD spectrum of hERGss-s6 (0.45 mg. mL-1
) into 0.15% sarkosyl 

revealing the expected a -he1ica1 conformation for the two transmembrane domains of 
hERG pore domain in detergent. Experimental data ( o ), with Dichroweb fit of data 
using bas is set 7 (solid tine) . 

6.3 .4 Functional Analys is of the hERG Pore Domain 

To assess whether the bERG pore domain fo rmed a functi onal channe l, the puri fied 

protein was reconstituted into lipid bilayers composed of DOPC/POPG that were 

fused with a supported lipid bilayer composed on POPG. A representative single 
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channel recording of the hERG pore domain is shown in ftgurc (1.:'A. The single 

channel recording shows multiple channel stable opening events, whose duration is in 

the order of seconds. Hi stogram analysis of the channel opening shows that the 

currents are of the order of20 pA at 150 mY applied potential, with a ± 2 pA variation 

according to halfhe ight histogram analysis ( f tgurc (l.5B). 
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Figure 6.5 Representative single channe l recording of the hERG pore domain 
reconstituted into aperture-suspended POPG bilayers, measurement buffer 150 mM 
KC l, 10 mM HEPES, pH 7.4, applied voltage 150 mY, low-pass filter 50 Hz (A). 
Histogram analysis of the conduction events, after applying a 20 Hz low-pass filter, 
for the pore domain of hERG reconstituted into POPG bilayers (B). 

Comparison with ingle channel patch clamp data of full-length hERG hetero logous ly 

expressed in Xenopus oocyte membranes indicates a s lighter high conductance than 

the full-length channel, a lthough the open state persisted fo r a sim il ar timc w indow 

(Kiehn et al., 1996; Liu et al. , 2004). As expected, in contrast to the full-length 

channel pos e sing the voltage-sensing domain, pronounced rectification was not 

observed (data not shown). 
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6.4 Conclusion 

A major obstacle to understanding the functi on and pham1aco logy of the hERG K + 

channel at the molecular leve! has been the absence of a suitable express ion and 

purificati on strategy with which to obtain functional channels in quantities suffi cient 

to support biophys ical studi es. Here we describe, a readily scalable protocol for the 

express ion and purification of the hERG pore domain that allows the extraction of 

milligrams of protein per litre of culture. Preliminary biophysical characterisation 

indicates that upon isolation the pore domain retains its native fo ld. Furthermore, 

upon reconstitution into lipid bilayers, single channel recordings demonstrate that the 

pore domain exibits s ingle-channel gating characteristi cs typical of potass ium 

channels with a conductance similar to the single-channel conductance of fu ll-length 

hERG as measured by oocyte patch-clamp electrophys iology (Ki ehn et al., 1999, 

1996) . We therefore postulate that the express ion system described, despite the 

absence of the voltage-sensing and extra-membranous domains, will permit further 

biophysical studies, including hERG pore modulation by a range of pharmaceuti ca ls, 

providing valuable insights in the structure, functi on and off-target drug modulation 

of full -length hERG. 
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CHAPTER VII 

CONCLUSION AND OUTLOOK 

The results of this thesis brought techniques to improve the steps of expression, 

solubilization and reconstitution of membrane proteins. The methods developed can 

be splitted into two categories : the development and characterization of mode! 

membranes and the elaboration of a protocol to express the pore domain of an 

important eukaryotic potassium channel. After the discussion of these two methods, a 

section on the limits of the madel membranes, and the promising whole cell system 

will be discussed. 

7.1 Development and Characterization of Madel Membranes 

Two madel membranes were used for developing methods to improve the steps of 

solubilization and reconstitution: DMPC/DHPC bicelles, and phospholipid/ 

MAPCHO bicelles. 

7.1.1 DMPC and DHPC Bicelles 

Bicelles made of DMPC/DHPC are often used at low molar ratio q (Jess or equal to 

0.5) and at concentrations below 150 mM (Bocharov et al., 2008 ; Chartrand et al. , 
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201 0; Fa ham et al. , 2009; Grave) et al., 20 13; Mineev et al., 2011 ; Surya et al., 20 13 ; 

Void et al. , 1997) , assuming that they are still bilayers. In this thesis, by using NMR, 

FTIR and molecul ar dynamic simulations, we were able to defi ne the limi ts of the use 

of isotropie bicelles to maintain thi s bilaye r. From the results, it is recommended to 

work at molar ratio q greater or equal to 1 and ideally, at concentrati ons greater than 

150 mM. These concentrations are weil above the CBC of - 6 mM detennined by 

NMR spectroscopy. 

An attempt to go fu rther with this proj ect would be to add a membrane peptide or 

protein to DMPC/DHPC bicell es. This might affect the thresho lds of molar rati o q 

and concentrati on, since it would add a substanti al hydrophobie portion. For example, 

the bilayer section could be disrupted and changed into mixed micelles fo llowing the 

additi on of a peptide, or contrarily, the proteic segment could tri gger the adoption of a 

bilayer around it. A similar study with severa! di fferent membrane peptides should 

help retine these boundaries, a lthough the insertion of membrane peptides ca n lead to 

di ffe rent results from one to another. 

However, there is a limitation to the DM PC/DHPC bicelle system. It does not seem to 

be suitablc for large membrane proteins since most of the studies in the literature 

were done w ith peptides or small membrane proteins (De A ngeli s et al., 2004; 

Howard & Opell a, 1996; M arcotte & Auger, 2005; Sanders & Landi s, 1995; Triba, 

Zoonens, et al. , 2006). Moreover, sorne membrane proteins might be inso luble in 

DHPC micelle such as TM0026 (Columbus et a l. , 2009). 

7.1.2 Phospho lipid and MAPCHO Bicelles 

To improve the so lubilisation of membrane proteins and allow their study in bicellar 

sys tem, DHPC was replaced by detergents from the MAPCHO fa mily of which DPC 
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is known for its ability to solubilize membrane proteins. We developed MAPCHO

based bicelles continuing on from what has been do ne by Lu et al. , 20 12; Nolandt et 

al. , 2012. 

The low CMCs of MAPCHO detergents (1.5 mM for DPC12 and 0.12 mM for 

TPC14 (Sanders & Sonnichsen, 2006)) are attractive to overcome the issues 

associated with the dilution of DMPC and DHPC bi celles. During this thesis we were 

able to obtain lower CBCs with MAPCHO-based bicelles compared to classical 

bicelles. The CBC with DPC12 and TPC14 were -0.8 and -0.07 mM, respectively. 

Magnetically-oriented bicelles were formed for temperatures from 12 to 77°C, molar 

ratio q from 1.2 to 3.4, detergent chain-length from 12 to 16 carbons and 

phospholipid chain-length from 12 to 18 carbons. These bicelles can be flipped with 

lanthanides and dopped with anionic lipids (bicelles with DMPC/DMPS/DPC). 

This systematic study could allow establishment of an empirical criterion which 

could predict whether a given surfactant-phospholipid pair will fom1 bicelles. For this 

purpose, we calculated the ratio of hydrophilic-to-hydrophobic volume ratios. For 

example, this ratio was - 1 for bicelles of lipids and MAPCHO detergents and - 0.4 

for long- and short-chain phospholipids bicelles. 

The reconstitution of pro teins into lipid systems is usually preceded by the removal of 

the solubilizing detergent from the medium . To assess the feasibility of this system as 

a direct model membrane system for reconstitution, we solubilized water-insoluble 

pore helices peptides of potassium cham1els into DPC micelles, followed by the 

addition of DMPC. The co-solubilization of the pore helices peptides with DMPC 

into chloroform, methanol and trifluoroethanol was partial, since particles remained 

in suspension. In comparison, the samples of the peptide with DPC micelles and 

bicelles were transparent without visible particles. This project allowed data to be 

obtained on the structure of these peptides and the ir interaction with membranes . 
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Altogether, these results provide a better understanding of the behav ior of the bicell es 

and their boundaries. MAPCHO bicelles have the potential to be suitable for the 

study of membrane proteins, such as hE RG . Indeed, the MAPCHO detergents will be 

used alone first, to weil solubilise the membrane proteins and then the phospholipids 

will be added to fonn the bicelles. However, this hypothesis needs to be verified. 

7 .1.3 Pore Heli ces of hE RG and Kv 1 .5 

By testing the potenti al of the MAPCHO bicelles with the pore heli ces peptides, 

interesting results were obtained. Thi s comparative study identified a di ffe rence of 

behavior between the membrane interac tion of the bERG and Kv 1.5 peptides . The 

Kv 1.5 pore helix interac ts more strongly with zwitterionic bi celles wh ile the hERG 

interacts more extensively with the negative charged lipid bilayers. 

The bERG peptide has a stronger effect on anionic bi celles compared to ves icles, 

which highlights a potenti al partial solubilisati on of the pore helix of hERG direc tly 

in vesicles . The solubilisation by DPC or its presence might fac ili tate the interacti on 

of the hERG with the bicelles. 

The interaction of the hERG peptide with the anioni c bilayer might be associated 

with its positive KDK moti f. This binding may induce a perturbation of the structure 

of the hERG pore helix, altering the stabili ty of the selectivity fil ter, and thus lead to a 

regulation of the ga ting. 
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7.2 Elaboration of a Protocol to Express the HERG Pore Domain 

Despite the chall enges that may constitute the express ion of a eukaryotic membrane 

protein in a prokaryotic system, a protocol was developed. This protocol Jeads to 2 .5 

mg of hERG pore domain per liter of LB . The molecular weight of the hERG 

segment was verified by mass spectrometry, the a -helical secondary structure by 

circular dichroism, and the activity was shawn by the observati on of gating events. 

From this protocol, an expression of the full transmembrane domain (S 1 -S6) and/or 

the full-Jength hERG channel could be tested and optimized. 

The quantities of protein obtained for the hERG pore domain are suffi cient to support 

structural studi es, either by NMR with 13C- 15N labelled sample or by X-ray 

crystallography. It will also permit further biophys ical studi es, including hERG pore 

effects induced by a range of pharmaceuticals, prov iding valuable insights in the 

function and off-target drug modulation of the hERG channel. The interactions of the 

isotopically labelled hERG pore domain with LQTS-prone drugs could be studied by 

monitoring changes in 13C chemical shifts using 2D 13C- 13C-NMR experiments for 

example. Moreover, the affini ty of the hERG channel with anioni c lipids could be 

verified similarly to what is described in Chaptc1 \' . 

A relevant progress ion from the results obtained in this thes is will be to reconstitute 

the hERG pore domain either in MAPCHO-bicelles by extracting and solubilizing the 

protein with DPC or TPC followed by phospholipid addition, or in sarkosyl-based 

bicelles by adding phospholipid to the mixture of hERG pore domain and sarkosyl 

after the purification process. Unpublished results in our laboratory have shawn the 

feasibility of sarkosyl!PC bi celles. 
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7.3 Mode! Membrane Limitations and Prospects 

Mode! membranes, simplified mimetics of the native membranes, are useful to obtain 

structural and functional information on membrane proteins and peptides . However, 

the lipid and protein diversity, dynamic interactions with other constituents of the 

membrane and the asymmetry of the membrane are not represented. lt could be 

interesting to introduce such complexity in membrane protein studies. With increased 

understanding of membrane systems, it might be possible to use specialized mode! 

membranes that encompass ali essential molecules (lipid and other protein partners) 

needed for the structure and the function of the mol ecule of interest. 

Another relevant approach will be to get information on the molecule(s) of interest 

direc tly in the cellular membrane. Thus, steps of extraction, solubilization and 

reconstitution would not be needed. However, in situ or even in vivo investigation of 

the whole cell is confronted by the complexity and dynamics of the natural 

biomembrane, which will lead to an overload of infom1ation. For clarity, in vivo is 

used for molecules studied within its organism (unicellular) while in situ refers to 

molecules studied in a unicellular host. In situ or in vivo investigations are becoming 

possible w ith solid-state NMR combined with labelling techniques to study lipids, 

carbohydrates and membrane proteins (Arnold et al., 20 14; Bal dus, 20 15; Miao et al. , 

2012; Renault et al., 2012; Tardy-Laporte et al. , 2013; Ward et al., 2015). As an 

example, the seven transmembrane helical microbial photosensor Anabaena sensory 

rhodops!!: '.'.'as assig!:ed at 40% by NMR Ü! the ir1...ner membn:me of P. rn li (H:::tlrllls, 

20 15) . Even if most of the studies are restricted to bacteria , other intact membranes 

were analyzed , such as microalgae ce l! membranes (Arnold et al., 20 14) and plant 

cell walls (Wang et al. , 2013). 

Despite the complexity of in situ investigation of whole cells due to the overload of 

infonnation, it is an appealing idea . This technique wi ll a llow omi sion of 



187 

reconstituti on and solubilisation steps. Future improvements of labelling protocols 

and in vivo solid-state NMR techniques have great potential to help better understand 

the native conformation and function of membrane proteins. As ever in the structural 

and functi onal studies of biologica l molecules new methodologies often start from 

bacteria (i.e. E. coli) then extend to other simple systems such as yeast before 

reaching mammal and human cells. Although the study of a molecule in a cell from a 

multicellular organism remains an in vitro investigation, it is nevertheless a step in a 

more compl ex and representative direction compared to studies in mode! membranes. 

Experi ments on molecules in intac t cells - which take into account the presence of ali 

constituents - will certainly prov ide insights on their structures and functions w hi ch 

are not yet attainable since most studies are done in model systems. Info rmation 

obtained us ing intact cells could a Iso provide a better understanding of diseases such 

as the LQTS. For example expos ition of human cardiac cell lines overexpress ing the 

full-l ength hERG channel in their membrane to LQTS-prone drugs in the culture 

medium would give valuable data on drug-protein interactions in a native-like 

environment. This would be a step fo rward in the development of new and safer 

treatments. 
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