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Foreword

Membrane proteins are involved in fundamental biological processes like ion, wa-
ter, or solute transport, sensing changes in the cellular environment, signal transduc-
tion, and control of cell-cell contacts required to maintain cellular homeostasis and 
to ensure coordinated cellular activity in all organisms. Because of the importance 
of these proteins to living cells, their dysfunctions are responsible for numerous 
pathologies like cancer, cystic fibrosis, epilepsy, hyperinsulinism, heart failure, hy-
pertension, and Alzheimer diseases. However, studies on these and other disorders 
are hampered by a lack of information about the involved proteins. Knowing the 
structure of these proteins and understanding their molecular mechanism is not only 
of fundamental biological interest, but also holds great potential for enhancing hu-
man health. This is of paramount importance in the pharmaceutical industry, which 
produces many drugs that bind to membrane proteins and which recognizes the po-
tential of many recently identified G-protein-coupled receptors (GPCRs), ion chan-
nels, and transporters, as targets for future drugs. 

Fifty percent of all drug targets are GPCRs, which is one of the largest and 
most diverse membrane protein families. Whereas high-resolution structures are 
available for a myriad of soluble proteins (more than 42,000 in the Protein Data 
Bank), atomic structures have so far been obtained for only 424 membrane pro-
teins. Remarkably, this number is growing exponentially with 100 new structures 
determined in the last two years. However, only ten percent of membrane protein 
structures are derived from vertebrates. Indeed, the majority of medically and phar-
maceutically relevant mammalian membrane proteins are present in tissues at very 
low concentration, making production of recombinant proteins in heterologous sys-
tems suitable for large-scale production a prerequisite for structural studies. For the 
majority of mammalian membrane proteins, the production of soluble, stable and 
correctly folded protein is challenging. The breakthrough occurred in 2005 with 
the two first atomic structures of recombinant mammalian membrane proteins ob-
tained from proteins overexpressed in yeast: the calcium ATPase from sarcoplasmic 
reticulum SERCA1A and the Kv1.2 voltage-gated potassium channel. Since then, 
extensive optimization of heterologous expression systems, stabilization tools, and 
structural analysis methods has begun to bear fruit, and the structure of 37 recombi-
nant mammalian membrane proteins have been solved.
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With this book, we compiled some advances in heterologous expression systems, 
stabilization tools and structural methods that contributed to the growing number 
of recombinant integral membrane protein structures solved these in the past few 
years.

It will also facilitate the structural analysis of many other membrane proteins. 
I want to thank the authors of each chapter for their contribution to this book. I 
want to thank the authors of each chapter for their contribution to this book, which 
should be of strong interest for people who wish to produce membrane proteins for 
structural analysis.

Isabelle Mus-Veteau

Foreword
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Preface

Structural biology of integral membrane proteins has been in the limelight ever 
since the first 7 Å resolution three-dimensional structure of bacteriorhodopsin was 
determined by electron crystallography and published in 1975. Since then, there 
have been incredible advances in our ability to express any membrane protein in 
heterologous expression systems and purify them in a functional form suitable for 
crystallization. Some membrane proteins have proven to be amenable for struc-
tural analysis. We now have a wealth of information on the structure and function 
of bacterial ion channels, transporters, respiratory complexes, and photosynthetic 
assemblies, which has led to the award of a number of Nobel Prizes, highlight-
ing the importance of these proteins in biology and the difficulty in determining 
their structures. Nevertheless, structure determination of mammalian membrane 
proteins has proven much more difficult, but in the last five years there have been 
dramatic advances in our understanding of why these proteins are more difficult 
than their bacterial counterparts. This has been demonstrated most graphically with 
the structure determination of G-protein-coupled receptors (GPCRs), where a series 
of complementary and generic engineering and crystallization methodologies have 
been developed in different laboratories around the world, making it possible to 
determine the structure of any GPCR provided that enough authentically folded 
receptors can be expressed.

Expression of many integral membrane proteins remains challenging. Hu-
man membrane proteins often require molecular chaperones to fold correctly in 
a process that may take hours, and the proteins may be far less stable than their 
bacterial homologues. Thus the challenge of producing milligrams of correctly 
folded protein remains. This volume addresses many of the problems associated 
with producing membrane proteins and more importantly how to purify them in a 
functional form using stabilizing detergents and detergent mimetics, allowing sub-
sequent biophysical and structural analyses. Every membrane protein behaves in 
its own unique fashion, with quirks and peccadilloes enough to make each protein 
a challenge to express, purify, and crystallize. Thus the more tools we have in our 
toolbox of protocols for handling membrane proteins, the greater chance we have 
of making even the most wayward membrane protein behave.
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Structural biology of membrane proteins is entering a new era. Electron cryo-
microscopy was recently used for the first structure determination of an integral 
membrane protein to 3.4 Å resolution by single particle analysis; in the next few 
years as technology develops, this will become easier and promises the possibility 
of determining structures of any protein over about 250 kDa in size without the 
need for crystallization. The X-ray free electron laser has shown how high-resolu-
tion structures can be determined from micron-sized crystals of membrane proteins 
using only a few hundred micrograms of purified protein. New developments in 
electron diffraction of sub-micron crystals also show great promise for future struc-
tural analyses. Structure-based drug design for GPCRs is a reality, with multiple 
structures being determined of a single receptor bound to different drug candidates. 
However, if you cannot express and purify your membrane protein of interest in a 
biologically relevant state, then these great advances are superfluous. Thus, there 
will always be the need for improvements in expression systems and for careful 
biochemical analysis of the proteins produced.

Christopher G. Tate
16th January 2014
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1.1 Introduction

Integral membrane proteins (IMPs) account for roughly 30 % of all open reading 
frames in fully sequenced genomes (Liu and Rost 2001). These proteins are of main 
importance to living cells. They are involved in fundamental biological processes 
like ion, water, or solute transport, sensing changes in the cellular environment, 
signal transduction, and control of cell–cell contacts required to maintain cellular 
homeostasis and to ensure coordinated cellular activity in all organisms. IMP dys-
functions are responsible for numerous pathologies like cancer, cystic fibrosis, epi-
lepsy, hyperinsulinism, heart failure, hypertension, and Alzheimer diseases. How-
ever, studies on these and other disorders are hampered by a lack of information 
about the involved IMPs. Thus, knowing the structure of IMPs and understanding 
their molecular mechanism not only is of fundamental biological interest but also 
holds great potential for enhancing human health. This is of paramount importance 
in the pharmaceutical industry, which produces many drugs that bind to IMPs, and 
recognizes the potential of many recently identified G-protein-coupled receptors 
(GPCRs), ion channels, and transporters, as targets for future drugs. GPCR, which 
account for 50 % of all drug targets, is one of the largest and most diverse IMP 
families encoded by more than 800 genes in the human genome (Fredriksson et al. 
2003; Lundstrom 2006). However, whereas high-resolution structures are avail-
able for a myriad of soluble proteins (more than 42,000 in the Protein Data Bank, 
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PDB), atomic structures have so far been obtained for only 474 IMPs, with 150 
new structures determined in 2012 and 2013 (see http://blanco.biomol.uci.edu/mp-
struc/), but only 10 % of the unique IMP structures are derived from vertebrates. The 
first mammalian IMPs were crystallized on to their natural abundance, circumvent-
ing all the difficulties associated with overexpression (ATP synthase, Stock et al. 
1999; rhodopsin, Palczewski et al. 2000; and Calcium ATPase, Toyoshima et al. 
2000). However, the majority of medically and pharmaceutically relevant IMPs are 
present in tissues at very low concentration, making production of recombinant 
IMPs in heterologous systems suitable for large-scale production a prerequisite for 
structural studies. In 2005, the two first atomic structures of recombinant mamma-
lian IMPs were obtained from proteins overexpressed in yeast: the calcium ATPase 
from sarcoplasmic reticulum SERCA1A in Saccharomyces cerevisiae (Jidenco 
et al. 2005) and the Kv1.2 voltage-gated potassium channel in Pichia pastoris 
(Long et al. 2005). Since then, extensive optimization of heterologous expression 
systems (Mus-Veteau 2010) has begun to bear fruit, and early 2014 the structure of 
37 recombinant mammalian IMPs were determined, of which 20 belong to GPCRs 
(Table 1.1; Venkatakrishnan et al. 2013). Impressive progress has been made in the 
2012 and 2013 with more than 21 new structures of recombinant mammalian IMPs 
determined, 13 belonging to GPCRs. The large majority of these structures were ob-
tained from IMPs overexpressed in Sf9 insect cells using recombinant baculovirus 
(21 proteins over the 37, 14 being GPCRs). From IMPs produced in the yeast ten 
structures were obtained  from Pichia pastoris and one from Saccharomyces cere-
visiae, three were determined from proteins produced in the bacteria Escherichia 
coli, two from proteins expressed in mammalian cells. Concurrently, with the ad-
vances in recombinant mammalian IMP production, improvement of the stabiliza-
tion strategies of IMPs in solution has contributed to the growing number of IMP 
structures solved. Indeed, purification of IMPs requires the use of detergents to 
extract IMPs from membrane and to maintain them in aqueous solution (in complex 
with detergents and lipids). Many mammalian IMPs are unstable in detergent solu-
tion, and finding suitable detergent and conditions that ensure protein homogeneity, 
functionality, stability, and crystallization is often a limiting and crucial step (Tate 
2010). New surfactants able to maintain IMPs in solution with less denaturing effect 
have been synthesized and are currently under development (Chap. 7 by Zoonens 
et al. and Chap 8 by Durand et al. in this volume). Among these new surfactants, 
Maltose-neopentyl glycol (MNG; Chae et al. 2010) allowed the crystallization and 
structure	determination	of	δ	(Manglik	et	al.	2012) and µ (Granier et al. 2012) opioid 
receptors. Another strategy that has been shown to be highly efficient to stabilize 
IMPs in solution is protein engineering. For the majority of the structures solved, 
N- and C-terminus, which are usually flexible or not ordered structures that can pre-
vent crystallization, have been truncated (Table 1.1). For GPCRs which are highly 
instable in solution, truncation of N- and C-terminal domains were not sufficient, 
additional strategies were necessary to stabilize these proteins: (1) the replacement 
of a flexible loop by a stable soluble protein domain such as T4 lysozyme (T4L) 
or apocytochrome b562 RIL has been a successful strategy for the determination of 
a dozen of IMP structures, (2) thermostabilizing point mutations, (3) engineering 

http://blanco.biomol.uci.edu/mpstruc/
http://blanco.biomol.uci.edu/mpstruc/
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disulfide bridges and N-glycosylation sites, or (4) a mixture of these strategies, 
e.g., serotonin receptor and smoothened structures were obtained using apocyto-
chrome b562 RIL and thermostabilizing point mutations (Wacker et al. 2013; Wang 
et al. 2013); chemokine receptor CXCR4 (Wu et al. 2010), dopamine D3 receptor 
(Chien et al. 2010), and neurotensin receptor (White et al. 2012) structures were 
obtained using T4L and thermostabilizing point mutations; and the nociceptin/or-
phanin receptor (NOP) structure was solved using both apocytochrome b562 RIL and 
T4L fusions (Table 1.1; Thompson et al. 2012). Often, it was necessary to use li-
gands, agonists, or antagonists to enhance receptor stability. Improvement in struc-
tural analysis techniques for IMPs also contributed to the exponential growth of the 
number of mammalian IMP atomic structures observed these past few years. X-ray 
crystallography is the technique which let the resolution of the most structures, and 
advances in micro-crystallography have allowed obtaining higher-resolution dif-
fraction from smaller crystals (Moukhametzianov et al. 2008). Vapor diffusion with 
hanging drops is the most commonly used crystallization strategy. However, use of 
lipidic cubic phase (LCP; Caffrey 2009) and new detergents such as MNG (Chae 
et al. 2010) has improved the likelihood of obtaining crystals. This strategy was 
applied for most of the GPCR structures. Electron diffraction allowed the structure 
resolution at atomic level of only one mammalian recombinant IMP, the aquaporin 
AQP4 (Hiroaki et al. 2005; Tani et al. 2009). Recent progresses in solution and 
solid-state nuclear magnetic resonance (ssNMR) methods (Maslennikov and Choe, 
2013) have permitted the determination of the atomic structure of three mammalian 
recombinant IMPs: the chemokine receptor CXCR1 (Park et al. 2012), the mito-
chondrial uncoupling protein UCP2 (Berardi et al. 2011), and the phospholamban 
(Oxenoid and Chou 2005; Verardi et al. 2011).

Table 1.1 reports the strategies that allowed determination of recombinant mam-
malian IMPs. Lots of tools and strategies in the field of heterologous expression 
systems, stabilization, and structural analyses are still under development. This 
chapter introduces the tools developed in the past few years to increase the number 
of atomic structure of recombinant mammalian IMPs.

1.2 Production of Recombinant IMPs

It is clear that the first and probably the narrowest bottleneck in IMP expression is 
the production of abundant quantity of material. It is true, indeed, that the majority 
of structures for vertebrate IMPs were solved from native material and not from re-
combinant ones (Stock et al. 1999; Palczewski et al. 2000; Toyoshima et al. 2000). 
On the other hand, the larger part of medically and pharmaceutically relevant MPs 
is found at very low concentration, thus rendering overexpression of recombinant 
MPs essentials for large-scale production for structural studies. In the recent years, 
the panel of possibilities for overexpression of IMPs has become larger and larger, 
from E. coli to insect and mammalian cells passing by yeast systems and in vitro 
production, in order to create the “right expression system” for each protein. Indeed, 
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IMPs are very different in structure and physical–chemical properties, thus making 
it difficult to predict the good approach. In any case, each system has pros and cons, 
and the choice is often empirical, especially with regard to the levels of functional 
protein expression. In other words, the more we have the better it is.

The most widely used organism is still E. coli (for a review, see Sahdev et al. 
2008), and since it presents disadvantages of improper folding with inclusion body 
(IB) formation, up-to-date efforts are concentrated to create new strains able to al-
low improved control on protein expression. The best-known strains are probably 
those of Miroux (Miroux and Walker 1996; see also for a review, Chap. 4 by Hat-
tab et al. in this volume) that display internal membrane proliferation in which all 
the overexpressed proteins are located (Arechaga 2000). The results from Walker’s 
laboratory still constitute the basement for engineering new strains. This is the case 
of the Lemo21(DE3) strain (Schlegel et al. 2012) in which the modulation of the 
activity of the T7 RNAP by the T7 lysozyme is the key to optimize the ratio of 
IMPs properly inserted in the cytoplasmic membrane to noninserted proteins. In this 
strain, maximizing the yields of IMPs is accompanied by reduction of the harmful 
effects of MP overexpression, resulting in stable overexpression. Moreover, IMPs 
produced in Lemo21(DE3) can be used for functional and structural studies dem-
onstrating that the overexpressed material is not only inserted in the cytoplasmic 
membrane but also properly folded.

Another approach, which seems promising for eukaryotic IMPs, relies on new 
fusion protein expression of the amphipathic Mistic protein as a cargo to drive 
IMPs to the membrane (Roosild et al. 2005). This strategy was used to express the 
chloroplast ATP/ADP transporter from Arabidopsis thaliana (NTT1) and character-
ize its transport properties (Deniaud et al. 2011). NTT1 fused to Mistic has a very 
low transport activity, which can be recovered after in vivo Mistic fusion cleavage. 
Therefore, if one considers the high yield of mature NTT1 obtained via the Mistic 
fusion approach, this becomes a valid approach for obtaining quantities of pure and 
active proteins that are adequate for structural studies.

Besides E.coli, there are other bacteria that seem to be well adapted to IMP 
overexpression, such as Lactococcus lactis and Rhodobacter sphaeroides. The first 
one is a nonpathogenic and noninvasive lactic acid Gram-positive bacterium (for a 
review, see Junge et al. 2008; Frelet-Barrand et al. 2010a, 2010b; see also Chap. 5 
in this volume). The recombinant proteins are expressed under the control of the 
Nisin-inductible promoter (NICE system), and the access to new technology as 
the gateway one renders possible efficient cloning strategies. Recently, it has been 
shown that the Mistic fusion can be used to facilitate high-yield production also in 
L. lactis (Xu et al. 2013).

The prokaryotic systems we have described above are the ones giving the largest 
amount of recombinant proteins, even if often not in a functional form, since post-
translational modifications are needed. Many eukaryotic IMPs are indeed unstable 
during purification and detergent manipulation even if the barrier of the poor over-
expression can be overcome with generic strategies (Bill et al. 2011). Moreover, 
there are bacteria able to overcome this step, as an E. coli strain that allows glyco-
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sylation (Chen et al. 2012), but nevertheless it is often necessary to turn to eukary-
otes to assure the best ratio of produced versus functional protein.

The tendency is now to use systems which are closer and closer to the native 
environment of the protein we want to express: yeast, plant, insect, and mammalian 
cells seem to trace an approach route to the most effective strategy.

Yeasts are able to perform various post-translational modifications including 
proteolytic processing of signal sequences, disulfide-bond formation, acylation, 
prenylation, phosphorylation, and certain types of glycosylation that are crucial for 
activity and folding. Although the lipid composition of yeast membranes is similar 
to higher eukaryotes, the absence of specific sterols, e.g., cholesterol for mamma-
lian proteins, might affect protein functionality. Ergosterol, the predominant sterol 
in yeast, compensates for some mammalian proteins, but for full activity, presence 
of cholesterol might be essential (Tate et al. 1999). S. cerevisiae has been largely 
employed for eukaryotic MPs due to the well-known genetic composition, the large 
number of available strains, and the facility to tune expression via inducible pro-
moters. Nevertheless, S. cerevisiae is not easy to handle in fermenter condition, and 
for this reason, attention has been focused on other yeasts such as P. pastoris that 
can reach high cell density and have the same “good heterologous MP producer 
potential” as S. cerevisiae. Quite a lot of efforts are now concentrated to decipher 
the physiological response of yeasts to MPs’ overexpression. To this end, Bonander 
et al. (2005) studied the impact of pH and temperature on the expression of Fps1p, a 
glycerol uptake/efflux facilitator, and they demonstrated that optimal conditions for 
growing are not always profitable for functional, overexpressed MPs. Optimizing 
culture conditions to the end of MPs’ production seems to be a real opportunity for 
both P. pastoris and S. cerevisiae (for a review Bonander and Bill 2012).

Going upward to the “best adapted” expression system, it is easy to run into 
baculovirus/insect cell expression system, which is a kind of compromise between 
bacterial and mammalian cells. This system is well adapted for eukaryotic proteins 
because of similar codon usage, better expression levels, and fewer truncated pro-
teins. Moreover, insect cells allow post-translational modifications that are closer 
to those of mammalian cells than those produced by bacteria or even yeast (Jarvis 
and Finn 1995). Briefly, the baculovirus system relies on the infection of insect cell 
lines (usually Sf9, Sf2) by recombinant viruses encoding the gene(s) of interest. 
Improvements in recombinant baculovirus generation have been implemented over 
the past two decades (Condreay and Kost 2007), including a system (BacMam, In-
vitrogen) which allows baculovirus-based expression in mammalian cells.

Recently, structures of mammalian IMPs as bovine rhodopsin (Standfuss et al. 
2007; Standfuss et al. 2011; Deupi et al. 2012) and the human ammonia transporter 
RhCG (Gruswitz et al. 2010) have been determined upon overexpression in mamma-
lian cells (Table 1.1). Different approaches using transient or stables cell lines could 
be used, the first being relatively rapid to settle and the second much longer. More-
over, the choice of the promoter—inducible or constitutive—together with the choice 
of the cell line is critical for the good issue of the study (Andrell and Tate 2013).

A paradigm of the importance to find the right expression system has been de-
scribed for the serotonin transporter (SERT; Tate et al. 2003). The most detailed 
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study on different expression systems on a unique protein, indeed, is the one on 
SERT. This protein needs glycosylation to be correctly folded in the presence of 
calnexin (Tate et al. 1999), and has a strict requirement for cholesterol. For evident 
reasons, E. coli and yeast are inappropriate to overexpress SERT, and insect cells, 
even though they have the entire requirement for a correct expression, led to an 
inactive protein (Tate et al. 1999). The same group turned the effort to mammalian 
systems (Tate el al. 2003), and they succeeded with the tetracycline-inducible sys-
tem (Andrell and Tate 2013).

Last but not the least, cell-free (CF) systems are evolving as a valid alterna-
tive in IMP expression. The most classical extracts from E. coli and wheat germ 
are used routinely for structural approaches as they tolerate additives for the co-
translational solubilization of CF system-expressed IMPs. The palette of molecules 
for protein solubilization in CF systems is now very varied and is increased by the 
possibility of compounds mixture (Park et al. 2011; Bazzacco et al. 2012; Junge 
et al. 2010; Ma et al. 2011). A valid alternative to tensioactifs is the insertion in 
lipid bilayer or nanodiscs (Periasamy et al. 2012; Roos et al. 2012). In the past 
years, CF system-produced MPs have been used for structural studies, particularly 
NMR spectroscopy as the case of the C-terminal fragment of human presenilin-1, 
a	subunit	of	the	γ-secretase	complex	(Sobhanifar	et	al.	2010b). CF systems also al-
low the expression and the structural evaluation of membrane complexes such as 
ATP synthase, which results in a fully assembled complex in the CF system in the 
presence of detergents (Matthies et al. 2011). CF system-expressed MPs also gave 
some promising results in crystallization: the human voltage-dependent anion chan-
nel-1 structure was solved at low resolution (Deniaud et al. 2010) and the structure 
of a eukaryotic rhodopsin was solved after in vitro production in the presence of a 
mixture of lipids and detergents (Wada et al. 2011). CF systems are then a power-
ful approach to produce difficult proteins such IMPs, and their development passes 
through efficient CF extract sources, which are essential for the preparative-scale 
CF system production of post-translationally modified proteins (for details, see 
Chap. 2 by Proverbio et al. in this volume).

In conclusion overexpression of IMPs is, in a sense, fighting against evolution 
since most IMPs have not evolved to be abundant a few thousand copies per cell. 
Is that the reason why we are obliged to circumvent the bottleneck and look for 
new methodology strategies? As we said before, “the more we have the better it is” 
seems to be a good sentence…

1.3  Stabilization of Solubilized IMPs 
for Structural Analysis

Aqueous solubilization, necessary for structural analysis, generally requires a deter-
gent to shield the large lipophilic surfaces displayed by IMPs. Unfortunately, IMPs 
tend to denature, aggregate, or remain unstable in detergents. The poor stability 
of the detergent-solubilized IMP in a form that is amenable for crystal formation 
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is a major obstacle to IMP structure determination. Scaffolds of the crystal lattice 
are found predominantly between the exposed polar surfaces of proteins, while the 
transmembrane parts remain buried from the detergent micelle (Fig. 1.1). Proteins 
with large extra-membranous domains are favored, and detergents that assemble 
into	 small	micelles	 such	 as	 octyl-β-d-glucopyranoside (OG) or dimethyldodecy-
lamineoxide (DDAO) are preferred in crystal trials (Prive 2007). In the past few 
years, structures of some recombinant “native” mammalian IMPs have been solved 
in OG, e.g., the aquaporin AQP4 (Ho et al. 2009), the urea transporter UTB (Levin 
et al. 2012), and the RhC glycoprotein ammonia transporter (Gruswitz et al. 2010); 
in	nonyl-β-d-glucopyranoside (NG), e.g., aquaporin AQP5 (Horsefield et al. 2008); 
and in decylmaltoside (DM), e.g., potassium channels Kir2.2 (Tao et al. 2009) and 
Kir3.2 (Table 1.1; Whorton and Mackinnon 2011).	Dodecyl-β-d-maltoside (DDM), 
a detergent that forms larger micelles, has also given rise to the structure of some re-
combinant “native” mammalian IMPs such as the acid-sensing ion channel 1 (Jasti 
et al. 2007), the potassium channel TRAAK (Brohawn et al. 2012, 2013), and the 
mitochondrial ABC transporter ABCB10 (Table 1.1; Shintre et al. 2013) . However, 

Fig. 1.1  Solubilization and crystallization of membrane proteins ( MPs) in detergent solution
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these detergents are not good for structure determination of “native” recombinant 
GPCRs. Indeed, the hydrophilic regions of these proteins, which are essential to 
form crystal contacts, are relatively small and often occluded by large detergent mi-
celles such as those formed by DDM, and detergents forming smaller micelles are 
often denaturing for GPCRs. Moreover, the dynamic character of these proteins led 
to conformational heterogeneity that prevents the formation of well-ordered crys-
tals. Thus, there are several options for promoting crystal formation of such IMPs: 
(1) increasing the conformational homogeneity of the protein by locking it in a 
single conformation, (2) increasing the hydrophilic area of the protein so that large 
micelle detergents can be used, (3) increasing the thermostability of the protein in 
detergent solution, and/or (4) finding new surfactants that are able to maintain the 
protein conformation stable in solution and are suitable for crystallization (Fig. 1.2).

1.3.1  Increasing the Conformational Homogeneity of the Protein 
by Locking it in a Single Conformation

IMPs such as GPCRs, transporters, and channels are dynamic proteins that exist 
in several functionally distinct conformation states (active/inactive, open/closed, 
etc.). “Crystallogenesis typically traps the most stable low energy states, making 
it difficult to obtain high-resolution structures of other less stable but biologically 
relevant functional states” (Steyaert and Kobilka 2011). Almost all recombinant 
GPCR structures have been solved thanks to the binding of a high-affinity ligand, 
agonist, inverse agonist, or antagonist (Table 1.1). The ligand probably locks the 
receptor in a single conformation and stabilizes it during crystallization. However, 
agonist alone is not sufficient to stabilize a fully active conformation, and the struc-
tures obtained are almost from inactive conformation (Steyaert and Kobilka 2011).

Locking of a single conformation can be obtained by applying mutagenesis. 
Structure of rhodopsin active conformation has been solved using constitutively 
active mutants (Deupi et al. 2012).

Co-crystallization with monoclonal antibody fragments (Fab) that bind to a sin-
gle conformational state of the protein with high affinity and specificity locks it in 
a specific conformation and reduces the flexibility of the loop regions, can enhance 
the formation of well-diffracting crystals, and gives rise to the determination of 
the structure of different conformations of the protein (Fig. 1.2). Co-crystallization 
of	β2	adrenergic	receptor	and	A2A adenosine receptor with Fab fragments allowed 
the structure determination of an inactive conformation (Rasmussen et al. 2007; 
Hino et al. 2012),	while	active	conformation	of	β2	adrenergic	receptor	in	complex	
with a heterotrimeric G protein was solved using co-crystallization with nanobodies 
(Rasmussen et al. 2011). These small fragments (13 kDa) corresponding to the vari-
able domains of the llama antibody heavy chains are characterized by outstanding 
properties in terms of production, stability, and recognition of epitopes buried and 
inaccessible to conventional monoclonal antibodies (Steyaert and Kobilka 2011; 
Hamers-Casterman et al. 1993; Muyldermans et al. 2001).
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1.3.2 Increasing the Hydrophilic Area of the Protein

Co-crystallization with Fab or nanobodies not only favors a given conformation but 
also increases the hydrophilic surface of the protein-promoting crystal formation. 
The probability of obtaining crystals of IMPs can also be enhanced by the fusion 
of stable soluble protein domain increasing the hydrophilic area. In many IMPs, 
regions such as N- and C-terminus and loops are highly flexible and possess large 
stretches of polar residues unstructured and not suitable for crystal lattice contact 
formation. This is the case of GPCRs. The replacement of a flexible region by a 
stable soluble protein domain that increases the hydrophilic area of the GPCRs 
has had a lot of success in determining structures of GPCRs. The replacement of 

Fig. 1.2  Strategies for the 
stabilization of membrane 
proteins solubilized in 
detergent. Left: solubiliza-
tion destabilizes membrane 
proteins ( MPs). Presence of 
nonfunctional conformations 
in solution which prevent 
protein crystallization. Right: 
different stabilization strate-
gies to preserve functional 
conformation in solution
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the third intracellular loop, which is highly flexible in many GPCRs, by T4L has 
allowed the resolution of the structure of 11 of the 19 GPCRs published to date 
(Table 1.1, Fig. 1.2). T4L is a very stable and highly crystallizable soluble protein. 
Combined with the use of LCP as the crystallization matrix, this is by far the most 
effective strategy to solve GPCR structure. However, a number of GPCRs were not 
amenable to this approach due to deleterious effects on the expression or stability of 
the chimeric protein. Ray Stevens and collaborators reported recently the identifica-
tion and development of novel GPCR fusion proteins to facilitate GPCR crystalliza-
tion (Chun et al. 2012). Of the five new fusion proteins considered in their study, 
thermostabilized apocytochrome b562 RIL showed great utility in the crystallization 
of several GPCRs with superior characteristics relative to T4L that has been used 
previously (Chun et al. 2012). The replacement of the third intracellular loop of A2A 
adenosine receptor with apocytochrome b562 RIL gave rise to the highest-resolution 
structure of A2A adenosine receptor (Liu et al. 2012, 2012a), and the replacement 
of the N-terminal domain of smoothened receptor with apocytochrome b562 RIL al-
lowed the resolution of the first structure of this receptor (Wang et al. 2013).

1.3.3  Increasing the Thermostability of the Protein in Detergent 
Solution

1.3.3.1 Using Additives to Detergent

Several successful GPCR structure determination efforts have shown that the addi-
tion of cholesterol analogs is often critical for maintaining GPCR stability. Thomp-
son and coworkers (2011) have shown that sterols such as cholesteryl hemisucci-
nate (CHS), which induces the formation of a bicelle-like micelle architecture when 
mixed with DDM detergent, substantially increases the stability of the NOP recep-
tor ORL-1, a member of the opioid GPCR family, in a mixed micelle environment.

1.3.3.2 Using Protein Engineering

A single point mutation can increase the stability of an IMP as shown for KcsA, 
M13 coat protein, diacylglycerol kinase (DAGK), and bacteriorhodopsin (Bowie 
2001). Rhodopsin was significantly stabilized by engineering a new disulfide bond 
(Standfuss et al. 2007). Thermostabilizing mutations can be additive when com-
bined and highly stable IMPs can be engineered (Zhou and Bowie 2000; Lau et al. 
1999). These mutations favor a particular state of the receptor, which enhances the 
probability of obtaining high-quality diffracting crystals for structure determination 
(see Tate 2012 for a review). Tate and coworkers developed systematic scanning 
mutagenesis and used a ligand-binding assay to isolate mutants highly stable in de-
tergent solution (Fig. 1.2). This approach allowed the determination of the structure 
of several GPCRs carrying combination of thermostabilizing point mutations like 
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adrenergic receptor β1 (Warne et al. 2008, 2011, 2012; Moukhametzianov et al. 
2011), adenosine receptor A2A (Lebon et al. 2011), and neurotensin receptor NTS1 
(White et al. 2012; Shibata et al. 2013). This strategy allowed the structure determi-
nation of GPCRs bound to low-affinity agonists or ligands which, with native pro-
tein, would lead to incomplete occupancy of the receptor and conformational het-
erogeneity in crystallization trials preventing the formation of well-diffracting crys-
tals.	In	the	case	of	β1	adrenergic	receptor	and	A2A adenosine receptor, the structures 
of thermostabilized mutants are identical to those of receptors in which the third 
intracellular loop was replaced by T4L, suggesting that thermostabilizing mutations 
predominantly affect receptor dynamics rather than the structure (Tate 2012).

For GPCRs, the use of several stabilizing strategies was necessary for the struc-
ture determination. The structures of smoothened and serotonin receptors were 
obtained using both apocytochrome b562 RIL and thermostabilizing point muta-
tions (Wang et al. 2013; Wacker et al. 2013). The structures of chemokine receptor 
CXCR4 (Wu et al. 2010), dopamine D3 receptor (Chien et al. 2010), and neuro-
tensin receptor (White et al. 2012) were obtained using T4L and thermostabilizing 
point mutations; and the NOP receptor structure was solved using both apocyto-
chrome b562 RIL and T4L fusions (Thompson et al. 2012). In addition, often, it was 
necessary to truncate flexible N- and C-terminal regions of the protein.

Although these methods have been very successful and have resulted in an al-
most exponential growth in the number of mammalian IMPs and more particularly 
in GPCRs solved structures, the inherent limitations with such recombinant meth-
ods are that (1) truncations of a loop and/or of the N- and the C-terminal domains 
provide limited understanding of the structure and function of these regions, and 
(2) the locking of a conformational state using antibodies, replacement of a flexible 
loop by a stable soluble protein domain such as the T4L or the apocytochrome b562-
RIL, or the insertion of thermostabilizing mutations may affect the conformation 
and the structure of the protein. Thus, it is important to also develop new surfactants 
enhancing IMPs’ stability and homogeneity, and the probability of obtaining well-
diffracting crystals (Fig. 1.2).

1.3.4  New Surfactants Enhancing MP Stability and Homogeneity 
in Solution

To solubilize biological membranes, detergents need to be dissociating: they com-
pete with lipid–lipid and lipid–protein interactions and disperse membrane compo-
nents in the form of detergent-solubilized particles. The dissociating character of 
the detergent is frequently responsible for the destabilization and irreversible inac-
tivation of IMPs after extraction (see Breyton et al. 2010 for a review). Several new 
classes of amphiphiles have been developed in the last decade in order to enhance 
IMPs’ stability in solution and the probability of obtaining well-diffracting crystals 
such as the MNG from Samuel Gellman (Chae et al. 2010), the maltoside surfac-
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tants from Wolfram Welte (Hovers et al. 2011), the fluorinated surfactants (FS) from 
Bernard Pucci (Breyton et al. 2004, Chap. 8 by Durand et al. in this volume), and the 
amphipathic polymers “amphipols” from Jean-Luc Popot (Popot et al. 2011, Chap 7 
by Zoonens et al. in this volume). To date, of these different new classes of amphi-
philes, only MNG has allowed obtaining crystals of sufficient quality for structure 
determination of mammalian IMPs.

1.3.4.1 Maltose-Neopentyl Glycol

This class of amphiphiles is built around a central quaternary carbon atom, which 
enables the incorporation of two hydrophilic and two lipophilic subunits, and is 
intended to place subtle restraints on conformational flexibility (Chae et al. 2010). 
In case of MNG, central quaternary carbon atom was derived from neopentyl glycol 
and hydrophilic groups were derived from maltose. The structures of four GPCRs 
were obtained using MNG. However, these four GPCRs were engineered by fu-
sion with the soluble lysozyme domain T4L; M3 muscarinic acetylcholine receptor 
(Kruse et al. 2012), µ-opioid receptor (Manglik et al. 2012) and δ-opioid receptor 
(Granier et al. 2012), or with thermostabilizing mutations; NTS1 neurotensin recep-
tor (White et al. 2012), and no structure of nonengineered IMP has been obtained 
using MNG yet. MNG is also suitable for NMR structural characterization of IMPs 
as shown by the recent study on the role of ligands on the equilibriums between 
functional states of the β2 adrenergic receptor (Kim et al. 2013).

1.3.4.2 Maltoside Surfactants

Welte and co-workers hypothesized that conformationally restricted groups in the 
hydrophobic part lead to mild surfactants and increase protein stability in solution. 
They synthesized maltoside surfactants with rigid, saturated or aromatic hydrocar-
bon groups as hydrophobic parts by combinations of cyclohexyl rings and aromatic 
rings, and maltosyl as polar head group because of its stabilizing effects (Xie and 
Timasheff 1997) and its compactness (Hovers et al. 2011).	The	use	of	PCC-α-M	
propylcyclohexyl	cyclohexyl-α-d-maltoside allowed the determination of the struc-
ture of the cytochrome b6  f complex from Chlamydomonas reinhartii (Hovers et al. 
2011).	Although,	this	surfactant	was	shown	to	efficiently	stabilize	β1	adrenergic	and	
smoothened receptors, no sufficiently well-diffracting crystal of these mammalian 
IMPs has been obtained using this surfactant yet.

1.3.4.3 Fluorinated Surfactants

These surfactants possess the same general structure as classical detergents, i.e., a 
hydrophilic head group and a hydrophobic tail, but the latter, rather than being a 
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hydrogenated aliphatic chain, is a fluorocarbon chain (Pavia et al. 1992, Chabaud 
et al. 1998). Several IMPs such as bacteriorhodopsin and cytochrome b6 f have been 
shown to be more stable once transferred to FSs than in the presence of detergents 
(Breyton et al. 2004). A similar effect was shown on the human smoothened GPCR 
(Nehmé et al. 2010). In contrast to detergents, FSs are not able to extract IMPs from 
membranes; they do not interact with lipids and do not compete with protein–lipid 
interaction (Rodnim et al. 2008). This character, in combination with the relative 
stiffness of their chains compared to detergents, is favorable for the maintenance of 
MP integrity and function (Talbot et al. 2009). FSs were also described as possible 
chemical chaperones (Rodnim et al. 2008), and were used with success for the CF 
production of bacterial IMPs (Park et al. 2007, 2011) and also mammalian IMPs 
such as the mitochondrial uncoupled protein UCP1 (Blesneac et al. 2012). Recent 
advances in the use of these amphiphiles for IMPs structural analysis are reviewed 
in Chap. 8 by Durand et al. in this volume.

1.3.4.4 Amphipathic Polymers

Amphipathic polymers (APols) have been designed to form compact and stable 
complexes with IMPs (Breyton et al. 2010; Popot et al. 2011). They are small (9–
10 kDa), with dense hydrophobic chain distribution that ensures high affinity for the 
protein’s transmembrane surface, high solubility in water to keep MPs soluble up 
to tens of grams per liter, and high flexibility to adapt to the irregularities and small 
radius of curvature of protein’s transmembrane regions. A8-35, by far the most ex-
tensively studied APol, is composed of a relatively short polyacrylate chain (~ 70 
acrylate residues), some of the carboxylates of which have been grafted with octyl-
amine (~ 17 of them) or isopropylamine (~ 28 units). The ~ 25 acid groups that have 
remained free are charged in aqueous solution, which makes the polymer highly 
water soluble, while the octylamide moieties render it highly amphipathic (Tribet 
et al. 1996; Popot et al. 2011). Compare to the IMPs solubilization with detergents, 
the IMP/APols complex is highly stable and allows the absence of any polymer 
molecule free. Thus, the IMP in complex with APols behaves almost like a con-
ventional water-soluble protein, which makes it easy to handle for functional and 
structural studies (Fig. 1.2). During the last decade, APols permitted major break-
throughs regarding overexpression, purification, and stabilization of IMPs, opening 
very exciting perspectives for structural and dynamic investigations of these pro-
teins (Popot et al. 2011). Neutral APols (NAPols) have been shown to maintain the 
native folding and the activity of some GPCRs in solution (Rahmeh et al. 2012), but 
also to permit native folding recovery by in vitro refolding through strategies based 
on the expression of the receptors in IBs (Banères and Mouillac 2012). Recent ad-
vances in the use of APols for IMPs structural analysis are reviewed in Chap. 7 
(Zoonens et al.) in this volume.
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1.4 Structural Biology of IMPs

As discussed earlier, IMPs are difficult to study due to their hydrophobic proper-
ties which generate a large number of critical steps during their expression and 
purification for structural analysis. Despite these difficulties, the elucidation of 
high-resolution structures of IMPs is increasing. This progress in structural biology 
of IMPs results from the conjunction of biotechnological advances for expression, 
sample preparation (as discussed earlier), and technical improvement of structural 
methods for structure determination (crystallography, NMR spectroscopy, electron 
microscopy).

Actually, most IMP structures have been resolved by X-ray crystallography, and 
it is still the method of choice to elucidate large IMPs. Nevertheless, the increasing 
sensitivity, the development of new pulse sequences, and the production of specific 
labeled proteins make the use of NMR spectroscopy possible not only for structure 
determination but also for the characterization of the intrinsic dynamics of the pro-
tein and ligand interaction.

1.4.1  Recent Progresses in Crystallogenesis and Crystallography 
of IMPs

Crystallization process of IMPs is still a challenging project. Advances in protein 
crystallization (high-throughput screening conditions, chemical synthesis of new 
detergents, and chemical additives) result in a better understanding of the crystal-
logenesis process. In surfo and in meso phase crystallizations of IMPs are the most 
commonly used methods for IMPs.

1.4.1.1 In Surfo Phase Crystallization

Micellar Systems

In surfo crystallization of IMPs is the most common and easy to use strategy for 
the first trials for the crystallization of IMPs. In the Brookhaven data bank, the 
majority of deposited structures have been determined using crystals grown from 
detergent-solubilized proteins by traditional vapor diffusion experiments (Chay-
en 2005). The recent advances in the synthesis of new detergents offer a large 
panel suitable for the purification and crystallization of IMPs (Kang et al. 2013). 
The choice of the detergent is crucial and depends on many different parameters 
including extraction and solubility efficiency, protein stability, and retention of 
function. Accounting the crystal structures of IMPs listed on the webpage http://
blanco.biomol.uci.edu/mpstruc/, alkyl maltopyranosides or glucopyranosides are 
the most successful detergents followed by amine oxides and polyoxyethylene gly-
col (Parker and Newstead 2012). Actual screens dedicated to the crystallization of 



28 I. Mus-Veteau et al.

IMPs are commercially available and are very useful for the first crystallization 
trials. The stability of the protein during the crystallization process often needs 
additional lipids. Lipids have become more and more important during the crystal-
lization process and can play a role as molecular chaperone for IMPs. Cholesterol 
is necessary for the crystallization of GPCRs, and it was shown that cholesterol 
molecules formed the interface between the protein molecules in the physiological 
state (Cherezov et al. 2007). However, not all IMPs can be maintained in native 
conformation when solubilized with conventional detergents. Recently, new syn-
thesis of detergents has been proposed to overcome the stability problem occurring 
during extraction of IMPs and to favor their crystallization by limiting the size of 
the micelles surrounding the protein. These new detergents, discussed before, are 
based on DDM. By adding two hydrophilic and two lipophilic subunits linked 
by a central quaternary carbon, MNG is a better detergent compared to DDM for 
extraction, stabilization, and crystallization of IMPs (Chae et al. 2010). Another 
detergent called facial or tandem facial amphiphile has been developed by (Zhang 
et al. 2007) to favor the stability of solubilized IMP by forming small micelles 
compared to DDM and are found to be more suitable for the crystallization and 
NMR spectrometry of IMPs.

Nonmicellar Systems

Once IMPs are extracted from their natural environment, they are vulnerable. De-
tergents are a relatively poor substitute for the bilayer and IMPs are often unstable 
outside the membrane. Slight perturbation of MP structure may lead to denaturation 
and aggregation after detergent extraction. Furthermore, obtaining crystals means 
screening various biochemical and/or biophysical conditions (pH, ionic strength, 
additives, temperature, etc.) which may alter the tiny equilibrium for the micelle/
protein complex. One way to stabilize IMPs is to reconstitute them in mimicking 
phospholipid bilayer membranes like bicelles or nanodiscs.

The bicelles are lipid bilayers limited in size. The size is determined by the ra-
tio between a long chain of phospholipids, generally phosphatidyl choline (like 
dimyristoyl phosphatidylcholine (DMPC) or ditridecanoyl phosphatidylcholine 
(DTPC), and short lipids like cholate or short phospholipids like dihexanoyl-phos-
phatidylcholine (DHPC) that form the rim. Bicelle is an attractive lipidic medium 
for mimicking phospholipid membranes. In the case of bacteriorhodopsin (Faham 
and Bowie 2002), clear density for a CHAPSO molecule inserted between protein 
subunits is seen within the layers, indicating that an important interaction between 
lipids and protein has been preserved within the bicelle by the cholesterol-like de-
tergent. Thus, this method has the advantage to be a bilayer-based method, to pre-
serve integrity of the protein, and the ability to diffuse in three dimensions to form 
a three-dimensional (3D) lattice. Moreover, the ability to grow crystals at room 
temperature (below the phase transition temperature) significantly expands the ap-
plicability of bicelle crystallization (Ujwal and Bowie 2011). Proteins in bicelle can 
be handled like proteins in detergent. Bicelle crystallization trials can be performed 
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like the standard detergent-based protocol including robotics and all commercially 
available screens.

Nanodiscs have been extensively used for solubilizing IMPs and present 
similar advantages as bicelles in terms of size and stability (Bayburt and Sligar 
2010). The nanodisc is a noncovalent assembly of phospholipids (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine, POPC; dipalmitoylphosphatidylcholine, 
DPPC, and dimyristoylphosphatidylcholine, DMPC) and a genetically engineered 
“membrane scaffold protein” (MSP) based on the sequence of human serum apo-
lipoprotein AI (Bayburt and Sligar 2010). The molecular ratio of phospholipids 
to MSP is crucial for right self-assembling particle formation. The phospholip-
id associates as a bilayer domain while two molecules of MSP wrap around the 
edges of the discoidal structure in a belt-like configuration, one MSP covering 
the hydrophobic alkyl chains of each leaflet. The MSPs were engineered into the 
synthetic gene optimized for expression in E. coli and include various affinity tags 
(6His, FLAG, Cys, etc.). The size of nanodiscs can be adjusted depending on the 
length of MSP (Hagn et al. 2013). Nanodiscs are self-formed from a mixture of 
detergent/phospholipid micelles and MSP upon removal of the detergent (Ritchie 
et al. 2009). Nanodiscs are then an ideal model membrane system with defined 
size and phospholipid composition. Despite their properties, the use of nanodiscs 
as mimicking membrane for crystallization is still quite limited and efforts must 
be accomplished to increase the packing contact necessary for crystallization. 
The small isotropic nanodiscs are more useful to study specific lipids/proteins 
and proteins/proteins interactions for a better understanding of MP function (El 
Moustaine et al. 2012).

1.4.1.2 In Meso Phase Crystallization: The LCP Method

Crystallization of IMPs in meso phase has emerged as the most powerful method, 
in particular for GPCRs structure determination. This method for crystallization 
of IMPs was first originally described by Landau and Rosenbusch (1996) using 
bacteriorhodopsin. Actually, the advances of a robotic system for the crystallization 
of IMPs in meso phase result in more than two thirds of GPCR’s crystallographic 
structures (Cherezov 2004). The meso phase is a bicontinuous lipidic phase formed 
spontaneously by mixing monoacylglycerols (MAGs) and water at a given ratio 
(Caffrey and Cherezov 2009a). The cubic phase can be doped by essential lipids 
like cholesterol or phospholipids for the stabilization of the protein of interest. LCP 
is composed of highly curved lipid bilayers and is connected by a water channel. 
The MP solubilized in detergent is added to the LCP, the lipids present at high con-
centration will replace the detergent molecules, and thus the protein will be recon-
stituted into the lipid bilayer. IMPs are able to diffuse freely in lipids and therefore 
make contact with each other for the nucleation and crystallization process. LCPs 
are viscous and not easy to handle for crystallization trials. But during the past 
few years, many tools and instruments have become available, making LCP for 
IMP crystallization a routine application (Caffrey and Cherezov 2009). Moreover, 
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the development of methods for measuring thermal stability and diffusion of MPs 
embedded in LCP seek to identify precisely the best condition for crystallization.

1.4.2  Data Collection and Structure Determination from MP 
Crystals

Data collection of IMP crystals is still very challenging. In the in surfo phase, the 
crystals usually have a high solvent content owing to the detergent micelle, which 
covers the hydrophobic part of the protein. Therefore, the crystals of IMPs are often 
fragile, difficult to handle, and suffer from anisotropic X-ray scattering and radiation 
sensitivity. In a LCP, the crystals generally contain less solvent, which makes them 
less radiation sensitive, but the crystals are often much smaller. In addition, crystal 
quality can vary considerably, even between crystals from the same drop. This means 
that the complete X-ray data of an IMP crystal require screening a large number 
of crystals at the synchrotron. The presence of automatic sample changers at syn-
chrotron beamlines has helped to solve this problem, enabling many crystals to be 
screened quickly and efficiently (Blow 2008). Moreover, the microfocus beamlines 
at the synchrotron (Bowler et al. 2010) make data collection possible from the under-
sized crystals or on focused patches of the best-ordered regions of larger crystals. Fo-
cused	X-ray	beams	with	low	background	scatter	and	beam	sizes	of	less	than	10	μm	
remarkably improve the resolution and the data statistics from small crystals. The 
disadvantage of these microfocused beamlines is to increase the radiation damages 
of crystals; however, this can be overcome by merging data from several crystals.

Phase determination of IMP crystals can also be very challenging. However, 
with the increasing number of solved structures, molecular replacement (MR) has 
nonetheless become the most successful method to obtain phase information (Bill 
et al. 2011). Actually, most of GPCR structures recently published have been solved 
using MR. Co-crystallization of the protein of interest with a protein domain of 
well-known structure (e.g., T4L fused in the intracellular loop of GPCRs) can also 
be used as a search model to obtain phase information. However, if the structural 
fold is not known, experimental phase determination is required. Classical crystal-
phase determination methods used for soluble proteins can be applied such as sele-
nomethionine labeled protein or heavy metal derivatives.

Serial femtosecond crystallography (SFX) using X-ray free-electron laser 
(XFEL) radiation is an emerging method for 3-D structure determination using 
crystals ranging from a few micrometers to a few hundred nanometers in size. This 
method relies on X-ray pulses that are sufficiently intense to produce high-quality 
diffraction but short enough to prevent substantial radiation damage (Chapman 
et al. 2011). X-ray pulses of only 70-fs duration terminate before any chemical dam-
age processes have time to occur, leaving primarily ionization and X-ray-induced 
thermal motion as the main sources of radiation damage (Holton 2009). SFX there-
fore promises to break the correlation between sample size, damage, and resolution 
in structural biology.
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1.4.3 Recent Progresses in NMR Spectroscopy of IMPs

According to the structure of IMPs deposited in PDB and by comparing the two 
lists of X-ray structures (http://blanco.biomol.uci.edu/mpstruc/) and NMR struc-
tures (http://www.drorlist.com/nmr/MPNMR.html), the larger part of IMP struc-
tures have been solved by X-ray crystallography; nevertheless, recent advances in 
NMR spectroscopy, both in liquid and solid states, have made comprehensive stud-
ies of larger IMPs more accessible. NMR structures of IMPs contribute to 10–15 % 
of the overall structures (Nietlispach and Gautier 2011). This contribution is due to 
the recent advances that appeared not only in NMR spectroscopy but also in bio-
technology for labeling and stabilizing IMPs in large amount for structural biology 
(as mentioned previously).

One advantage of NMR spectroscopy over the X-ray structure determination 
is the measurement of intrinsic dynamics of the protein in native-like condi-
tions (Warschawski et al. 2011). NMR spectroscopy can be used with IMPs in 
several environments: in isotropic environments, in bicelles, or in anisotropic 
environments such as proteins embedded in phospholipid membranes in physi-
ological conditions (Warschawski et al. 2011). According to the sample prepara-
tion, NMR in solution or ssNMR spectroscopy will be used. More than 90 % of 
the IMPs structures determined by NMR have been elucidated in solution. But 
the recent progress in ssNMR offers great potentiality, as illustrated in studies of 
large IMPs like the phospholamban (Traaseth et al. 2009; Verardi et al. 2011), 
the influenza proton channel (Cady et al. 2009; Cady et al. 2010; Sharma et al. 
2010), the Yersinia enterocolitica adhesin A (Shahid et al. 2012), and the struc-
ture of a GPCR (Park et al. 2012). However, structure determination by NMR 
spectroscopy of IMPs remains a challenging project. The major limitations of 
NMR structure determination still persist because of sample preparation, in par-
ticular preparation of large amount of isotope-labeled proteins, and the choice 
of the mimicking environment to keep the proteins stable during the long-time 
NMR experiments.

1.4.3.1 Strategy for Isotopic Labeling of IMPs

Most of IMP structures determined by NMR spectroscopy have been overexpressed 
in E. coli. This prokaryotic expression system is the most appropriate expression 
system for fully 15N-, 13C-, and 2H-labeled IMPs. As discussed previously, a large 
variety of expression plasmids and strains are available for heterologous expression 
of IMPs for this purpose (Freigassner et al. 2009; Kainosho et al. 2006; Schlegel 
et al. 2012; Vaiphei et al. 2011). Yeast and mammalian cell expression systems 
are also being developed as alternate sources of isotope-labeled proteins (Egorova-
Zachernyuk et al. 2011; Fan et al. 2011; Sarramegna et al. 2003). CF systems based 
on E. coli, wheat germ, or insect cell extracts (see Chap. 2 from Proverbio et al. in 
this volume) are an alternative for expression of uniformly 15N, 13C-labeled IMPs as 
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well as perdeuteration (Etezady-Esfarjani et al. 2007; Sobhanifar et al. 2010a). This 
strategy of expression overcomes the limitations occurred in vivo expression sys-
tems, and is very useful for the selective labeling of amino acids. CF system expres-
sion was recently used in combination with a sequence-optimized combinatorial 
dual-labeling	approach	to	achieve	rapid	backbone	assignment	for	a	two-α-helical,	
a two-transmembrane, and a four-transmembrane histidine kinase receptors (Hefke 
et al. 2011; Maslennikov et al. 2010).

Additionally, it is noteworthy that fluorine labeling of IMPs could be very useful 
in NMR spectroscopy, for example, to define conformational state in IMPs. A co-
valent modification of cysteines with 19F-labeled compound was used to describe 
conformational	changes	in	β2-adrenergic	receptor	(Liu	et	al.	2012a). Moreover, in-
corporation of unnatural fluorinated amino acid in the DAGK was used to evaluate 
the dynamics of this MP in N-dodecylphosphocholine (DPC) micelles and in natural 
E. coli membrane (Shi et al. 2012; Shi et al. 2011).

1.4.3.2  Membrane-Mimicking Environment for IMP Structure 
Determination by NMR

For Solution NMR Spectroscopy

One of the challenges for solution NMR spectroscopy of IMPs is the identification 
of conditions that can mimic the native lipid bilayer environment while maintain-
ing the sample in a stable, folded state with a total complex size of ~ 100 kDa or 
less (Kim et al. 2009; Sanders and Sonnichsen 2006). Micelle-forming detergent 
is the most common way to solubilize IMPs for NMR structural studies. A large 
panel of detergent molecules is actually available. Screening condition is required 
for finding a suitable detergent and right biochemical conditions to ensure the 
solubilization of IMPs in native conformation. Detergents that have been used 
successfully for solution-state NMR spectroscopy of IMPs include N,N-dimethyl-
dodecylamine N-oxide	(LDAO),	sodium	dodecyl	sulfate	(SDS),	CYFOS-7,	β-OG,	
and DPC (see http://www.drorlist.com/nmr/MPNMR.html). For an appropriate 
balance between solubilization and stabilization, mix-micelle has been used. For 
example, NMR spectra of the KvAP voltage-dependent K+ channel were found 
to be optimal in the mixture composed of a ratio of 2:1 DPC/LDAO, in which 
DPC alone yielded exchange-broadened NMR spectra, while LDAO yielded sharp 
spectra but short lifetimes (Shenkarev et al. 2010). In some cases, detergent mi-
celle can be doped by addition of natural phospholipids as was required for UCP2 
(Berardi et al. 2011).

Bicelles have emerged as a common medium for use in NMR studies of IMPs. 
Many recent structures have been solved by using isotropic bicelles composed of 
DMPC phospholipids and small acyl chain phosphatidyl choline DHPC (Bocharov 
et al. 2008; Bocharov et al. 2007; Mineev et al. 2010; Sharma et al. 2010; Shenkarev 
et al. 2013; Unnerståle et al. 2011). Bicelles provide medium that allows both solid 
state and solution NMR. Playing with the q value, corresponding to the ratio be-
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tween the concentration of DHPC (short acyl chain) and DMPC (long acyl chain), 
we can increase the size of bicelles which become no more isotropic and can then be 
used for either ssNMR or crystallography (De Angelis et al. 2006; De Angelis and 
Opella 2007; Rasmussen et al. 2007).

Other non-detergent molecules have been developed for solubilization of IMPs 
and are very useful for NMR spectroscopy (Dahmane et al. 2009; Popot et al. 2011). 
As mentioned before, APols are short amphipathic polymers that can substitute for 
detergents to keep IMPs water soluble and stabilized. IMPs solubilized with APols 
have been used in NMR spectroscopy to define the conformation of the leukotriene 
B4 bound to its receptor (Catoire et al. 2010).

Nanodiscs are new membrane mimetic media, which are closest artificial media 
to the natural phospholipidic membrane with size suitable for solution NMR stud-
ies (Ritchie et al. 2009). The major advantage of nanodiscs is the absence of any 
detergents, which are known to affect the stability of the IMP by interacting with the 
extra-membrane regions. Originally developed for the solubilization of functionally 
active IMPs, they have since been used for ssNMR (Kijac et al. 2007), and more 
recently, solution NMR applications (Raschle et al. 2009). In a recent study, design 
of novel nanodiscs with more limited size shows 30 % reduced apparent correlation 
time compared to the classical one. Using this property, NMR structures of the IMP 
outer membrane protein-X (OMP-X) have been characterized and compared with 
those obtained in several micelle compositions (Hagn et al. 2013).

For ssNMR Spectroscopy

In ssNMR, the absence of a direct correlation between molecular size and sample 
line widths allows the use of bigger membrane media such as large bicelles or lipid 
bilayers, which provide a more native environment for functional proteins. The 
homogeneity of the sample leads to improved line widths and therefore spectral 
resolution. Recently, the ssNMR structure of the CXCR1 GPCR fully 15N, 13C-
labeled was determined after reconstitution in phospholipid liposomes (Park et al. 
2012). Biological membranes consist of highly complex lipid mixtures of varying 
compositions which can adaptively adjust to changes in the physical properties of 
the membrane.

1.4.3.3 Recent Developments in NMR

In Solution NMR

Transverse relaxation optimized spectroscopy (TROSY)-based experiments have 
expanded the applicability of 3-D structures of large protein complexes includ-
ing MPs solubilized in mimicking-membrane environment (Konrat et al. 1999; 
Salzmann et al. 1999; Yang and Kay 1999). 3-D-TROSY version of the HNCA, 
HN(CO)CA, HN(CA)CB, HNCO, HN(CA)CO, etc., are used for the complete 
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resonance assignment. To avoid unfavorable relaxation properties of protons in 
large proteins, all the non-exchangeable carbon-bound protons are replaced by 
deuterium. Sparse proton density in perdeuterated amide HN back-exchange pro-
teins leads to few long-range nOes. To overcome this problem, a powerful method 
to reintroduce a perdeuterated sample is to biosynthetically incorporate proton-
ated methyl groups of leucine, valine, and isoleucine by growing samples in mini-
mal	media	with	 selectively	 labeled	 α-ketoisovalerate	 and	α-ketobutyrate	 (Goto	
et al. 1999). This method was successfully applied for the structural determination 
of	numerous	IMPs	from	the	β-barrel	family	at	first	with	OMP-X	in	DHPC	(Hilty	
et al. 2002), Kp OMP-A (Renault et al. 2009), and VDAC (Hiller et al. 2008). 
Other methyl protons can be targeted, such as those of alanine or methionine, 
by adding protonated amino acid into the culture media. This specific labeling 
approach is very useful for NMR structure determination of large MPs but also 
provides large application to study the intrinsic dynamics of very large proteins 
like the 670-kDa 20S core-particle proteasome (Religa et al. 2010; Ruschak et al. 
2010), the DDM-solubilized KcsA channel (Imai et al. 2010),	and	β2	adrenergic	
receptor (Bokoch et al. 2010).

Structure determinations by NMR spectroscopy are issued from the chemical 
shifts and nOes observed in 2-D, 3-D, or 4-D spectra. Distance restraints obtained 
by measuring nOes are often not enough to define precisely a structure of protein. 
Long-range restraints are necessary to obtain a more accurate NMR structure. Re-
sidual dipolar coupling (RDC) and paramagnetic relaxation enhancement (PRES) 
have been developed and nicely detailed in reviews (Kim et al. 2009; Qureshi and 
Goto 2012) and in Chap. 12 by Catoire et al. in this volume.

In ssNMR

ssNMR spectroscopy becomes a more and more attractive method for structure de-
termination of IMPs in their native environment. The recent advances described 
(see for reviews Baldus 2006 and Renault et al. 2010) offer a large panel of recent 
developments and applications for structural and dynamic information of the large 
MP complex in phospholipid membrane. Moreover, technical improvements for 
ssNMR spectroscopy: design of the new probe heads to give access to ultrahigh-
speed ssNMR and dynamic nuclear polarization (DNP) will promote ssNMR for 
structural biological studies of IMPs in native membranes.
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2.1  Introduction

Cell-free (CF) expression has emerged in the last decade as an efficient and fast 
approach for the production of membrane proteins (MPs) of diverse topologies and 
origin. Its unique design as an open accessible reaction helps to eliminate several 
central bottlenecks known from conventional cell-based MP expression systems. In 
general, problems with cell physiology, expression regulation and cell culture are 
reduced. On the other hand, the high diversity of CF reaction conditions requests 
increased time investments in controlling MP quality, fine-tuning of reaction condi-
tions and designing sample evaluation strategies. Poor MP sample quality can be the 
result if this important requirement is overseen.

CF reactions can basically be operated in two flavors, the single compartment 
batch configuration and the two-compartment continuous exchange (CECF) con-
figuration (Kigawa and Yokoyama 1991; Spirin et al. 1988). The batch configura-
tion is the method of choice in throughput applications using microplate devices 
and analytical scale reactions (Kai et al. 2013; Savage et al. 2007; Schwarz et al. 
2010). Batch reaction times are limited to few hours with consequently lower yields 
of protein, although a number of modifications are possible in order to considerably 
improve efficiencies. Higher protein yields are typically obtained with the CECF 
configuration containing a reaction mixture (RM) compartment containing all the 
high molecular weight compounds such as ribosomes, DNA template and enzymes, 
and a feeding mixture (FM) compartment with a certain amount of precursors such 
as amino acids and nucleotides. Protocols for batch and CECF configurations are 
highly variable and among others, expression efficiencies depend on (1) precursor 
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concentrations, (2) energy regeneration systems, (3) RM–FM volume ratios and (4) 
the implementation of repeated FM exchanges.

An array of new applications, modifications, and strategies for the CF production 
of MP samples has been developed within the last decade. In particular, the tools for 
the modulation of MP quality already during translation by CF reaction condition 
tuning have been widely expanded. We therefore provide a current view on options 
and perspectives for successful MP production and we summarize diverse strategies 
based on CF expression technologies.

2.2  Selecting the Background: Different Extract Sources

The origin of the CF extract is the first selection to be made by approaching MP ex-
pression. In particular, within the last decade, a considerable number of new extract 
sources covering eukaryotic as well as prokaryotic origins have been introduced 
(Table 2.1). Major selection criteria before starting a CF expression approach are 
usually (1) the required amount of synthesized recombinant protein, (2) to provide 
the most favorable background for promoting protein folding, (3) to increase the 
likeability of posttranslational modifications, (4) general handling issues, system 
availability and costs.

Expression efficiencies and other characteristics of the various systems still dif-
fer significantly and best compromises have to be found. While few micrograms 
of recombinant protein can usually be obtained in any system, the production of 
preparative scale levels approaching milligram yields out of 1 ml of RM is currently 
only routinely possible with extracts of Escherichia coli or wheat germs. Frequent 
limiting factors for protein production efficiency in cell extracts are high concentra-
tions of endogenous degrading enzymes, poor synchronization of ribosome activity 
during cell growth, or stability problems of essential enzymes. It should be noted 
that extracts of cells showing even high expression activities in vivo such as yeasts 
might not be very efficient in CF expression. However, protocols in particular for 
the efficient CECF configuration are continuously being optimized and further po-
tential for improved protein synthesis might exist. Most systems have now been 
adjusted as coupled transcription/translation systems including the efficient T7 
promoter for protein production and accepting plasmid or linear DNA templates 
(Table 2.1). The addition of translation factors or considering specific template 
modifications might further be necessary depending on the selected system.

A critical issue is the availability of the different CF extracts. Most systems are 
available as standardized commercial kits, but quality optimization and specific 
applications often require the set up of individual expression reactions. The prepa-
ration protocols for the various cell extracts differ significantly with sometimes 
even high variations in extract batch quality (Table 2.1). For eukaryotic cell extract 
preparations, species possible to grow in defined cell cultures might be preferred or 
commercial sources might be considered. The relatively fast and efficient prepara-
tion protocol is a major advantage of using E. coli extracts. In addition, it is best 
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characterized and a large variety of compounds useful for reaction modifications 
is available. The vast majority of current data on MP production have thus been 
obtained with E. coli extracts.

Depending on the intended applications, the proper formation of posttranslation-
al modifications can be a key issue for protein sample quality evaluation. Disulfide 
bridge formation may be triggered independently from extract origins by modulat-
ing the reducing conditions, e.g., by adding redox systems into the reaction, by 
supporting disulfide bridge formation with chaperones or by chemical pretreatment 
of extracts (Goerke and Swartz 2008, Kim and Swartz 2004, Yin and Swartz 2004). 
More complex modifications, such as glycosylation, lipidation, or phosphorylation, 
are so far only described from systems with eukaryotic extracts such as rabbit re-
ticulocytes, insect cells, or wheat germ and at analytical scales (Table 2.1). Many 
modifications require supplements such as canine pancreas microsomes into the CF 
reaction. If modifying enzymes are provided, posttranslational modifications such 
as N-glycosylation appear to be possible even in extracts of E. coli (Guarino and 
DeLisa 2012). However, it might stay challenging to combine quality and homoge-
neity of posttranslational modifications with high-level expression purposes.

2.3  Basic Protocol Development: Improving CF 
Expression Efficiency

Complexity of MP production in CF systems is mainly reduced to the basic tran-
scription/translation process. Coordination of pathways for trafficking or transloca-
tion as well as suppressing toxic effects are usually less relevant issues. Protein 
expression in most CF systems is controlled by the phage T7-RNA polymerase, and 
the corresponding regulatory promoter and terminator elements in addition to sys-
tem specific enhancers have to be provided. However, other promoters could work 
as well. With E. coli extracts, derivatives of standard Ptac promoters recognized by 
the endogenous E. coli RNA polymerase could give even relatively high expres-
sion levels (Shin and Noireaux 2010). DNA template constructs can be generated 
by overlap polymerase chain reaction (PCR) strategies and added as linear DNA 
fragment into the CF reaction (Ahn et al. 2005; Yabuki et al. 2007). Alternatively, 
plasmid DNA templates based on standard vectors such as, e.g., the pET or pIVEx 
series can be provided. DNA templates appear to be quite stable in CF reactions and 
final	concentrations	in	between	2	and	10	ng/μl	RM	are	already	saturating	(Haber-
stock et al. 2012).

Initial problems with low expression efficiency are mainly associated with the 
translation process. Adjusting the proper Mg2+ ion optimum is mandatory for each 
new target and suboptimal conditions can have severe impacts on protein produc-
tion (Rath et al. 2011; Schwarz et al. 2007). Abundance of rare codons could fur-
ther reduce protein expression and induce mis-incorporation of amino acids or even 
the premature termination of translation. Low protein yields are even more fre-
quently caused by the formation of unfavorable secondary structures of the mRNA 
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 involving the 5-prime end containing the translational initiation site. Modulating the 
nucleotide sequence of the 5-prime coding sequence can therefore be very efficient 
in order to improve expression (Ahn et al. 2007; Kralicek et al. 2011). A fast ap-
proach is the tag variation screen by analyzing the effects of a small number of short 
sequence-optimized expression tags (Haberstock et al. 2012). The tag variation con-
structs are generated by overlap PCR and the resulting products can directly be used 
as DNA templates in CF expression screens. The construction of large fusion pro-
teins in order to improve expression is therefore usually not necessary. Expression 
monitoring can initially be performed via immunodetection by using C-terminal 
purification tags such as a poly(His)10-tag as antigen. In an ideal template design, 
the coding sequence is therefore modified with a C-terminal purification/detection 
tag, and, if necessary, with a short N-terminal expression tag (Fig. 2.1). If transla-
tion can be addressed properly with the above mentioned procedures, the protein 
production in CF systems is usually very efficient. In expression screens comprising 
MP targets of diverse sizes, topologies, and functions, high success rates could be 
achieved (Schwarz et al. 2010; Savage et al. 2007; Langlais et al. 2007).

Expression monitoring by taking advantage of C-terminally attached derivatives 
of green fluorescent protein (GFP) could be useful for CF expression protocol de-
velopment and fast protein quantification (Kai et al. 2013; Müller-Lucks et al. 2012; 
Nozawa et al. 2011; Roos et al. 2012). For MP expression, it must be considered that 
the folding of wild-type or red-shifted variants of GFP is hampered in the presence 
of most detergents (Roos et al. 2012). More resistant is the superfolder GFP deriva-
tive most likely due to its higher tolerance for chemical denaturants and its faster 
folding kinetics (Roos et al. 2012; Pedelacq et al. 2006). However, the folding of 
superfolder GFP might not correlate with the productive folding of the N-terminal 
target protein as it is speculated for other GFP derivatives (Pedelacq et al. 2006). 
Superfolder GFP might therefore only be considered as general expression monitor 
while fusions with other GFP derivatives may in addition also give some prelimi-
nary evidence of the target protein folding and quality.

2.4  Folded Precipitates: P-CF Expression

Depending on the strategy and choice of supplemented additives, several basic ex-
pression modes are possible for the CF production of MPs (Fig. 2.1). The selection 
of the expression mode may depend on the intended application of the MP sample, 
but it can also have drastic consequences on the resulting MP quality (Junge et al. 
2010; Lyukmanova et al. 2012). An overview on the implementation of the differ-
ent CF expression modes is given in Tables 2.2–2.4 and representative case studies 
published during the last decade are listed.

In absence of any provided hydrophobic environment, the freshly translated MPs 
instantly precipitate in the RM. Successful expression in this precipitate forming 
(P-CF) production mode can thus even be monitored by increased turbidity of the 
RM during incubation. Folded structures of such P-CF-generated MP precipitates 

2 Membrane Protein Quality Control in Cell-Free Expression Systems
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can be detected by solid state nuclear magnetic resonance (NMR) and resolubilized 
precipitates show significant structural overlaps with corresponding MP samples 
obtained after conventional in vivo production (Maslennikov et al. 2010). P-CF-
expressed MPs can simply be harvested by centrifugation. The MP pellet is usually 
contaminated with a number of co-precipitated proteins from the extract. Washing 
with buffer containing mild detergents such as Brij derivatives can help to selec-
tively reduce such contaminations. The MPs are then solubilized in buffer contain-
ing specific detergents. Best results are usually obtained with 1-myristoyl-2-hy-
droxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LMPG), 1-palmitoyl-2-hydroxy-
sn-glycero-3-[phospho-RAC-(1-glycerol)] (LPPG), or sodium dodecyl sulfate 
(SDS; Table 2.2; Klammt et al. 2004; Klammt et al. 2012; Rath et al. 2011). Milder 
detergents such as n-dodecyl-phosphocholine (DPC) or n-dodecyl-b-D-maltoside 
(DDM), detergent cocktails or mixtures of detergents and lipids could further be 
useful depending on the MP target (Ma et al 2011).

Critical parameters for the resulting MP quality can be (1) detergent concentra-
tion and volume of the solubilization buffer, (2) temperature of solubilization, and 
(3) the subsequent exchange of the primary and usually relatively harsh solubiliza-
tion detergent against secondary and considerably milder detergents, e.g., upon MP 
immobilization during affinity chromatography. Stabilization and high recovery of 
ligand binding active GPCRs could be obtained by this strategy (Junge et al. 2010; 

Fig. 2.1  Basic steps for the design of CF expression reactions
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Klammt et al. 2011). Solubilization of P-CF pellets is fast and usually complete 
after gentle shaking for approximately 1 h. It should be noted that pellets of CF-
expressed soluble proteins cannot usually be solubilized by that procedure as they 
are much more unstructured. Consequently, MPs having excessive soluble domains 
could therefore resist solubilization out of P-CF pellets.

Selecting the P-CF expression mode is the fastest approach and usually routinely 
employed for the first level of MP expression protocol development in order to tune 
protein production up to the desired yields (Junge et al. 2011). Even complex MPs 
such as 12 transmembrane segment containing eukaryotic ion transporters or the 
10 transmembrane segment containing MraY translocase have been functionally 
synthesized in the P-CF mode (Keller et al. 2008; Ma et al. 2011). The P-CF mode 
is furthermore excellent for screening MP libraries (Langlais et al. 2007; Savage 
et al. 2007; Schwarz et al. 2010) and for the production of MP samples for structural 
analysis by NMR (Klammt et al. 2004; Maslennikov et al. 2010; Rath et al. 2011; 
Sobhanifar et al. 2010).

2.5  Production of Proteomicelles: D-CF Expression

CF expression systems can tolerate a considerable number of supplied hydrophobic 
compounds, while certain variations in between the different extract sources exist. 
The CF expression in the presence of detergents above their critical micellar con-
centration (CMC) can result into the co-translational solubilization of the expressed 
MPs and into the instant formation of proteomicelles (Fig. 2.1).

Extensive evaluation of detergent tolerance has been performed with E. coli ex-
tracts (Blesneac et al. 2012; Gourdon et al. 2008; Klammt et al. 2005; Lyukmanova 
et al. 2012) as well as with wheat germ extract systems (Beebe et al. 2011; Genji 
et al. 2010; Kaiser et al. 2008; Periasamy et al. 2013). As primary compounds of 
choice, long-chain polyoxyethylene-alkyl-ethers such as Brij35, Brij58, Brij78 or 
Brij98, and the steroid-derivative digitonin have been determined (Table 2.3). These 
detergents have been successfully used for the solubilization of different G pro-
tein-coupled receptors (GPCRs) as well as of prokaryotic MPs (Table 2.3). Com-
monly employed detergents for the extraction of MPs out of native membranes 
such	as	DPC,	the	alkyl-glucoside	n-dodecyl-β-D-maltoside	(DDM),	or	n-octyl-β-
D-glucopyranoside	(β-OG)	are	too	harsh	or	only	tolerated	at	lower	concentrations.	
However, the tolerance can sometimes be increased if critical detergents are pro-
vided as mixed micelles together with other detergents, e.g., CHAPS together with 
Fos-choline derivatives (Genji et al. 2010). It might generally be advantageous to 
combine the provided detergent micelles with some small amounts of lipids in case 
the translated MPs require interaction with some lipids for stabilization (Arslan 
Yildiz et al. 2013; Müller-Lücks et al. 2013; Nozawa et al. 2007). For the expres-
sion of mitochondrial carrier proteins, the addition of some cardiolipin together 
with fluorinated surfactants or Brij35 detergent had significant beneficial effects, 
whereas cardiolipin had negative effects in combination with the detergent Brij58 
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Proteina Size [kDa] 
(TMHb)

Type/assayc Systemd

Yielde
Detergentf Reference

Pores and Channels
Aqp3 32 (6) Porin/+ iE [3] Brij98

+ Ec polar lipids
Müller-Lucks et al. 

(2013)
Cx32
VDAC

32 (4)
36 

(1 + 13ß)

Channel/+ cE [2] Brij35 Nguyen et al. (2010)

hVDAC1 35 (13ß) Channel/+ cE [1] DDM, Fos12 Deniaud et al. (2010)
mAqp4 30 (6) Porin/+ iE [3] Brij35, Digitonin Kai et al. (2010)
Ec-MscL 15 (2) Channel/+ cE [3] Triton X-100 Berrier et al. (2004); 

Abdine et al. 
(2010)

OEP24 24 (12ß) Channel/+ cE [2] DDM Liguori et al. (2010)
PorA/H
C. glutamicum

5 Channel/+ iE [2] Brij72 Rath et al. (2011)

hERG 25 (6) Channel/+ iE [2] Brij78
+ soybean PC

Arslan Yildiz et al. 
(2013)

Transporters and pumps
UCP1 30–35 (6) Carrier/+ cE [2] Brij35/58, DDM, 

digitonin, 
fluorinated 
surfactants + 
cardiolipin

Blesneac et al. (2012)

Ec-EmrE 12 (4) Trans-
porter/+

cE [3] DDM Elbaz et al. (2004)

AtPPT1, 
OpPPT1/2/3

30 (8) Trans-
porter/+

cE Brij35 + 
Asolectin

Nozawa et al. (2007)

Bacteriorhodop-
sin

28 (7) H+-Pump/+ cE [2] NaPol Bazzacco et al. (2012)

Bacteriorhodop-
sin

28 (7) H+-Pump/+ WG Chaps + Fos12, 
Fos14

Genji et al. (2010)

Bacteriorhodop-
sin

28 (7) H+-Pump/+ WG Chaps, Fos12 Beebe et al. (2011)

Ec-Tsx 34 (12ß) Trans-
porter/−

iE [3] Brij78 Klammt et al. (2005)

Receptors
Dopamine D2 50 (7) GPCR/+ iE WG – Basu et al. (2013)
hTAAR-T4L 45 (7) GPCR/+ iE [2] Brij35 Wang et al. (2013)
hETA, hETB ~ 45 (7) GPCR/+ iE [3] Brij35/78 Junge et al. (2010)
Olfactory 

Receptors, 
hFPR3, 
hVN1R1, 
hVN1R5

~ 30 (7) GPCR/+ cE [2] Brij35, peptide 
surfactants

Corin et al. (2011)

Cytokinin 
Receptor 
CRE1/AHK4

37 (2) Receptor/+ iE [3] Brij58/78 Wulfetange et al. 
(2011)

CpxA 50 (2) Receptor/+ cE [3] Brij35 Miot and Betton 
(2011)

Table 2.3  Case studies of D-CF-expressed MPs 
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Proteina Size [kDa] 
(TMHb)

Type/assayc Systemd

Yielde
Detergentf Reference

OR17-4 36 (7) GPCR/+ WG, cE 
[2]

Digitonin Kaiser et al. (2008)

hMTNR1B, 
hNPY4R, 
rCRF, hV2R

~ 40 (7) GPCR/− iE [2] Brij58/78 Klammt et al. (2007)

hCHRM2, 
hβ2AR,	
hNTR

~ 60 (7) GPCR/+ iE [2] Brij35, digitonin Ishihara et al. (2005)

ARII 18 (7) Receptor/+ cE [1] Digitonin
+ PC

Wada et al. (2011)

hOR17-210, 
mOR103-
15, hFPR3, 
hTAAR5

~ 40 (7) GPCR/+ iE [2] Peptide 
surfactants

Wang et al. (2011)

hCRF1, CRF2ß (7) GPCR/+ iE Nvoy Klammt et al. (2011)

Enzymes
Bs-MraY 36 (10) Translo-

case/+
iE [3] Brij35 Ma et al. (2011)

Bcl-2 25 (1) Anti-
apoptotic 
protein/+

iE [2] Brij58 Pedersen et al. (2011)

ATP synthase 542 Multisub-
unit com-
plex/+

iE [1] Brij58 Matthies et al. (2011)

CrdS 70 (7) Enzyme/+ WG [1] Brij58, peptide 
surfactants

Periasamy et al. 
(2013)

Bs-DesK ~ 40 (4–5) Histidine 
kinase/+

cE [3] Brij58, digitonin, 
Triton X-100

Martin et al. (2009)

Diverse
> 100 Ec-MPs (< 15) Diverse iE [3] Brij35/58/78/98 Schwarz et al. (2010)
TM-ErbB3
VSD-KvaP
Bacteriorhodop-

sin

5 (1)
(4)
28 (7)

Receptor/+
Channel
H+-Pump/+

iE [3] Brij35/58/78/98
Triton X-100, 

DDM

Lyukmanova et al. 
(2012)

Brij35 polyoxyethylene-(23)-lauryl-ether, Brij58 polyoxyethylene-(20)-cetyl-ether, Brij72 Poly-
oxyethylene-(2)-stearyl-ether, Brij78 polyoxyethylene-(20)-stearyl-ether, Brij98 polyoxyeth-
ylene-(20)-oleyl-ether, CHAPS 3-[(3-Cholamidopropyl) dimethylammonio]-1-propansulfonat, 
DDM	 n-dodecyl-β-D-maltoside,	 Fos12 n-dodecylphosphocholine, Fos14 n-tetradecylphospho-
choline, NaPol Nonionic amphipols, Nvoy NV10 polymer, PC	L-α-phosphatidylcholine
a  If documented, the origin of proteins is given in italics; h human, m murine, r rat, Ec E. coli, Bs 

Bacillus subtilis
b	TMH:	Number	of	transmembrane	helices	or	β-sheets	(β)
c + : Quality analyzed by structural evaluation or functionality
d iE individual E. coli extracts, cE commercial E. coli extracts, WG wheat germ extracts
e		Approximate	yields	per	1	ml	RM	if	documented	in	the	corresponding	references.	1:	≤	0.1	mg/ml;	
2: 0.1–1 mg/ml; 3: > 1 mg/ml

f Main detergents used for co-translational solubilization. Concentrations are given if documented

Table 2.3 (continued)
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(Blesneac et al. 2012). The nature or composition of the selected detergent or deter-
gent mixture can certainly affect the efficiency of solubilization as well as the MP 
quality in view of folding and stability. Systematic screens for detergent type and 
concentration are therefore necessary in order to determine optimal conditions for 
each individually expressed MP (Ishihara et al. 2005; Klammt et al. 2005; Liguori 
et al. 2008; Martin et al. 2009; Rath et al. 2011).

The open nature of CF reactions has initiated searches for further and new hy-
drophobic compounds with improved properties that could substitute classical de-
tergents in co-translational MP solubilization (Fig. 2.2). Fluorinated surfactants 
as well as phospholipid-like surfactants have been considered as mild hydropho-
bic supplements in D-CF reactions (Park et al. 2011; Blesneac et al. 2012). Am-
phipols and in particular the charged A8-35 derivative are not well tolerated but 
might be interesting as solubilizing agents for P-CF-generated MP precipitates. The 
polyfructose-based uncharged polymer NV10 was claimed to be beneficial in sup-
porting the solubilization of several class B GPCRs (Klammt et al. 2011). Similar 
positive effects on GPCR solubilization as described for Brij detergents have been 
observed with peptide surfactants as D-CF supplements (Wang et al. 2011; Corin 
et al. 2011; Table 2.3). However, curdlan synthase was inactive if D-CF expressed 
in the presence of Brij58, but active if the detergent was replaced by peptide sur-
factants (Periasamy et al. 2013). Other compounds such as the recently described 

 

Fig. 2.2  Supplements for the co-translational and posttranslational modification of MP sample 
quality
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maltose-neopentyl glycol amphiphiles might be considered in future as well (Chae 
et al. 2010). Although the general availability of several compounds is still some-
how limited, it is evident that the variety for designing artificial hydrophobic envi-
ronments in D-CF reactions is rapidly increasing.

2.6  Designing Protein/Membrane Complexes: 
L-CF Expression

CF extracts are almost devoid of membranes, although some residual small vesicles 
originating from the cell membranes might be present after S30 preparation. More 
complete removal of membrane fragments can be achieved by S100 (centrifuga-
tion at 100,000 × g) extract preparation (Berrier et al. 2011). Instead of complex 
cell membranes, vesicles containing selected lipid compositions can be prepared 
in vitro and provided into the CF reactions. Lipids are, in contrast to detergents, 
much better tolerated by CF systems and mostly high final concentrations are pos-
sible (Kalmbach et al. 2007; Hovijitra et al. 2009; Roos et al. 2013; Umakoshi et al. 
2009). This L-CF (lipid membrane-based) expression mode can thus facilitate the 
co-translational association of the expressed MPs with supplied bilayers provided 
as liposomes, as bicelles in combination with specific detergents or as planar mem-
brane discs (Fig. 2.2). The L-CF mode is an excellent approach in order to evaluate 
lipid effects on the quality and activity of MPs (Table 2.4). Subsequent character-
ization of L-CF-generated MP samples can furthermore be performed in the natural 
context of membranes. The co-translational insertion might direct the synthesized 
MPs in a unidirectional inside-out orientation into the supplied membranes. This 
could be shown with connexins as example and thus more uniform samples can be 
generated if compared with conventional posttranslational reconstitution approach-
es (Moritani et al. 2010).

It should be realized that by selecting the L-CF expression mode, translocation 
problems of the expressed MP can become an issue again. For many MPs, complex 
translocation machineries are essential for their proper membrane insertion in vivo 
(Shao and Hedge 2011). The knowledge of translocation mechanisms of MPs in 
artificial L-CF systems is still at the very beginning. However, it is already evi-
dent that the dependency of MP insertion on translocation systems might not be as 
strict as in vivo. The membrane insertions of the CF-expressed channel MscL and 
of the MtlA permease were independent of the YidC insertase and of the SecYEG 
complex, respectively (Berrier et al. 2011; Nishiyama et al. 2006). Characteristics 
that could facilitate membrane insertion might be that (1) the provided membranes 
are empty, (2) the membrane concentration in CF reaction can be high, and (3) 
lipid compositions of the supplied membranes can specifically be modulated, e.g., 
increase of anionic lipids can improve MP insertion efficiencies (Roos et al. 2012). 
It is generally advisable to perform a lipid screening with individual MPs in order 
to determine the appropriate composition of supplied membranes in view of lipid 
charge, length, and flexibility. If translocation systems appear to be mandatory, 
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vesicles isolated out of complex cell membranes and containing natural transloca-
tion machineries could be considered as supplements as well (Stech et al. 2012).

L-CF expression in the presence of nanodiscs appears to be in particular prom-
ising in order to obtain soluble and functionally active MP/membrane complexes 
(Cappuccio et al. 2009; Lyukmanova et al. 2012; Proverbio et al. 2013; Roos et al. 
2012). Specific advantages might be that nanodisc membranes are accessible from 
both sides and it could be speculated that inhomogeneities of the membrane/mem-
brane scaffold protein interface may provide additional entry sides for MP integra-
tion. MP/nanodisc complexes are highly soluble and can be used for a variety of 
applications such as surface plasmon resonance (SPR) measurements (Proverbio 
et al. 2013). Nanodiscs provide furthermore a membrane compartment that is stable 
in size and topology. In contrast, liposomes supplied to CF reactions show exces-
sive fusion and increase in size, resulting into their almost quantitative precipitation 
during the reaction (Barrier et al. 2011; Roos et al. 2013). An interesting modifi-
cation by using the CECF configuration is the initial supply of a lipid/detergent 
mixture in the RM, whereas the FM is devoid of any detergent. Freshly translated 
MPs can therefore first physically associate with the provided lipomicelles and be-
come increasingly trapped into membranes that slowly formed by the continuously 
decreased detergent concentration in the RM. This method was successfully ap-
plied for bacteriorhodopsin with combinations of steroid detergents and phospha-
tidylcholine lipids (Shimono et al. 2009). In a similar approach, the plant solute 
transporter AtPPT1 was functionally reconstituted by using a mixture of Brij35 and 
soybean asolectin lipids (Nozawa et al. 2007).

Besides hydrophobic environments, a variety of further additives could be ben-
eficial for the production of high quality MP samples (Fig. 2.2). Chemical chaper-
ones such as sugars, alcohols, or polyions are tolerated by CF systems and synergies 
of several compounds could be determined in correlated concentration screens (Kai 
et al. 2013). Such additives might be in particular beneficial for supporting the fold-
ing of larger soluble domains of MPs.

2.7  Handling the Toolbox of CF Expression: Strategies 
for Protein Quality Optimization

During the last decade when CF expression as a new platform for MP production 
was emerging, the three basic modes P-CF, D-CF, and L-CF have been employed 
in more or less comparable frequencies. The variety of supplements useful for MP 
quality optimization is rapidly expanding and defining specific conditions for the 
production of sufficient MP quantities that are homogenous, functionally folded, and 
stable is generally the key issue in CF expression protocols. The systematic screen-
ing of (1) expression modes, (2) type and concentration of hydrophobic compounds, 
(3) additives such as stabilizer or chaperones and (4) post-expression processing 
procedures generate an array of MP samples that have to be analyzed (Fig. 2.2). 
A strategic plan for MP quality control is therefore crucial and the first evaluation 
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of solubility, sample homogeneity, protein integrity, stability, or specific activity 
should be implemented as soon as possible, at best already in the crude reactions. 
The above mentioned GFP fusion approach can, e.g., provide already a first short 
list of compounds and compound combinations giving an efficient solubilization of 
the MP. Enzymatic reactions or binding of labeled ligands might be considered as 
well in specific cases (Gourdon et al. 2008; Kalmbach et al. 2007). Solubility and 
integrity can be assayed with immunoblotting by taking advantage of terminal tags. 
Rare occurring MP fragmentation generated by premature translational termina-
tion or proteolytic degradation could be addressed by using synthetic genes and by 
screening protease inhibitors. In the case of some GPCRs, ligand-binding assays 
by SPR measurement can be performed with crude RMs containing the expressed 
MP (Proverbio et al. 2013). Feedback from first quality evaluations should then be 
considered for re-optimization, fine-tuning of compound concentrations, and for 
analyzing cocktails of beneficial compounds for synergistic effects. In many cases, 
tremendous variations in the quality of MP samples produced at different CF condi-
tions have been observed. A striking example is the MraY translocase, a membrane-
embedded enzyme responsible for lipid-I precursor formation in the bacterial cell 
wall biosynthesis pathway. The Bacillus subtilis MraY can be functionally synthe-
sized in a large variety of CF conditions implementing detergents and lipids. In 
contrast, the E. coli MraY enzyme was only functional if L-CF synthesized in the 
presence of nanodiscs containing anionic lipids (Roos et al. 2012; Ma et al. 2011).

If a short list of few promising reaction conditions has been determined, more time-
consuming assays using purified samples such as size exclusion chromatography, 
multi-angle light scattering, or circular dichroism spectroscopy can be implemented in 
order to analyze homogeneity, folding, and oligomeric states of the MP. Functionality 
of MPs is often more difficult to analyze and currently available case studies are com-
piled in Tables 2.2–2.4. As some examples, ligand binding of GPCRs and transporters 
were shown by radioassays (Gao et al. 2012; Ishihara et al. 2005; Sansuk et al. 2008; 
Yang et al. 2011), fluorescence anisotropy measurement (Junge et al. 2010), SPR (Kai-
ser et al. 2008; Proverbio et al. 2013), or thermophoresis (Corin et al. 2011). Function-
al samples of channels and transporters after co-translationally or posttranslationally 
reconstitution into lipid bilayers were obtained from MscL (Berrier et al. 2004, 2011), 
EmrE (Elbaz et al. 2004), TetA (Wuu and Swartz 2008), PorA and PorH (Rath et al. 
2011), eukaryotic organic ion transporters (Keller et al. 2008, 2011), as well as from 
aquaporins (Hovijitra et al. 2009; Kai et al. 2010; Müller-Lucks et al. 2013).

2.8  Perspectives for Structural Approaches

The possibility to produce pure and concentrated samples of even very difficult 
MPs in a short time by CF expression is certainly of major interest for structural 
studies. Efficient incorporation of selenomethionine is of value for X-ray crystal-
lography. In addition, MPs could already co-translationally be stabilized by inhibi-
tors or other ligands. X-ray structures of CF-expressed MPs are still limited to the 
multidrug transporter EmrE (Chen et al. 2007) and Acetabularia proteorhodopsin 
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(Wada et al. 2011) synthesized in a mixture of detergents and lipids. Crystalliza-
tion was furthermore successful with the CF-expressed human voltage-gated anion 
channel VDAC1 (Nguyen et al. 2010; Deniaud et al. 2010). Despite some success, 
the still relatively low number of X-ray structures derived from CF-expressed MPs 
indicates that reaction conditions obviously may often not have been optimal in or-
der to obtain crystallization grade MP samples. Systematic case studies are needed 
in order to identify the key parameters to be considered by choosing CF expression 
approaches. Sample homogeneity might be optimized by (1) intensive screening 
of reaction modes and hydrophobic supplements, (2) providing detergents in cock-
tails with some stabilizing lipids, (3) adjusting redox conditions for proper disulfide 
bridge formation, and (4) fine-tuning of solubilization conditions of P-CF samples.

The efficient and cost-effective labeling opportunities of CF expression are ex-
cellent prerequisites for structural approaches by NMR spectroscopy and a variety 
of sophisticated labeling tools and schemes have been developed and are already 
established standards (Klammt et al. 2012; Reckel et al. 2008; Ozawa et al. 2006). 
Nevertheless, liquid-state NMR of MPs is still a challenging task. MPs in micellar 
as well as in lipid environment are prone to signal broadening due to the large size 
and	slow	rotational	tumbling.	Furthermore,	amino	acids	in	α-helical	structures	tend	
to display narrow-range chemical shifts, resulting in severe peak overlaps. Numer-
ous liquid-state NMR structures of P-CF (Klammt et al. 2012; Maslennikov et al. 
2010; Sobhanifar et al. 2010) or D-CF (Reckel et al. 2008) expressed MPs have 
been reported (see also chapter by L. Catoire and D. Warschawski in this volume). 
For solid-state NMR, P-CF precipitates, samples posttranslationally reconstituted 
into liposomes, or L-CF samples by additions of liposomes or nanodiscs can be 
used (see also chapter by L. Catoire and D. Warschawski in this volume). Examples 
of successfully analyzed MPs are the mechanosensitive channel MscL (Abdine 
et al. 2010) and the multidrug transporter EmrE (Lehner et al. 2008). In particular, 
L-CF expression in the presence of nanodiscs can become attractive as shown in 
initial studies with proteorhodopsin (Mörs et al. 2013).

2.9  Conclusions

Besides exploring new approaches in particular for drug screening or single-mol-
ecule approaches, some major current challenges are the scale-up of CF reactions 
to industrial dimensions, the streamlined determination of expression conditions 
for crystallization grade MP samples, and the production of larger assemblies and 
MP complexes. Initial milestones have already been achieved and give promising 
perspectives. The manufacturing of multigram to kilogram scales in 100 L or even 
higher CF reaction volumes appears to become feasible (Zawada et al. 2011). Pro-
viding complex and more elaborated hydrophobic expression environments might 
be a direction for producing homogeneous samples suitable for crystallization 
(Wada et al. 2011). Tuning expression and template design might be a prerequisite 
for successful synthesis and assembly of MP complexes as recently been shown for 
the 542-kDa ATP synthase complex (Matthies et al. 2011).

2 Membrane Protein Quality Control in Cell-Free Expression Systems
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3.1  Introduction

Among integral membrane proteins (IMPs), G protein-coupled receptors (GPCRs) 
constitute the largest family with more than 800 different receptors identified (La-
gerstrom and Schioth 2008). GPCRs are involved in most essential cellular process-
es and are the targets of about 30 % of current pharmaceutical drugs (Lagerstrom 
and Schioth 2008). It is therefore crucial to gain knowledge of their structure and 
their conformational dynamics in order to understand their functions and/or dys-
functions, as well as to design more selective and specific drugs. However, although 
the field has witnessed spectacular progresses during the past years, getting detailed 
structural information on GPCRs is still a long and winding road.

Except for rhodopsin (Hofmann et al. 2009), the low abundance of GPCRs pre-
cludes their purification in biochemically relevant amounts from natural sources. 
Overexpression is thus a prerequisite for structure/function analyses. However, 
overexpressing GPCRs, in particular in their unmodified state, may be problem-
atic. Many different expression systems have been tested so far (see Chaps. 1, 2, 
4–6 from this issue). One of the most popular for structural analyses actually is the 
insect cell system where most of the receptors crystallized have been produced, 
although in a modified state (Cooke et al. 2013). Yeast cells have also been used to 
express the histamine receptor whose crystal structure has been solved (Shiroishi 
et al. 2011). Other expression systems such as cell-free synthesis (Proverbio et al. 
2013; see also Chap. 2) and mammalian cells (Andrell and Tate 2013) are explored 
to produce GPCRs.

Among all these expression systems, Escherichia coli still holds promises. This 
is due to its simplicity, scalability, and homogeneity of the recombinant protein 
obtained. Moreover, this system is essentially unique when it comes to specific 
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labeling of the expressed protein. This is particularly true when labeling with iso-
topes for nuclear magnetic resonance (NMR) studies is considered. Indeed, com-
plex labeling protocols, homogeneous 15N and/or 13C labeling, and perdeuteration 
are routinely carried out in bacterial expression systems only (Verardi et al. 2012). 
This recently allowed the structure of the unmodified CXCR1 chemokine receptor 
to be solved in its lipid environment using solid-state NMR (Park et al. 2012b, see 
also Chap. 12 from Catoire et al. in this volume). In this case, the labeled receptor 
was expressed in E. coli inclusion bodies (IBs) and subsequently folded back to its 
native state in a lipid medium (Park et al. 2012a).

Once efficient expression has been achieved, purifying sufficient amounts of 
functional and stable protein still remains a challenge. GPCRs, as most IMPs, have 
to be handled in aqueous solutions in complex with surfactants, usually detergents. 
Because detergents tend to be inactivating, identifying a detergent or a lipid/deter-
gent mixture that ensures protein homogeneity, functionality, and stability is often 
a limiting step. Different approaches have been developed that consist in either 
increasing the stability of the receptor through specific mutations or through the use 
of new generations of detergents, surfactant, and membrane-mimicking environ-
ments (Popot 2010, see also Chaps. 7 and 8 from M. Zoonens and from G. Durand, 
respectively, in this volume).

Here, we review the most recent advances in the production of GPCRs in E. coli, 
with a special emphasis on the strategy that is based on expression in IBs followed 
by solubilization and in vitro folding of the receptor. We then take a brief glimpse of 
the methods used to stabilize purified receptors in solution for subsequent structure/
function analyses.

3.2  Functional Expression of GPCRs in E. Coli Inner 
Membranes

Since GPCRs are IMPs, targeting recombinant receptors to the inner membrane of 
the bacterium is considered as the most obvious strategy. Different approaches have 
been developed so far to optimize membrane expression that consist in screening 
for a fusion partner to efficiently address the receptor to the membrane, manipulat-
ing the bacterial strains to avoid toxicity, or manipulating the receptor sequence to 
increase its expression level and/or stability in inner membranes.

In most cases, efficient insertion into the bacterial inner membrane is achieved 
only by fusing the GPCR to a protein partner. During the first time of GPCR ex-
pression in E. coli,	β-galactosidase	was	used	to	produce	the	β2-adrenergic receptor 
(Marullo et al. 1988). Since then, other fusion partners have been used. These 
include, for instance, a bacterial membrane protein, OmpF (Wiktor et al. 2013). 
Mistic, an IMP expression enhancer, also allowed an enhancement of the expres-
sion of the cannabinoid CB2 receptor at the bacterial membrane in combination 
with TarCF, a C-terminal fragment of the bacterial chemosensory transducer Tar 
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(Chowdhury et al. 2012). In the same way, fusion of the green fluorescent protein 
to the Cterminus of the cannabinoid CB1 and bradykinin B2 receptors led to ef-
ficient membrane expression (Skretas and Georgiou 2009). The most extensively 
described and used fusion system, however, is maltose-binding protein (MBP) 
alone or combined to thioredoxine A (TRX). Such fusions have been shown to 
be particularly well adapted for high-level expression of the neurotensin NTS1 
(Tucker and Grisshammer 1996), the adenosine A2A (Weiss and Grisshammer 
2002), or the cannabinoid CB2 (Yeliseev et al. 2005) receptors in the E. coli inner 
membrane.

Another way to optimize expression of functional GPCRs in E. coli consists in 
manipulating the bacterial strain to suppress toxicity and/or enhance expression. 
We mention this approach only briefly since it is detailed in Chap. 4 of this volume. 
The best-illustrated example is that of the C41 and C43 strains (Miroux and Walker 
1996) where, besides several MPs, some GPCRs have been produced (e.g., chemo-
kine receptors; Ren et al. 2009). In the same way, some bacterial genes have been 
identified such as those encoding the ribonucleotide phosphatase NagD, a fragment 
of the predicted lipoprotein NlpD, and the three-gene cluster ptsN–yhbJ–npr, which 
globally enhance the production of properly folded GPCRs in E. coli (Skretas et al. 
2012).

Finally, a most promising strategy to get functional receptors may consist in 
modifying the sequence of the receptor gene itself to optimize its stability at the 
bacterial membrane. An exciting evolutionary approach has been recently report-
ed to identify structural features in a receptor that are important for biosynthesis 
and stability in the membrane of E. coli (Schlinkmann et al. 2012a; Schlinkmann 
et al. 2012b; Schlinkmann and Pluckthun 2013). Using an in vitro recombination 
technology, Plückthun and coworkers obtained evolved variants of the neurotensin 
NTS1 receptor with both maximal functional expression and stability in the short-
chain detergents used for crystallization. Less extensive mutagenesis strategies, es-
sentially based on the replacement of the cysteine residues of the receptor, have 
also been reported that, in some cases, may enhance expression, although in a much 
more limited manner (Wiktor et al. 2013).

Expression of the receptor in the membrane of the bacteria then implies that the 
protein is subsequently solubilized from the membrane, usually with detergents, to 
achieve purification and biochemical and biophysical characterizations. Although 
trivial at first look, this step may be as problematic as achieving high-level expres-
sion or in vitro refolding; indeed, finding a detergent or a detergent combination that 
preserves the function of the expressed receptor can sometimes be an exhausting, 
time-consuming task. This step, however, is not detailed here since the problems 
encountered are common to the general process of GPCR stabilization in solution 
that is addressed further. They are also addressed in Chaps. 1, 7, and 8 of the pres-
ent book.
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3.3  Expression of GPCRs in E. Coli Inclusion Bodies 
and In Vitro Refolding

Expression of heterologous proteins in E. coli is frequently associated with incor-
rect folding and accumulation of the recombinant protein in cytoplasmic aggregates, 
IBs. Although commonly judged as a failure, getting GPCRs in IBs may present 
some advantages. IBs are not toxic to the cell so that high-level expression can be 
achieved, and they are resistant to proteolytic degradation. Accumulating receptors 
in IBs implies, however, that the receptors expressed have to be subsequently folded 
back to their native state; although considerable progresses have been achieved in 
the field, in vitro refolding still represents an arduous challenge and the bottleneck 
of this production strategy.

3.3.1  Accumulating GPCRs in IBs

As is the case for functional expression in E. coli membranes, a fusion partner is 
generally required for efficient accumulation of GPCRs in IBs. An example of such 
is glutathione S-transferase (GST) that was first used to express olfactory receptor 
OR5 (Kiefer et al. 1996) and then several other receptors (Kiefer et al. 2000), in-
cluding the chemokine receptor whose three-dimensional structure has been recent-
ly solved using solid-state NMR (Park et al. 2012a, b). In the case of the serotonin 
5-HT4(a) receptor, the receptor was fused to the bacterial ketosteroid isomerase 
(Baneres et al. 2005). A high-throughput effort aimed at evaluating the efficacy of 
various fusion partners to target GPCRs to IBs identified GST and TRX as the most 
efficient ones, although some GPCRs were overexpressed without any protein tag 
(Michalke et al. 2009).

In the search for a fusion partner that could be used to systematically express 
any	GPCR	in	IBs,	we	stumbled	over	a	fragment	of	the	extracellular	domain	of	α5	
integrin	 (α5I;	Arcemisbehere	 et	 al.	2010). When fused to the N-terminus of the 
receptor, this fragment allowed many different rhodopsin-like GPCRs to be ex-
pressed in their full-length, unmodified state, regardless of their size and sequence. 
Importantly, in this case, high-level expression does not require any optimization 
of the receptor coding sequence, of the culture conditions, or of the extraction/puri-
fication	procedures.	This	α5I	fusion	strategy	may	therefore	represent	an	important	
breakthrough for expression strategies involving accumulation of the GPCR in IBs 
by providing a systematic way to accumulate receptors in IBs.

3.3.1.1  Solubilizing GPCRs from IBs

Following expression, IBs are solubilized under denaturing conditions and the fu-
sion partner removed. Although usually considered as a trivial step, solubilization 
of the receptor is critical for its subsequent refolding. While water-soluble proteins 
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are usually denatured with chaotropic compounds such as guanidium chloride or 
urea, IMPs such as GPCRs require harsh detergents. The rat olfactory receptor OR5 
was solubilized from IBs in N-lauroyl sarcosine (Kiefer et al. 1996) while all other 
GPCRs were best solubilized with sodium dodecyl sulfate (SDS). Importantly, al-
though one could imagine that solubilization is a straightforward step that simply 
consists in adding the harsh detergent, the solubilization conditions, and in particu-
lar the detergent concentration, need to be carefully adjusted. Indeed, an efficient 
refolding requires the protein not to be aggregated, and this is highly dependent on 
different parameters, in particular SDS concentration (see Fig. 3.1).

While it is generally considered that the solubilized state used as starting point 
in refolding protocols is an unfolded one, it appears that, in SDS, IMPs retain a sig-
nificant amount of secondary structure. For instance, for the leukotriene B4 BLT1 
receptor,	the	amount	in	predicted	α-helical	structure	is	ca.	40	%,	and	closely	related	
to that measured after in vitro refolding (ca. 55 %; Fig. 3.2). This is the case also for 
the	μ-opioid	receptor	(Muller	et	al.	2008) and other IMPs such as bacteriorhodopsin 
(Huang et al. 1981) or the drug transporter emrE (Miller et al. 2009). However, al-
though it likely contains some or even most parts of the native secondary structure, 
the SDS-solubilized protein is totally unable to bind its ligands (inset to Fig. 3.2), 
suggesting that the crucial intramolecular contacts required for maintaining/pro-
moting the native state of the receptor are not achieved. The SDS-unfolded state 
after IB’s solubilization should thus be considered as a nonnative, pre-folded state 
rather than a totally unfolded one.

3.3.2  In Vitro Folding of GPCRs

GPCR in vitro folding consists in exchanging the detergent used for solubilizing the 
receptor from IBs, usually SDS, with a milder surfactant. Under these conditions, 
regions that have a propensity to fold may do so, allowing native-like interactions 

Fig. 3.1  Influence of the 
aggregation state of the 
solubilized protein on the 
folding ratio. Size-exclusion 
(S200HR; 16 × 300 mm) 
profile of the purified leu-
kotriene B4 receptor BLT1R 
solubilized from inclusion 
bodies at different SDS con-
centrations. The folding yield 
obtained from the protein in 
0.1 % SDS amounted 5–6 %, 
whereas that of the receptor 
in 0.8 % SDS was ca. 30 % 
under the same refolding 
conditions
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between folded segments to form. Finding favorable folding conditions implies 
identifying a surfactant that will favor intramolecular native interactions versus 
nonnative intermolecular ones. Indeed, the former will favor folding back to the 
native state whereas the latter will lead to aggregation. Various environments that 
could stabilize the native fold of GPCRs have been reported so far, including deter-
gents, lipid vesicles, and surfactants such as amphipols.

3.3.2.1  Folding Methods

Several methods have been used to efficiently exchange the detergents. These in-
clude matrix-assisted exchange, dilution, and SDS precipitation. Matrix-assisted 
methods are based on the exchange of the detergent while the receptor is immobi-
lized on a chromatographic column, usually through an engineered Histag. Their 
main advantage is a better control of the intermolecular interactions that promote 
aggregation during refolding; several GPCRs have been folded using this meth-
od, including the olfactory OR5 receptor (Kiefer et al. 1996), the leukotriene B4 
BLT1 receptor (Baneres et al. 2003), and the serotonin 5-HT4(a) receptor (Baneres 
et al. 2005). Dilution of the SDS-solubilized protein into a buffer containing the 

Fig. 3.2  Secondary structure and ligand-binding properties of the leukotriene B4 receptor BLT1R 
before and after refolding. Far-UV circular dichroism spectra of BLT1R after solubilization in 
0.8 % SDS ( green trace) and after refolding using LDAO as a detergent ( red trace). Inset: percent-
age of ligand-competent receptor in the SDS-solubilized state ( SDS), in the presence of both SDS 
and the amphipol used for refolding ( SDS + APol) and after folding in amphipol ( APol). Data are 
normalized to the amount of active receptor after refolding
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surfactant supposed to stabilize the native fold of the receptor, usually in the pres-
ence	of	methyl-β-D-cyclodextrin,	has	also	been	used	 to	 fold	back	 to	 their	native	
state several GPCRs such as the cannabinoid CB1 receptor (Michalke et al. 2010), 
the parathyroid hormone receptor PTHR1 (Michalke et al. 2010), the neuropeptide 
Y receptor NPY2R (Schmidt et al. 2009), and the glucagon-like peptide-1 receptor 
GLP1R (Schroder-Tittmann et al. 2010). Finally, while initially developed to refold 
bacteriorhodopsin (Popot et al. 1987), the removal of SDS through precipitation of 
its potassium salt allowed an efficient renaturation of several GPCRs into different 
environments (Dahmane et al. 2009; Park et al. 2012a). Besides these methods, 
other approaches have been tested. A particularly original one is that developed by 
Zaccaï and coworkers (Zaccai et al. 2007) who used microfluidic channels to refold 
correctly an IMP, bacteriorhodopsin (Zaccai et al. 2007).

In all cases, the crucial parameter appears to be the kinetics of SDS-to-surfactant 
exchange that probably needs to be fast enough for an efficient folding of the re-
ceptor. The rationale behind is that a fast exchange likely leaves the protein little 
chances to explore misfolding or aggregation opportunities offered by partially de-
naturing environments. This probably explains why slower methods such as dialy-
sis or adsorption of the detergent onto BioBeads or cyclodextrins appear to be rather 
inefficient.

3.3.2.2  Folding in Detergents

As shown in Table 3.1, efficient refolding of GPCRs in detergents has been reported 
for several receptors with yields ranging from a few percent (BLT2; Arcemisbehere 
et al. 2010) to about 80 % (OR5; Kiefer et al. 1996). Most of the percentages of 
functional recovery lie in the 20–40 % range, however. One of the major problems 

Table 3.1  Example of some GPCRs refolded in detergents
Receptor Detergent SDS removal method Folding yield (%) Reference
BLT1R LDAO Matrix assisted ~ 20–30 (Baneres et al. 2003)
BLT2R DPC/HDM Matrix assisted 4–5 (Arcemisbehere et al. 

2010)
OR5 Digitonin Matrix assisted 80 (Kiefer et al. 1996)
PTH1R DDM, cymal6 Dilution (in the 

presence of MCD)
50 (Michalke et al. 2010)

CB1R DDM, cymal6 Dilution (in the 
presence of MCD)

50 (Michalke et al. 2010)

GLP1R Brij78 Dilution (in the 
presence of MCD)

50–80 (Schroder-Tittmann 
et al. 2010)

NPY2R DDM/CHAPS Dilution (in the 
presence of MCD)

25–30 (Bosse et al. 2011)

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, Cymal6 6-cyclohexyl-
1-hexyl-β-D-maltoside,	DDM	 n-dodecyl-β-D-maltopyranoside,	DPC n-dodecylphosphocholine, 
HDM	n-hexadecyl-β-D-maltopyranoside,	LDAO n-dodecyl-N, N-dimethylamine-N-oxide
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in refolding GPCRs in classical detergents is that finding favorable folding condi-
tions implies identifying a detergent that will favor native intramolecular interac-
tions, and very different detergent compositions have been reported so far. Inferring 
a general rule is difficult so that one has to screen for many different detergents 
and/or detergent mixtures to find the most appropriate one. Identifying the optimal 
conditions is therefore time and material consuming, even with miniaturized assays. 
Moreover, as stated above, detergents are in most cases denaturing for IMPs. This is 
the case when solubilizing an IMP from a membrane fraction, but also when in vitro 
refolding is considered. As a consequence, refolding in detergents usually implies 
an additional step that consists in replacing the detergent used during the refolding 
procedure with a more stabilizing environment (see Sect. 3.4).

3.3.2.3  Folding in Lipids

The efficiency of lipid environments to fold GPCRs back to their native state after 
solubilization from IBs has been described for a handful of receptors (Table 3.2). For 
instance, the serotonin 5-HT4(a) receptor (Baneres et al. 2005) and the neuropep-
tide Y2 receptor (Schmidt et al. 2009) were refolded in 1,2-dimyristoyl-sn-glycero-
3-phosphocholine/3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 
(DMPC/CHAPS) bicelles. Bicelles are bilayer discs composed of mixtures of long-
chain and short-chain phospholipids. Another example of refolding into a lipid en-
vironment comes from the pioneering work of H. Kiefer with the olfactory receptor 
OR5 that was refolded in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)	 (POPC/POPG)	 lipid	
vesicles (Kiefer et al. 1996). However, in this case, the refolding protocol included 
a preliminary N-lauroylsarcosine-to-digitonin exchange step. The receptor in digi-
tonin was already able to bind its lilial ligand, indicating that folding back to the 
native state probably occurred before insertion into the lipid vesicle already. Finally, 
successful folding of GPCRs by direct transfer to lipid vesicles is limited to a very 
few examples such as the chemokine receptor CXCR1 that was inserted in bilayers 
directly after SDS precipitation (Park et al. 2012a).

Table 3.2  Example of some GPCRs refolded in lipids
Receptor Lipid composition SDS removal method Folding yield (%) Reference
CXCR1 DMPC 

(proteoliposome)
Precipitation – (Park et al. 

2012a)
5-HT4(a)R DMPC/CHAPS 

(bicelle)
Matrix assisted 20–25 (Baneres et al. 

2005)
NPY2R DMPC/CHAPS 

(bicelle)
Dilution 65 (Schmidt et al. 

2009)
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine, CHAPS 3-[(3-cholamidopropyl)dimethyl- 
ammonio]-1-propanesulfonate
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3.3.2.4  Folding in Amphipols

Amphipols (APols) and their applications, including in vitro folding, are described 
in detail in Chap. 8. Briefly, they are short amphipathic polymers with a high den-
sity of hydrophobic chains and highly hydrophilic groups that are able to keep in-
dividual IMPs soluble under the form of small, stable complexes (Popot 2010). 
Although initially developed to maintain the native fold of membrane proteins in 
solution with better efficacy than classical detergents (Tribet et al. 1996), APols 
appear as an efficient medium for folding IMPs also. This was demonstrated us-
ing model proteins such as OmpA, FomA, and bacteriorhodopsin (Pocanschi et al. 
2006; Dahmane et al. 2013; Pocanschi et al. 2013) and further extended to GP-
CRs recovered from IBs (Bazzacco et al. 2012; Dahmane et al. 2009). An example 
for such a folding efficiency is illustrated in the inset to Fig. 3.2. Of importance, 
conditions initially established to refold bacteriorhodopsin were applied essentially 
without any major change to several GPCRs to achieve folding yields between 30 
and 50 % (Bazzacco et al. 2012; Damian et al. 2012; Dahmane et al. 2009), suggest-
ing that this method of refolding could be of general use, in contrast to that based 
on detergents. If this is the case, as our data suggest, it will represent an important 
breakthrough for in vitro studies of purified GPCRs.

Of importance, as observed for most APol-trapped membrane proteins, GPCRs 
folded in amphipols are significantly more stable than those kept in lipid/deter-
gent mixtures while the pharmacological properties of the receptor are maintained 
(Dahmane et al. 2009). Moreover, APols can be readily exchanged with detergents 
without significant unfolding of the protein (Zoonens et al. 2007) so that the APol-
refolded receptor can be either used as such in biophysical and biochemical studies 
(Catoire et al. 2010) or, if necessary, as a starting state for subsequent insertion into 
other membrane-mimicking environments. This procedure has been recently used 
to reconstitute monomers and heterodimers of the ghrelin receptor into lipid nano-
discs (Damian et al. 2012; Mary et al. 2012; Mary et al. 2013).

3.3.2.5  Miscellaneous Considerations

In all cases, efficient refolding is dependent on several parameters that have to be 
considered. For instance, in strategies that involve a refolding in detergents or APols, 
the absence of lipids when solubilizing proteins from IBs is to be taken into account. 
As shown for several receptors, not only folding yields but also the stability of the 
folded protein are significantly increased in the presence of lipids (Dahmane et al. 
2009, 2013). One possibility is that they do so by binding to sites that form when 
the transmembrane surface achieves its native state. Thereby, they would contribute 
to driving folding toward the latter. Scrambling of disulfide bridges can also be a 
problem in some cases. This problem is nevertheless alleviated by careful control 
of the redox potential during in vitro folding and/or by specific mutagenesis of the 
receptor cysteines (Witte et al. 2013).
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To quantify the proportion of native receptor is also fundamental to evaluate the 
success of the folding strategy. In this context, classical strategies used when in 
vitro folding of globular proteins is considered may be inefficient to evaluate the 
efficacy of GPCR renaturation. For instance, estimation of the amount of second-
ary structure of the folded protein with circular dichroism (CD) is useless since, as 
stated above, the SDS-solubilized protein already displays a significant amount of 
α-helices. In the same way, Trp fluorescence cannot be used in the absence of a ref-
erence spectrum for the receptor in its native fold. Most of the folding experiments 
therefore rely on the availability of a sensitive, down-scalable, and robust functional 
assay, generally based on ligand-binding measurements. Finally, since the refolding 
yields are never quantitative, one has to be able to isolate and concentrate the native 
fraction into a homogeneous sample. This requires having at hand an efficient func-
tional purification method. In most cases, it consists in an affinity-chromatography 
step on an immobilized ligand (Baneres et al. 2005; Bazzacco et al. 2012; Bosse 
et al. 2011).

3.4  In Vitro Stabilization of the Purified GPCRs

Detergents are often denaturing for IMPs (Popot 2010). This is true for purified GP-
CRs solubilized from membrane fractions of bacteria or other organisms or after re-
folding in detergents. For these reasons, different approaches have been developed 
to increase the functional stability of GPCRs in solution. Two divergent strategies 
have been used that rely on the modification either of the environment of the recep-
tor or of the GPCR sequence. The latter consists in introducing random stabilizing 
mutations within the receptor sequence so that the receptor displays an increased 
stability, in particular in short-chain detergents (Scott et al. 2013; Tate and Schertler 
2009). Such an approach has been used to crystallize several GPCRs such as the 
β1-adrenergic receptor (Warne et al. 2008), the adenosine A2A receptor (Lebon et al. 
2011), or the neurotensin NTS1 receptor (White et al. 2012). Whether stabilization 
of the GPCRs through specific mutations could favor receptor in vitro folding in 
strategies based on the accumulation of the protein in E. coli IBs is still an open 
question. To our knowledge, this has not been tested yet. These mutations could 
favor receptor refolding by stabilizing the native arrangement during the folding 
pathway or, on the contrary, prevent the receptor from exploring its conformational 
landscape and thus limit its ability to find its native fold.

Modification of the receptor sequence can introduce some bias, however, in some 
structure/function analyses. An alternative approach to the mutagenesis-based strat-
egy therefore consists in using an unmodified receptor reconstituted in a membrane-
mimicking environment that stabilizes the native fold of the protein better that any 
classical detergent. Many different original detergents/surfactants have been devel-
oped during the past years and some of them used with purified GPCRs. We detail 
here only three of them, the maltose-neopentyl glucose series (MNGs), amphi-
pols, and nanodiscs. Other compounds, such as bicatenary detergents, fluorinated 
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surfactants, or lipid-like peptides have been developed to stabilize IMPs in solution 
(see Chaps. 7, 8, and 9 in the present book) but their application to GPCRs remains 
anecdotic (Damian et al. 2007; Corin et al. 2011; Zhao et al. 2006).

MNGs are original amphiphiles of recent development that are characterized by 
a central quaternary carbon atom derived from neopentyl glycol and hydrophilic 
groups derived from maltose (Chae et al. 2010). They appear to be particularly 
useful for stabilizing GPCRs during extraction from the membrane and subsequent 
manipulation of the purified receptor. In particular, they allowed stabilization of 
several purified receptors and receptor-G protein complexes during crystallization 
assays. So far, however, no improvement of the folding efficiency of GPCRs from 
IBs has been observed with MNGs compared to other classical detergents.

Amphipols have been used to stabilize the native fold of GPCRs in solution 
independently of their folding properties detailed above. For instance, they allowed 
the stabilization and the subsequent structural and functional characterization of 
the purified vasopressin V2 receptor extracted from insect cell membrane (Rahmeh 
et al. 2012). Of importance, as stated above, when refolding GPCRs in amphipols, 
one combines the advantages of high-yield folding ratios with the fact that the pro-
tein after renaturation is directly inserted in its stabilizing environment (Dahmane 
et al. 2009).

The last way used to stabilize GPCRs in solution better than classical detergents 
is to provide it with an environment mimicking that encountered in native condi-
tions, i.e., a lipid bilayer. Besides lipid vesicles that have been used for several puri-
fied receptors but are not always adapted to biophysical applications, two of these 
kinds of lipid-containing structures have been used to stabilize GPCRs in solution, 
bicelles, and nanodiscs. As stated above, bicelles are bilayer discs composed of 
mixtures of long-chain and short-chain phospholipids. They are popular for many 
structural applications, in particular for NMR (Chap. 12); as such, they recently 
allowed the structure of the unmodified CXCR1 in its lipid environment to be ob-
tained (Park et al. 2012b). Bicelles have also been used to stabilize different GPCRs 
such as opsin (McKibbin et al. 2007), the serotonin receptor (Baneres et al. 2005), 
or the NOP receptor (Thompson et al. 2011). Nanodiscs are also a discoidal lipid 
structure where the lipid bilayer is stabilized, in this case, by two encircling heli-
cal lipoproteins (Bayburt and Sligar 2010). These supramolecular structures make 
some sort of “lipidic cassettes” where the MP is soluble and stable. Lipid nanodiscs 
have been used to stabilize in solution a handful of GPCRs from natural sources 
(rhodopsin; Bayburt et al. 2007), or expressed in heterologous systems such as sf9 
insect	cells	(β2-adrenergic receptor, Whorton et al. 2007; µ-opioid receptor, Kuszak 
et al. 2009, metabotropic glutamate receptor, El Moustaine et al. 2012), or mam-
malian cells (parathyroid hormone 1 receptor; Mitra et al. 2013). In the context of 
the present chapter dedicated to bacterial expression of GPCRs, lipid nanodiscs 
have been used to stabilize in solution receptors obtained both from E. coli inner 
membranes after solubilization with detergents (Inagaki et al. 2012) and from IBs 
after APol-assisted in vitro folding (Damian et al. 2012).
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3.5  Conclusion

Many different expression systems have been developed to produce GPCRs for 
structural studies. Among them, one of the most popular actually is that based on 
the use of insect cells that has been used for most of the receptors crystallized so far. 
However, alternate systems such as yeast and mammal cells have also made the pro-
duction of receptors possible. Among all the systems, bacterial ones have also their 
usefulness, in particular for specific approaches such as labeling with isotopes or 
nonnatural amino acids. The interest of such applications is illustrated by the recent 
NMR-based structure of the unmodified chemokine receptor CXCR1 obtained from 
bacterial IBs after in vitro refolding in a lipid-like environment. Many progresses 
have been made to improve the success rate of expression in E. coli. One can men-
tion original mutagenesis strategies, the development of efficient fusion partners for 
high-level expression, and diversified protocols for successful in vitro folding. All 
this, combined to the development of original systems aimed at stabilizing purified 
receptors in solution, makes E. coli still a host of choice for expressing GPCRs and 
subsequent structural studies.
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4.1  Introduction

Production of biological molecules is a challenge for the next decade in the field of 
medicinal chemistry. After heterologous production, the biological molecule must 
be active, well defined homogenous and the cost of its production should remain 
low. An interesting example is given by the relative success of therapeutic antibod-
ies. Twenty monoclonal therapeutic antibodies are presently on the market (Oldham 
and Dillman 2008). All of them are produced with the hybridoma technology, which 
significantly increases the social cost of treating corresponding diseases and pre-
vents the worldwide distribution of these drugs. Smaller-sized antibody peptides, 
named nanobodies, are being produced in bacteria to circumvent the cost of the hy-
bridoma technology. Although Escherichia coli is probably the most versatile and 
the cheapest host for protein production, several obstacles remain: inclusion bodies 
formation, LPS contamination, incomplete synthesis, degradation by proteases, and 
the lack of post-translational modifications.
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In the case of membrane proteins, the situation is even more complex because 
they are difficult not only to produce but also to keep, in an active state, in solution. 
In medicinal chemistry, the need for large-scale production of membrane proteins 
is increasing. For instance, producing the major outer membrane protein (MOMP) 
of Chlamydia trachomatis is a major issue for establishing a robust vaccine against 
this pathogenic bacterium. Although the protein can easily be produced in bacteria 
and refolded in several detergents, only the native protein can be used to generate 
protective antibodies. Indeed, its quaternary structure must be preserved to gener-
ate an efficient B-cell response. Despite recent progress in maintaining the MOMP 
quaternary structure in solution (Tifrea et al. 2011), large-scale production of the 
protein is still a challenge. Bioproduction is a challenge not only for producing 
biological drugs or drug targets but also for the development of new drugs. Mem-
brane proteins represent up to 50 % of human drug targets (Overington et al. 2006). 
Several milligrams to grams of proteins are required to screen and validate drugs, 
which is a major limitation in pharmaceutical research.

Beyond its impact in medicinal chemistry and in the pharmaceutical industry, 
bioproduction is also a bottleneck for biologists and biophysicists. For instance, 
there are 424 unique membrane protein structures in the Protein Data Bank (PDB; 
see http://blanco.biomol.uci.edu/mpstruc/), which corresponds to only 2 % of the 
total number of solved protein structures. Despite the exponential growth of mem-
brane protein structures, they are still 20 years behind soluble protein, in terms of 
number of structures solved. Over the past decades, a tremendous effort has been 
invested in developing alternative expression systems and new surfactants (see 
Zoonens et al., Chap. 7 of this book for review; Chae et al. 2010; Popot et al. 2011) 
to purify and refold membrane proteins in an active state (Catoire et al. 2010). How-
ever, it becomes clear that determining the atomic structure of membrane proteins 
isolated in detergent might not answer fundamental biological questions. Mem-
brane proteins may also need to be studied in native-like lipid membranes, which is 
even more challenging (Abdine et al. 2010; Park et al. 2012).

There is a need to develop robust expression systems for producing membrane pro-
teins in native membranes. Although mammalian cell-based expression systems have 
been very successful for crystallization of G protein-coupled receptors (GPCR; Tate 
2012), microorganisms, mainly bacteria and yeast, are still subject to intense studies 
and technological developments. For instance, Le Maire and colleagues have obtained 
in 2005 the first X-ray structure of a eukaryotic membrane protein after overexpres-
sion in the yeast Saccharomyces cerevisiae, by fusing the rabbit sarco/endoplasmic 
reticulum Ca2+-ATPase (SERCA ATPase) with a biotin acceptor domain peptide 
(Jidenko et al. 2005). In parallel, 16 membrane protein structures have been obtained 
using the Pichia pastoris yeast expression system (for review, see Alkhalfioui et al. 
2011), including two GPCRs. In bacteria, the lactobacillus expression system is highly 
promising because it has the main advantage of avoiding inclusion bodies formation 
(see Frelet-Barrand et al., Chap. 5 of this book and Frelet-Barrand et al. 2010 for re-
view). However, the yield of membrane protein production remains low and, to our 
knowledge, this expression system has not generated any membrane protein structure.
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The bacteria E. coli today is still the most widely used host for protein overex-
pression. Most prokaryotic membrane protein structures found in the PDB have been 
obtained after production of the corresponding protein in E. coli. Extending the pro-
duction of membrane proteins in E. coli to eukaryotic sequences is facing two major 
problems: the formation of inclusion bodies (see the review from Banères, Chap. 3 
of this book) and the toxicity associated with the induction of the target gene expres-
sion, which frequently results in cell death. This chapter will focus on the second 
aspect because overcoming the toxicity of expression has proven to be extremely 
useful and productive. A good example is given by bacterial mutants isolated using 
the T7 RNA polymerase-based expression system (see below for a full descrip-
tion). In this expression system, induction of the expression of the target gene by 
addition	 of	 the	 inducer	 Isopropyl-β-D-1-thiogalactopyrannoside	 (IPTG)	 kills	 the	
cells, usually the BL21(DE3) bacterial host. This phenotype was used to screen for 
spontaneous mutants on IPTG-containing plates. Starting with the expression of 
the mitochondrial oxoglutarate carrier protein (OGCP) in the BL21(DE3) bacterial 
host, a first mutant was isolated, named C41(DE3), in which OGCP protein levels 
were strongly increased despite a tenfold reduction of corresponding mRNA levels 
(Miroux and Walker 1996). A second round of selection was conducted express-
ing uncF, which encodes AtpF, the E. coli b-subunit of the F1Fo ATP synthase, in 
C41(DE3) bacterial host. A second mutant C43(DE3) was isolated.

Overproduction of AtpF in its adapted bacterial host C43(DE3) resulted in the de-
velopment of a large network of internal membranes. The bacterial host C43(DE3) 
reacted to the overproduction of a membrane protein by synthesizing lipids and by 
converting phosphatidyl glycerol into cardiolipids at the stationary phase (Weiner 
et al. 1984; Arechaga et al. 2000). Whereas de novo lipid synthesis may serve to 
maintain the lipid/protein ratio constant, the function of the increased cardiolipid 
content is unclear. Although the mutation in the C43(DE3) genome remains un-
known, a delay in the transcription of the uncF gene (60 min) was observed, allow-
ing membrane synthesis and proper folding of the b-subunit. Indeed, although AtpF 
forms inclusion bodies in C41(DE3) cells, it is readily inserted and folded in the 
membranes of C43(DE3) (Arechaga et al. 2000). Thus, slowing down the expres-
sion of uncF improved coupling between transcription, translation folding-insertion 
processes and consequently the storage of the b-subunit into internal proliferating 
membranes (Miroux and Walker 1996).

Membrane proliferation upon overexpression of a membrane protein has been ob-
served before in E. coli (Weiner et al. 1984; von Meyenburg et al. 1984; Wilkison 
et al. 1986; Arechaga et al. 2000; Eriksson et al. 2009) and in the yeast (Wright et al. 
1988). For instance, overproduction of the enzyme 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase in the yeast Saccharomyces cerevisiae resulted in the 
formation of paired membranes closely associated with the nuclear envelope called 
“Karmellae” (Wright et al. 1988). Proliferation of endoplasmic reticulum structures 
has also been observed upon the regulated overexpression of the P-type H(+) ATPase 
(Supply et al. 1993). However, in the case of AtpF, the stronger intensity of membrane 
proliferation opens a way to the study of AtpF in situ in its native membrane environ-
ment (see Chap. 12 from Catoire et al. of this book).  Co-expression of AtpF with other 
membrane proteins of interest is also a promising avenue (Zoonens and Miroux 2010).
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In order to assess the impact of these mutant hosts on structural biology of 
membrane proteins, we have conducted, 20 years after their discovery, a large-
scale analysis of membrane protein structure databases (http://www.drorlist.com/
nmr/MPNMR.html and http://blanco.biomol.uci.edu/mpstruc/; Hattab et al. 2014). 
 Figure 4.1, adapted from Hattab et al. (2014), summarizes the PDB search and 
shows that the T7 RNA polymerase-based expression system (Novagen) accounts 
for more than 60 % of membrane protein structures obtained after heterologous pro-
duction in E. coli. The arabinose promoter-based expression system (Guzman et al. 
1995) comes second, followed by T5 (Quiagen) and tetracycline promoter-based 
expression systems (IBA). Within the T7 expression system, the bacterial mutant 
hosts C41(DE3) and C43(DE3), commercially available from Lucigen, have been 
used for 50 % of solved prokaryotic integral membrane protein structures so far. In 
this chapter, we will therefore focus on the T7 expression system, which, thanks to 
its multiple levels of regulation, has been the most successful in structural biology 
of membrane proteins.

4.2  Overview of the T7-Based Expression System

4.2.1  Regulation Levels of the T7 Expression System

In its most usual configuration, the T7 RNA polymerase gene is inserted in the ge-
nome of a lambda DE3 bacteriophage that is maintained into the lysogenic E. coli 
BL21(DE3) host. The T7 RNA polymerase gene is under the control of a lacUV5 

Fig. 4.1  Distribution of bacterial promoter usage in structural biology of membrane proteins 
(adapted from Hattab et al. 2014). A Hundred and fifty one unique membrane protein structures 
were extracted from the Protein Data Bank (Warschawski 2013; White 2013) on the basis of het-
erologous production of the protein in Escherichia coli (homologous production in Escherichia 
coli was excluded). The chart shows the number of solved membrane protein structures for each 
promoter used to produce the corresponding protein.
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promoter, which is weakly sensitive to cAMP regulation, associated with a lacO-
regulating sequence (Fig. 4.2). The DE3 insert also contains lacI gene, which prod-
uct represses the lacUV5 promoter upon binding to the lacO sequence. The second 
level of regulation is the expression vector itself. In its simplest version, the vec-
tor only contains the T7 promoter (pRSET, Invitrogen; pMW7/pHIS; Way et al. 
1990; Orriss et al. 1996), but many of the pET derivatives (Novagen) also contain 
a T7lac promoter that is fully repressed by the LacI repressor. In addition, the lacI 
gene is often expressed separately in a companion expression plasmid to ensure a 
multi-copy expression of the LacI repressor. A third level of regulation relies on the 
expression of lysozyme, either constitutively expressed or inducible by rhamnose 
(Wagner et al. 2008). Lysozyme specifically inhibits the T7 RNA polymerase, thus 
further attenuating the expression system. Two other parameters also influence the 
final strength and stability of the system: the plasmid copy number and antibiotic 
resistance genes. Multiple other versions of this expression system are still under 
development. For instance, in the BL21AI bacterial host (Invitrogen), the arabinose 
promoter replaces the lacUV5 promoter. Expression of the T7 RNA polymerase can 
be titrated using increasing concentrations of arabinose. In the Lemo bacterial host, 
expression of the lysozyme is under the control of rhamnose promoter, which indi-
rectly titrates the amount of active RNA polymerase via the expression of lysozyme 
(Wagner et al. 2008).

Fig. 4.2  Levels of regulation of the T7-based expression system. The amount of active T7 RNA 
polymerase is controlled in several ways: 1. repressing the lacUV5 and T7/lac promoters using 
the lacI repressor which binds to the lacO operating sequence; 2. expression of lacI gene from the 
expression plasmid or from a companion plasmid; and 3. expression of lysozyme, which inhibits 
the T7 RNA polymerase enzyme, from a companion plasmid.
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4.2.2  Toxicity Associated with Membrane Protein Expression

Very early in the construction of the T7-based expression system, Studier and Mof-
fatt noticed that the size of bacterial colonies on plate was dependent on the genom-
ic insertion site of the lambda DE3 (Studier et al. 1990). Actually, the BL21(DE3) 
host was selected on its ability to form normal-sized colonies in the presence of 
expression plasmids but only in the absence of IPTG inducer. In the presence of 
IPTG, most expression plasmids, even without an inserted coding sequence be-
hind their T7 promoter (“empty plasmid”), prevent the formation of colonies on 
plate. Table 4.1 gives an overview of different types of plasmids toxicities in the 
BL21(DE3) host. Very high copy number plasmids (> 200 copies) that do not contain 
a lacO sequence, such as pMW7 or pHis vectors, do not allow colony formation on 
an IPTG-containing plate, even when they are empty. Low copy number plasmids 
(50 copies), i.e. deriving from pBR322, are slightly less toxic to BL21(DE3), show-
ing that the expression plasmid copy number is an important parameter ( Table 4.1, 
see pET17b phenotype). However, the addition of a coding sequence, even a small 
tag sequence such as S-Tag, completely prevents the growth on an IPTG plate. 
In contrast, none of the empty expression plasmids are toxic to the bacterial host 
C41(DE3), in which the production of T7 RNA polymerase is ten times decreased 
(Wagner et al. 2008). This suggests that a first level of toxicity occurs at the tran-
scriptional level, when the T7 RNA polymerase is produced in excess. This basic 
level of toxicity does not necessarily compromise the successful expression of a 
target protein. Actually, in some cases where the target protein is produced at high 
levels, it can be advantageous to stop bacterial growth while expressing the target 
protein, in order to increase its concentration per cell and therefore to facilitate its 
purification. In isotope-labelling experiments, it can also be useful to specifically 
label the expressed protein so that, after purification, the remaining contaminants 
will be invisible on nuclear magnetic resonance (NMR) spectra. For this reason, 
we provide in the protocol section of this chapter some pragmatic tips to express 
proteins in toxic conditions.

Table 4.1  Toxicity of T7 expression vectors
Plasmid name Tag Size of colonies on 2 × TY plate

BL21(DE3)
−IPTG

BL21(DE3)
+IPTG

C41(DE3)
+IPTG

pMW7a None Normal None Normal
pHis17b C-ter (6*) His Normal None Normal
pET17bc N-ter T7 Normal Very small Normal
pET29ad N-ter S Normal None Normal
pGEMEX-1 N-ter T7gene10 Small None Small
aHigh copy number T7 plasmid from (Way et al. 1990)
bDerivative of pMW7(Orriss et al. 1996)
cpET series vector are low copy number derivatives of pBR322
dContains T7/lac, lacI and Kan genes



4 Membrane Protein Production in Escherichia coli: Overview and Protocols 93

A second level of toxicity occurs when the target protein, for instance a mem-
brane protein, needs and therefore recruits and overloads the E. coli folding or 
insertion machinery (Wagner et al. 2007). In the best-case scenario, the chaperones 
recognize the foreign membrane protein but cannot synchronize its insertion into 
E. coli membranes because the T7 RNA polymerase is working too fast (Fig. 4.3). 
Consequently, an increasing fraction of the target membrane protein is partially 
inserted and folded in E. coli membranes, which in turn compromises ion gradient 
homeostasis and ultimately adenosine triphosphate (ATP) synthesis (Fig. 4.3).

Several strategies have been developed to overcome the toxicity associated with 
membrane protein expression: (1) adjusting the time course of expression of the 
target membrane protein by selection of bacterial mutants (Miroux and Walker 

Fig. 4.3  Origins of toxicity during overexpression of membrane proteins in Escherichia coli. 
Overproduction of the target mRNA is toxic to the cell because it overloads the translation machin-
ery at the expense of the cell’s intrinsic protein synthesis (Dong et al. 1995). A second level of 
toxicity is linked to the folding and insertion of the newly synthetized protein. Co-translational 
folding of secondary structures is non-optimal and can lead to either inclusion bodies formation or 
mistargeting of the protein. Mistargeting occurs due to the lack of membrane-targeting signalling 
sequences and failure of chaperones to recognize the foreign protein sequence. A side effect of 
mistargeting the protein is the destabilization of the membranes upon aggregation of the proteins. 
Local disruption of the membrane triggers proton leak and loss of energy homeostasis.
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1996; see protocol in Sect. 4.3.2), (2) optimizing growth conditions (see protocol in 
Sect. 4.3.3 and Sevastsyanovich et al. 2010, for review), (3) co-expressing bacterial 
chaperones (Chen et al. 2003), (4) inserting signal-targeting sequences to help the 
recognition of the foreign membrane protein by the E. coli machinery (for maltose-
binding protein (MBP) fusion, see Miroux et al. 1993; Bocquet et al. 2008; Nury 
et al. 2011 as examples), (5) preventing misfolding into bacterial membranes by fa-
cilitating inclusion bodies formation (see Chap. 3 from JL Banère in this book and 
Mouillac and Banères 2010, for review), (6) introducing mutations into the target 
membrane protein to enhance its thermostability and/or its folding in vivo (Sarkar 
et al. 2008) and (7) cell-free expression of the target membrane protein using bacte-
rial extracts (Rogé and Betton 2005; Miot and Betton 2011).

4.3  Protocol Section

4.3.1  Choosing the Appropriate Strategy and Host/Vector 
Combination

In a previous study (Hattab et al. 2014), we have conducted a systematic analysis of 
expression protocols in bacteria, based on membrane protein structures solved after 
heterologous expression of the protein in E. coli. Table 4.2 lists genotypes of all 
bacterial hosts that are used in structural biology of membrane proteins. Figure 4.1 
summarizes one of the major outcomes of this study: T7 and arabinose-based pro-
moters account for 80 % of membrane protein structures. Therefore, we recommend 
running both expression systems in parallel to maximize your chances of getting 
your target membrane protein in sufficient amounts. The arabinose promoter-based 
expression system is well defined in terms of vector/bacterial host combination 
(Guzman et al. 1995). However, we have found ten membrane protein structures 
in the PDB that were solved after overproduction of the protein in the C43(DE3) 
bacterial host transformed with a pBAD arabinose-inducible vector (Hattab et al. 
2014). This is unusual and requires further investigation. In this chapter, we focus 
on the T7 promoter-based expression system because C41(DE3) and C43(DE3) 
bacterial hosts account for 50 % of heterologous integral membrane protein struc-
tures (Hattab et al. 2014).

A large survey on these bacterial host users revealed that high copy number vec-
tors harbouring a wild-type T7 promoter, like the pRSET (Invitrogen), pMW7/pHis 
(Way et al. 1990; Orriss et al. 1996) or pPR/pPSG (IBA) vectors, are most frequent-
ly associated with C41(DE3) and C43(DE3) bacterial hosts. Avoid pET vectors 
bearing a pBR322 origin of replication and most importantly those carrying T7lac 
promoter and lacI gene. If you need to down-regulate your expression system, use, 
instead, the bacterial hosts BL21AI (Invitrogen) or C41(DE3) and C43(DE3) (Lu-
cigen). In these hosts, the amount of T7 RNA polymerase is decreased or can be ti-
trated with the inducer. Avoid companion plasmids that express lysozyme (pLyS/E) 
to inhibit the T7 RNA polymerase activity (Moffatt and Studier 1987) because they 
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T7-based expression hosts Genotype
BL21λ(DE3) F- ompT hsdS (rB- mB-) dcm gal	λ(DE3	[lacI lacUV5-T7 gene 

1 ind1 sam7 nin5])
C41λ(DE3) BL21λ(DE3	[lacI lac-T7 gene 1 ind1 sam7 nin5])
C43λ(DE3)a C41λ(DE3)	derivative
BL21λ(DE3)	pLysS BL21λ(DE3)	pLysS	(CamR)
BL21λ(DE3)	CodonPlusa BL21 dcm	+	TetR	λ(DE3)	endA Hte [argU proL CamR]
BL21	Star	λ(DE3) BL21 rne131	λ(DE3)
BL21	Rosetta	λ(DE3)	pLysS BL21	λ(DE3)	pLysSRARE	(CamR)
BL21λ(DE3)	Tuner BL21 lacY1	λ(DE3)
BL21(AI) BL21 lon araB::T7RNAP-tetA

Other expression hosts Genotype
BL21Rosetta BL21 RARE (CamR)
BL21-Gold BL21 dcm + TetR endA Hte
BL21-T1R competent fhuA2 [lon] ompT gal [dcm]	ΔhsdS
Origami B BL21 lacY1 aphC gor522::Tn10 trxB (KanR TetR)
B834 F- ompT hsdSB (rB- mB-) gal dcm met
BLR F- ompT hsdSB (rB- mB-) gal dcm	∆(srl-recA)306::Tn10	(TetR)
DH10B
TOP10

F- mcrA	Δ(	mrr-hsdRMS-mcrBC)	Φ80lacZΔM15	ΔlacX74 
nupG recA1 araD139	Δ(	ara-leu)7697 galE15 galK16 rpsL 
endA1	λ-

DH10B rpsL(StrR)
KRX [F′,	traD36,	ΔompP proA + B + lacIq	Δ(	lacZ)M15]	ΔompT 

endA1 recA1 gyrA96 (Nalr) thi-1 hsdR17 (rk–mk +) e14–
(McrA–) relA1 supE44	Δ(	lac-proAB)	Δ(	rhaBAD)::T7 RNA 
polymerase

XL10-Gold
XL1-Blue

F′	[proAB lacIqZΔM15	Tn10(TetR	Amy	CmR)]	recA1 endA1 
glnV44 thi-1 gyrA96 relA1 lac	Hte	Δ(	mcrA)183	Δ(	mcrCB-
hsdSMR-mrr)173 TetR

F′	[proAB, lacIq	ZΔM15	Tn10(TetR)]	recA1 endA1 gyrA96 
thi-1 relA1 supE44 hsdR17(rK–mK +) l-

DH5α F- ø80dlacZΔM15	Δ(	lacZYA-argF)U169 deoR recA1 endA1 
hsdR17(rK–mK +) phoA supE44	λ–thi-1 gyrA96 relA1

SG13009 NaI[s] Str[s] Rif[s] Thi[-] lac[-] Ara[+] Gal[+] Mtl[-] F[-] 
RecA[+] Uvr[+] Lon[+]

LS6164 ΔfadR	ΔfadL
MC4100 F- [araD139]B/r	Δ(	argF-lac)169* &lambda- e14- flhD5301 

Δ(fruK-yeiR)725	(fruA25)	relA1 rpsL150(strR) rbsR22 
Δ(	fimB-fimE)632(::IS1) deoC1

SCM6 NS (Patented)
MC1061 F- Δ(ara-leu)7697 [araD139]B/r	Δ(	codB-lacI)3 galK16 

galE15	λ-	e14-	mcrA0 relA1 rpsL150(strR) spoT1 mcrB1 
hsdR2(r- m+)

JM83 rpsL ara	Δ(	lac-proAB)	Φ80dlacZΔM15
Other PA( ΔoprH)
aAlso used in the arabinose expression system

Table 4.2  Genotypes of Escherichia coli hosts used for structural determination of membrane 
proteins
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require the addition of a second antibiotic (chloramphenicol), which quite substan-
tially decreases cell growth. Moreover, excess of lysozyme impairs cell growth. 

Once you have chosen your T7 vector, you need to decide whether to make a 
fusion to either direct your target gene to the E. coli membrane (for MBP fusion, 
see Bocquet et al. 2008 and Nury et al. 2011 as examples) or form inclusion bodies 
(for	α5	integrin	fusion,	see	Mouillac	and	Banères	2010, for review). If your protein 
is of prokaryotic origin, avoid fusion protein constructs or use a green fluorescent 
protein (GFP) fusion to monitor the yield and aggregation state of your protein on 
crude extract before any purification step (Drew et al. 2006). GFP fusions also offer 
the great advantage either to directly assess the production of your protein (Sarkar 
et al. 2008) or to select new bacterial hosts (Walker and Miroux 1999; Alfasi et al. 
2011). If you wish to express an eukaryotic protein, be aware that there are almost 
no solved integral eukaryotic membrane protein structure after production in E. 
coli. There is one noticeable exception where the author succeeded in refolding and 
transferring directly the CXCR receptor into liposomes and solved the structure of 
the receptor by solid-state NMR analysis (Park et al. 2012). Thus, refolding of in-
clusion bodies from integral eukaryotic membrane proteins is an emerging promis-
ing avenue (see Chap. 3 from Banères and Chap. 12 from Catoire et al. of this book 
and references herein; Catoire et al. 2010; Banères et al. 2011; Park et al. 2012).

4.3.2  Selection of Bacterial Mutant Hosts

Transformation Transform your expression plasmid into BL21(DE3), which 
is the best host to start with because its induction power is maximal and easy to 
down-regulate. Prepare 2 × Tryptone Yeast (TY) plates with antibiotic and IPTG. 
Two concentrations of IPTG may be used, i.e., 0.4 and 1 mM (Hattab et al. 2014). 
Use calcium chloride transformation with 10 ng of plasmid. After 1-h incubation at 
37	°C	of	the	1-ml	transformation	culture,	plate	100	μl	on	2	×	TY	plate	with	antibiotic	
and	100	μl	on	2	×	TY	plates	with	antibiotic	and	both	0.4	and	1-mM	IPTG	concen-
trations. If you do not get any colony on any 2 × TY plates even in the absence of 
IPTG, then switch to an electroporation protocol. In all cases, check that you do not 
have any colony on any IPTG plate. If you have the same number of colonies in the 
presence and in the absence of IPTG, the expression of your protein is not toxic or is 
partially toxic but you cannot select mutants. If you get hundreds of colonies in the 
absence of IPTG but very few in the presence of IPTG, some mutants may appear 
at high frequency. To make sure that you do not carry any contamination, repeat the 
experiment from a single colony culture after transformation of your bacterial host 
with a freshly prepared plasmid.

Culture and Mutant Isolation You should have 50 ready-to-use plates, supple-
mented with IPTG and antibiotic. Make sure the plates are not wet (incubate them 
for 16 h at 37 °C). Prewarm five 250-ml flasks containing 50 ml 2 × TY medium with 
antibiotic and inoculate each flask with one bacterial colony to perform five inde-
pendent selection experiments the same day. Measure the optical density at 600 nm 
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every 30 min starting 2 h after inoculation. Meanwhile, in sterile  conditions, label 
40	clean	and	autoclaved	Eppendorf	tubes	and	add	900	μl	of	sterile	water	in	each	
tube to perform 1/10 serial dilutions of each culture. Water is preferable to 2 × TY 
to avoid external contamination. Once the culture has reached 0.4–0.6 OD600 nm, 
induce the expression of the target gene by adding IPTG at 1 mM final concentra-
tion. One hour after induction, transfer 1 ml of the culture into a new clean and 
sterile Eppendorf tube and gently spin it down for 2 min at 300 g. Discard the super-
natant	(secreted	β-lactamase	often	gives	false	positive	colonies	when	the	culture	is	
plated without dilution) and resuspend the pellet in 1 ml sterile water. Perform serial 
1/10 dilutions until 10−4	and	immediately	plate	100	μl	of	all	dilutions	on	IPTG	and	
antibiotic-containing plates. Repeat the experiment 2 h after induction. The purpose 
of diluting the culture is that it is critical to have less than 200 colonies on a plate so 
that individual colonies can easily be sub-cloned and isolated. Given that the num-
ber of mutant hosts appearing on the plate is difficult to predict, it is safer to have 
extended dilutions. The frequency of appearance of mutant hosts varies from 1/10−4 
to 1/10−6 (Miroux and Walker 1996). A 1/100 dilution is often the best compromise.

After an overnight incubation at 37 °C (or at a lower temperature for thermo-
sensitive mutants), estimate the number of colonies of different sizes. Typically, 
you should see a majority of large colonies, which, in most of cases, have lost the 
ability to express the target gene. Small colonies arise at a frequency of 1–20 %. 
If you do not see any obvious difference in sizes between colonies, there are two 
plausible explanations: (1) The cells need to grow for a longer period of time; leave 
the plates for 8 additional hours at 37 °C to reveal mutant clones of smaller sizes. 
(2) The cells that have lost the expression of the target gene divide faster, rapidly 
overgrow the culture and outcompete bacterial mutants that form small colonies. In 
this case, repeat the selection experiment and plate the culture shortly after induc-
tion (20–30 min) to avoid “dilution” of small colonies on the plates.

Figure 4.4 provides examples of selection experiments with the GFP as a re-
porter gene. Panel a shows the typical size difference between mutant hosts. Panel 
b shows the same plate under UV exposure. Almost all the small colonies are green 
and therefore express high amounts of GFP. Large colonies exhibit no or weak 
fluorescence. Panel c shows a selection experiment where all colonies are small. 
Among them, some exhibit very high fluorescence intensity. Panel d shows that, 
in this experiment, medium colonies are fluorescent while the very small ones are 
not. If you do not have GFP co-expressed or in fusion with your target membrane 
protein, then incubate 50 2-ml 2 × TY-Amp tubes, each containing one small colony 
(ten small colonies per selection experiment), and make an over-day culture. When 
the culture is turbid (2–3 h after inoculation), add IPTG (1 mM final concentration) 
and	induce	synthesis	of	your	target	protein	overnight.	The	next	morning,	run	10	μl	
of the overnight culture on a sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) and check the expression of your membrane protein either by 
immuno-detection with a specific antibody against your protein (or against a tag) or 
simply by staining the gel with Coomassie blue.

Once you have isolated interesting mutant hosts, you have to cure the strain 
from the plasmid and check if the mutation is within the bacterial or the plas-
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mid DNA (Fig. 4.5). To do so, prepare a miniprep of plasmids from each clone, 
transform them into the BL21(DE3) reference host and check colony  formation 
on IPTG-containing plates (left panel). If you obtain colonies, then the mutation is 
within the plasmid; if not, then the bacterial host carries the mutation. To cure the 
strain from the plasmid, the easiest method is to wait for spontaneous loss of the 
plasmid (right panel). Inoculate a 50-ml 2 × TY culture without antibiotic with one 
single	colony	and	maintain	the	culture	for	a	week	by	transferring	every	day	100	μl	
of the culture into a new Erlenmeyer containing 50 ml fresh medium. Every day 
make serial dilutions of the new culture until 10−8	and	plate	100	μl	of	the	10−6, 10−7 
and 10−8 dilutions on IPTG-containing 2 × TY plates without antibiotic. Since your 

Fig. 4.4  Selection of bacterial hosts using GFP as gene reporter. Isolation of bacterial mutant 
hosts was performed according to the protocol in Sect. 4.3.2 and to Miroux and Walker (1996) 
and Walker and Miroux (1999). Briefly, pMW7-GFP-Xa expression plasmid was transformed into 
BL21(DE3) host (a, b and c) or into C41(DE3) host (d) and a single colony was inoculated in 
50-ml 2 × TY medium. At OD600 nm	=	0.4,	cells	were	diluted	in	water	and	100	μl	of	the	1/10	dilu-
tions were plated on IPTG-containing plates. The plates are illuminated under normal light (a) or 
UV light (b, c and d).
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Fig. 4.5  Localization of the mutation in the isolated bacterial mutant host. This step is performed 
according to the protocol in Sect. 4.3.2, Miroux and Walker (1996) and Walker and Miroux (1999). 
Basically, your isolated mutant strain has to be cured from the expression plasmid (here, pT7-
GFP*) to check that the mutation is present in its genomic DNA (and not in the plasmid DNA). 
Left panel: the plasmid pT7-GFP* is rescued from the mutant strain and transformed into the 
original BL21(DE3) host. The transformation is plated onto 2 × YT plates with antibiotic, with and 
without IPTG. If no colonies are formed in the presence of IPTG, this means that the expression of 
the target gene from this plasmid is still toxic to BL21(DE3) and, therefore, that the mutation that 
removed the toxicity is absent from the plasmid. Right panel: in parallel, the mutant strain is cured 
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mutant forms small colonies on these plates, cells that have lost the plasmid over 
the 1-week-time culture period should form large colonies (Fig. 4.5). Isolate two of 
those colonies and check that they are antibiotic sensitive. Prepare competent cells 
from these isolated mutant hosts, transform your reference expression plasmid and 
plate half of the competent cells on a 2 × TY plate with antibiotic and the other half 
on a 2 × TY plate supplemented with both antibiotic and IPTG. You should see the 
same number of colonies on both plates, the IPTG-containing plates carrying only 
small ones.

4.3.3  Tuning Growth Conditions

This guideline is adapted from previous reviews (Shaw and Miroux 2003; Zoonens 
and Miroux 2010) and enriched with rules from a large-scale bibliographic analysis 
of the T7-based expression system that we have recently conducted (Hattab et al. 
2014). The protocol is divided into two parts, depending on the toxicity of the ex-
pression system. For simplicity, we only refer to the T7-based expression system 
but most advices that are given below can be applied to expression systems other 
than T7 based.

4.3.3.1  Expression of the Target Gene is Toxic

Despite the toxicity of the target gene, it is possible to optimise the expression level 
of the corresponding protein by adjusting growth conditions.

Plasmid Stability Transform your expression plasmid on a 2 × TY plate with anti-
biotic and prepare five individual 2-ml precultures from independent colonies. After 
overnight	growth,	make	serial	1/10	dilutions	and	plate	100	μl	of	10−6, 10−7 and 10−8 
dilutions on 2 × TY plates with and without antibiotic. If you get the same number 
of colonies with or without the presence of antibiotic, then the plasmid is stable 
and you can proceed with larger cultures. If the number of colonies is increased on 
2 × TY plate without antibiotic, then it is unsafe to prepare a large culture from a 
preculture.

Large-Scale Experiment Start from freshly transformed bacterial cells. Some 
authors do not plate cells after heat shock but use the whole transformation 
medium as a preculture (Rogé and Betton 2005). By doing this, they avoid strong 

from the plasmid by dropping the selective pressure by antibiotic. Serial cultures are performed 
for a week, during which each is plated on 2 × YT plates with IPTG, after serial dilutions. Mutants 
that have lost the plasmid will form large colonies that are no longer GFP positive. These cured 
mutants are then transformed again with the original expression plasmid pT7-GFP and plated on 
2 × YT plates, with and without IPTG. If small colonies are retrieved on both plates, this will mean 
that the strain contains a mutation in its DNA that allows it to overcome the toxicity associated 
with the expression of the target gene.
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variability in the target protein expression level from one colony to the other. 
Prewarm 500 ml of 2 × TY medium in a 2.5-L Erlenmeyer. This is a critical step if 
you wish to perform the experiment over a day. An alternate option is to incubate 
the flasks overnight in a 37 °C incubator and to add antibiotic the next morning 
just before use. Inoculate the warm medium with one single colony and follow 
the optical density at 600 nm. The culture should reach an optical density of 0.6 
in less than 5 h; if not, then the basal level of expression of your target gene 
is sufficient to severely impair cell growth. In addition to the classical protocol 
of induction (1-mM IPTG at OD600 nm = 0.6), there are two alternative protocols 
worth trying (Table 4.3): (1) Do not add IPTG; let the culture grow overnight 
at 30 or 37 °C. This protocol works well when your high copy number plasmid 
is not regulated (no T7lac promoter or lacI gene) and in combination with the 
regular BL21(DE3) bacterial host without a companion plasmid (pLysS/E). We 
have found two membrane protein structures where the authors specifically men-
tioned this protocol (Walse et al. 2008; Fairman et al. 2012). (2) Add IPTG at the 
beginning	of	the	stationary	phase	either	in	trace	amount	(10	μM)	following	the	
“improved protocol” from Alfasi and colleagues (Alfasi et al. 2011) or at a high 
concentration (1 mM).

4.3.3.2  Expression of the Target Gene is Non-toxic or Moderately Toxic

In this configuration, the induction of the expression of the target gene slows down 
cell growth but does not compromise colony formation on IPTG plate. The expres-
sion plasmid is usually highly stable and, in most cases, you can use a preculture 
to inoculate large flasks. This is also an ideal configuration for using bioreactor, as 
you do not have to worry about plasmid loss at high cell density. In several occa-
sions, we have observed that antibiotic use is not required anymore in the culture, 
 provided that you have added antibiotic to the preculture (Shaw and Miroux 2003). 

Table 4.3  Optimisation of growth conditions in the IPTG inducible T7 expression system
Size of colonies on 
IPTG platea

Inoculation Induction IPTG 
concentration

Temperature after 
induction (°C)

No colony No precultureb No inductionc None 30 or below
OD600 nm = 1 10	μMd,	0.1	μM

Small (> 10 % 
reduction)

Preculturee OD600 nm < 0.6 0.4 or 1 mM 37 or 25

Minor reduction 
(< 10 %)

Preculture OD600 nm < 0.4 1 mM 37 or 25

aTry 1 mM and 0.4 mM of IPTG and check phenotype on plates at 37 °C and room temperature
b If you need a preculture to grow large volumes or to inoculate a fermenter then check plasmid 
stability

cSee (Walse et al. 2008; Fairman et al. 2012)
dSee (Alfasi et al. 2011) for a complete description of the procedure
e Pre-warm the medium and use the preculture at 1/100 dilution; when the plasmid is stable anti-
biotic is no longer required in the large culture
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The induction protocol must be adjusted depending on the size of the colonies you 
get on IPTG plate. If the size reduction is marginal (< 10 %), it is not necessarily 
a good sign because it could simply mean that the production of your target mem-
brane protein is very low. To maximize your chances of having high level of expres-
sion of the target gene, add 1 mM IPTG at the early stage of the exponential phase 
(≤	0.4	OD600 nm). If the size of the colonies is decreased by 10 % or more, then add 
IPTG at OD600 nm = 0.6 and test the two concentrations that are most frequently used 
(Hattab et al. 2014): 0.4 and 1 mM (Table 4.3).

4.4  Frequently Asked Questions

1. What are the main differences between C41(DE3) and BL21(DE3) bacterial 
hosts?

C41(DE3) is a derivative of BL21(DE3), isolated on an IPTG plate upon the ex-
pression of oxoglutarate mitochondrial carrier, expressed as inclusion bodies. We 
initially observed that the level of the oxoglutarate mRNA was ten times decreased 
in this host, 3 h after the addition of IPTG (Miroux and Walker 1996). The group of 
de Gier has recently shown that expression of the T7 RNA polymerase is strongly 
decreased in both C41(DE3) and C43(DE3) hosts, thus explaining the reduction in 
target mRNA levels. The mutation in C41(DE3) is most likely the replacement of 
the lacUV5 promoter located upstream of the T7 RNA polymerase by the genomic 
wild-type copy of the lac promoter (Wagner et al. 2008).

2. Does the C43(DE3) bacterial host produce constitutively internal membranes?

No. Internal membrane proliferation occurs upon overexpression of the b-subunit 
of the E. coli F1Fo ATP synthase, which was used to isolate the mutant host from 
C41(DE3). Membrane proliferation has been observed by electron microscopy on 
bacteria cross section 3 h after induction by IPTG at 37 or 25 °C in 2 × TY medium. 
The best pictures were taken after an overnight induction at 25 °C (Arechaga et al. 
2000).

3. What is the purpose of decreasing culture temperature upon induction by IPTG?

The main advantage of decreasing the temperature is to slow down the activity 
of the transcription/translation machinery and consequently cell growth. At 20 °C, 
E. coli does not initiate translation, which helps reducing translational stress. For 
soluble proteins, it has been shown to increase target protein solubility. It also helps 
the insertion of MBP fusion proteins into the bacterial membrane. Another rea-
son to reduce culture temperature is to avoid overgrow of the culture by cells that 
have lost the expression plasmid. Therefore, decreasing the temperature is highly 
recommended when the expression of the target membrane protein is toxic. Using 
C41(DE3) at 25–20 °C is often optimal while overexpression of the target gene be-
low 37 °C in C43(DE3) is unpredictable and gene dependent.
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4. Does removing the toxicity by selection of bacterial mutant hosts always increase 
the yield of expression of the protein?

No, unfortunately. A good example is given by the a-subunit of the E. coli F1Fo 
ATP synthase. The uncB gene, encoding the a-subunit, is regulated by RNA degra-
dation and, consequently, its expression under the T7 promoter does not increase 
the amount of uncB mRNA or the a-subunit peptide (Arechaga et al. 2003). If your 
target mRNA is not overexpressed, then try breaking mRNA secondary structures 
by using silent mutations. A complete synthetic gene might help although internal 
mRNA degradation sites are difficult to predict. Protein degradation is also frequent 
but can be overcome by making fusion proteins.

5. Is supplementing tRNA for rare codons useful?

We have found that 10 % of membrane protein structures have been solved fol-
lowing expression of the protein in the BL21(DE3)CodonPlus bacterial host. On 
the one hand, it is not negligible and certainly worth trying. In addition, the group 
of von Heijne has recently demonstrated that codon optimization is critical in 
the N-terminal sequence of the protein to ensure a proper initiation of translation 
(Nørholm et al. 2013). It has also been suggested that rare codons are useful for 
co-translational folding of the nascent polypeptide (Pechmann and Frydman 2013).

6. Are culture media important for protein expression in C41(DE3)/C43(DE3)?

The bacterial mutant hosts C41(DE3) and C43(DE3) support all classical media 
(minimal medium, Luria Bertani, LB, 2 × TY, terrific broth, TB). However, as a 
general rule, we have observed that toxicity of expression plasmids is increased in 
LB medium and decreased in 2 × TY medium. As expected, levels of expression of 
the target gene are increased in 2 × TY or TB medium.
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5.1 Introduction

5.1.1 Membrane Proteins

Membrane proteins (MPs) are key molecules in the cell and therefore are important 
targets for pharmaceutical drugs (Lundstrom 2007). They are encoded by approxi-
mately 30 % of the genome (Wallin and von Heijne 1998); however, only about 
400 3D unique structures are today available (http://blanco.biomol.uci.edu/Mem-
brane_Proteins_xtal.html) compared to more than 40,000 nonredundant structures 
of soluble proteins. The low number of 3D structures accessible compared to those 
obtained for soluble proteins is due to the difficulty in obtaining sufficient amounts 
of functionally folded proteins. This can be explained by the features of MPs: (1) 
they display various topologies from peripheral to intrinsic polytopic proteins with 
a high number of transmembrane (TM) helices, (2) their surface is relatively hydro-
phobic, (3) they need detergents for extraction from cell membrane, and sometimes 
thus need to be reconstituted into proteoliposomes, (4) they are also often flexible 

http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html
http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html
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and unstable, (5) they have to be targeted to cell membrane for a correct folding, 
(6) they are expressed at very low levels in the cell, and/or (7) they can be ar-
ranged in membranes in multimeric species or be functional as a monomer (Junge 
et al. 2008). Despite high-throughput screens of recent years, prediction of success-
ful MP expressions in heterologous systems still remains a challenge (Lacapère 
et al. 2007). Different systems from prokaryotic ( Escherichia coli and Lactococcus 
lactis) and eukaryotic origins (yeasts Saccharomyces cerevisiae, Pichia pastoris; 
mammalian or insect cells) as well as cell-free systems revealed to be efficient to 
produce sufficient amounts of functional MPs (Junge et al. 2008; Freigassner et al. 
2009; Marreddy et al. 2011a).

5.1.2 Prokaryotic Expression Systems

The first choice for preliminary trials of heterologous expression is often to use 
prokaryotic systems. Indeed, they are easy to handle and relatively inexpensive 
compared to eukaryotic systems. Genetic methods and vector systems are well es-
tablished. Among them, E. coli can be considered as the traditional and oldest bac-
terial system. It has been developed for many years and a wide variety of plasmids 
and strains are available, mostly based on isopropyl β-D-1-thiogalactopyranoside 
(IPTG) induction (Gordon et al. 2008). However, yields of functional MP expressed 
are often unsatisfactory; this is generally due to the formation of inclusion bodies, 
the production of endotoxins and proteases by the bacteria, and/or the rapid transla-
tion rate (for review, see Schlegel et al. 2010).

5.1.3 Lactococcus lactis

Therefore, instead of optimizing E. coli for overexpression of problematic MPs, a 
viable alternative strategy is to look for other expression hosts with distinct proper-
ties which may perform better for the protein of interest (Chen 2012). One promis-
ing bacterial host is Lactococcus lactis. This Gram-positive bacterium has emerged 
in the past decades as a good alternative for functional expression of prokaryotic and 
eukaryotic MPs (Kunji et al. 2003; Midgett and Madden 2007; Junge et al. 2008; 
Morello et al. 2008). This aerotolerant lactic acid bacterium (LAB) grows at 30 °C 
with a doubling time of 35–60 min (Gasson and de Vos, 1994). Already largely used 
in the food industry for production of fermented food, its potential as a host for the 
overexpression of homologous and heterologous proteins has also been explored 
(Mierau et al. 2005; Morello et al. 2008). It is easy and inexpensive to grow; genetic 
methods and vector systems are available and well developed. L. lactis started to be 
an interesting alternative expression host, especially for eukaryotic MPs, because of 
its moderate proteolytic activity, the absence of inclusion body formation and of en-
dotoxin production (Kunji et al. 2003, 2005), and the efficient targeting of MPs into 
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a single glycolipid cytoplasmic membrane (Kunji et al. 2003; Monné et al. 2005; 
Bernaudat et al. 2011). Moreover, it allows performing functional studies on intact 
bacteria and membrane vesicles (Kunji et al. 2003; Mierau and Kleerebezem 2005).

However, the relatively small genome size of L. lactis (only 50 % as compared 
to E. coli) is correlated to the lack of specific chaperone systems and other auxiliary 
factors that could be necessary for targeting and correct folding of particular MPs, 
such as disulfide isomerases (Kunji et al. 2003). Furthermore, the L. lactis codon 
usage has an approximate 65 % bias for AT base pairs. This may cause limitations, 
especially for the high-level expression of larger mammalian MPs as shown for the 
Erd2, the human receptor of the peptide sequence KDEL (composed of the respec-
tive K,D,E,L amino acids; Kunji et al. 2005). On the other hand, this could be help-
ful if the gene encoding the protein of interest possesses comparable guanine–cy-
tosine (GC) content, as suggested by Mierau and Kleerebzeem (2005). Finally, one 
last difficulty when working with L. lactis is in the cloning steps as pointed out by 
Surade et al. (2006). In order to facilitate and obtain larger number of recombinant 
clones, different strategies have been developed in the past years in addition to the 
classical one (see below).

The expression of heterologous proteins in L. lactis has been facilitated both 
by advances in genetic knowledge and by new developments in molecular biol-
ogy techniques. Using these tools, various vectors containing either constitutive 
or inducible promoters have been developed to obtain increased levels of proteins 
and to control their production. They currently constitute the basis of all expression 
systems in L. lactis and other LAB (Pontes et al. 2011).

5.1.4 The NICE System

Among them, the tightly regulated nisin-controlled gene expression (NICE) system 
is the most commonly used (Mierau and Kleerebezem 2005). This promising and 
powerful expression system developed for LAB is based on genes involved in the 
biosynthesis and regulation of the antimicrobial peptide, nisin (product of the nisA 
gene). This 34-amino acid bacteriocin is produced by several strains of L. lactis 
or Streptococcus uberis (Lubelski et al. 2008) and extensively used as a natural 
food preservative (Delves-Broughton et al. 1996). For the exploitation of the auto-
induction mechanism of nisin for gene expression, genes for the signal transduction 
system nisK and nisR were isolated from the nisin gene cluster and inserted into 
the chromosome of L. lactis subsp. cremoris MG1363 (nisin negative), creating the 
strain NZ9000 (Kuipers et al. 1998; Hasper et al. 2004). When a gene of interest is 
subsequently placed behind the inducible promoter PnisA on a plasmid (de Ruyter 
et al. 1996a), expression of that gene can be induced by the addition of subinhibi-
tory amounts of nisin (0.1–5 ng/ml) to the culture medium (de Ruyter et al. 1996b; 
Fig. 5.1).

Being well characterized and highly versatile, the NICE system has been widely 
used over the last decade for overexpression and functional and structural studies 
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of homologous and heterologous, soluble and membrane proteins (for reviews, see 
Kunji et al. 2003; Mierau et al. 2005; Zhou et al. 2006). First developed for L. lac-
tis, it was subsequently implemented to other Gram-positive bacteria species such 
as Leuconostoc lactis (Kleerebezem et al. 1997), Streptococcus pyogenes (Eichen-
baum et al. 1998), Lactobacillus plantarum (Pavan et al. 2000), or Lactobacillus 
brevis (Avall-Jaaskelainen et al. 2002). Recently, a new NICE system, zinc-regulat-
ed expression system (ZIREX), has been described by combining zinc and nisin for 
better control of the expression of genes; it allows the combination of both induc-
ible promoters for the expression of different proteins at different times in the cell 
growth (Mu et al. 2013).
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Fig. 5.1  Nisin-controlled gene expression (NICE) system in L. lactis. After detection of nisin by 
the membrane-located sensor protein ( NisK), this histidine protein kinase autophosphorylates and 
transfers its phosphate group to activate the cytoplasmic response-regulator NisR. Activated NisR 
subsequently induces transcription controlled by PnisA promoter. Depending on the presence or 
absence of the corresponding targeting signals, the protein is either expressed into the cytoplasm 
or the cell envelope, or secreted into the external medium. B. chr bacterial chromosomes. (Adapted 
from Pontes et al. 2011)
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5.2 Cloning of cDNA-Encoding Membrane Proteins in L. lactis

Prior to expression, the cDNA coding for the protein of interest has to be cloned into 
the appropriate plasmid suitable for expression, i.e. pNZ8048 or its derivatives for 
L. lactis. In addition to the classical cloning approaches using restriction enzymes, 
new strategies have been developed recently to overcome the problem of poor clon-
ing efficiencies in L. lactis (Geertsma and Poolman 2007).

5.2.1 Lactococcus Strains and Plasmids

Table 5.1 gives an overview of L. lactis host strains and plasmids used for cloning 
and expression of cDNAs with the NICE system. All the strains are derivative of L. 
lactis subsp. cremoris MG1363, a plasmid-free progeny of the dairy starter strain 
NCDO712 (Gasson 1983). The nisin-producing strain NZ9700 (Kuipers et al. 1993, 
1998) has been obtained by conjugation of the nisin–sucrose transposon Tn5276 
of the nisin-A-producer NIZO B8 with MG1464, a rifampicin and streptomycine 
derivative of MG1363 (Gasson 1983). The early host strain of the NICE system 
NZ9800, a non-nisin-producing derivative of NZ9700, possesses the necessary reg-
ulatory genes ( nisK and nisR). Presently, the most commonly used host is NZ9000 
with nisK and nisR integrated into the pepN gene of MG1363 (de Ruyter et al. 
1996a; Kuipers et al. 1998) and transcribed from their own constitutive promoter.

Several plasmids have been constructed for translational and transcriptional fu-
sions. The plasmids used for expression in L. lactis are based on the pSH71 replicon 
carrying the chloramphenicol resistance gene (de Ruyter et al. 1996a). pNZ8048 is 
the most commonly used plasmid for translational fusions. Genes are directly fused 
to the NcoI site, which contains the ATG start codon directly upstream of the PnisA 
promoter. Recently, two variants of pNZ8048 have been constructed: pNZ8148 and 
pNZ8150. In pNZ8148, a small 60-bp DNA fragment from Bacillus subtilis, the 
initial cloning host of the pSH series of plasmids (de Vos 1987), has been removed. 
In pNZ8150, the NcoI site has been replaced by a ScaI site situated directly up-
stream of the ATG start codon. This improved version of pNZ8148 turns away the 
obligate use of the NcoI site (or other enzymes with compatible overhangs such as 
AflIII and BspHI) for translational coupling. Other plasmids and strains are avail-
able for protein secretion or for other purposes (Mierau and Kleerebezeem 2005; 
Zhou et al. 2006).

5.2.2 Cloning Strategies

5.2.2.1 Classical Cloning

cDNAs are amplified by polymerase chain reaction (PCR) using the appropriate 
primers, i.e. containing the NcoI restriction site at the start codon of the cDNA in 
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the forward direction and another site of the multi-cloning site (MCS) of the plas-
mid (pNZ8048 or derivatives) placed after the stop codon in the reverse direction. 
Then, after digestion with the same restriction enzymes, cDNAs can be directly 
ligated into the L. lactis expression plasmid (Frelet-Barrand et al. 2010a). This uni-
directional cloning allows obtaining a higher number of recombinant clones after 
transformation. Nevertheless, the MCS site is relatively small, containing less than 
10 restriction sites that are not rare and that can be found in the cDNA, requiring, if 
necessary, partial digestion or mutagenesis of that site (Fig. 5.2).

5.2.2.2 New Strategies to Facilitate Cloning

In the past years, new strategies of cloning have been developed in order to over-
come the problem of low efficiency of gene manipulation in L. lactis and of in-
stability of L. lactis–E. coli shuttle vectors (Kok et al. 1984; de Vos and Simons 
1994). In order to obtain higher insert-containing plasmids after transformation, 
Berlec and Strukelj (2012) have developed a TA-cloning expression plasmid. 
On the other hand, Geertsma and Poolman developed a generic cloning strategy 
compatible with high-throughput manipulations, suitable for other organisms be-
sides L. lactis and applicable to genes coding for soluble proteins (Geertsma and 
Poolman 2007). Their method involves ligation-independent cloning (LIC) in an 

Table 5.1  Bacterial strains and plasmids commonly used in the NICE system for overexpression 
of MPs

Characteristics References
Strains
L. lactis NZ9700 Progeny of the conjugation between 

nisin producer strain NIZO B8 and 
MG1614 (RifR StrpR derivative 
of MG1363). Nisin producer strain 
for induction experiments

Kuipers et al. 1993, 1998 
Kunji et al. 2003

NZ9800 Derivative of NZ9700 with deletion 
of 4 bp in nisA gene

No nisin production but nisRK tran-
scribed. Host of the NICE system

Kuipers et al. 1993, 1998

NZ9000 MG1363 strain with nisRK integrated 
into pepN gene. Most commonly 
used host for NICE system

Kuipers et al. 1998

Plasmids
pNZ8048 NcoI site used for translational 

fusions, CmR
Kuipers et al. 1998

pNZ8148 pNZ8048 with deletion of 60-bp 
DNA from B. subtilis, CmR

Mierau and Kleerebezem 2005

pNZ8150 pNZ8148 with ScaI site used for 
translational fusions, CmR

Mierau and Kleerebezem 2005

nisA, nisRK genes of the nisin operon; RifR, StrpR, and CmR resistance to rifampicin, streptomy-
cin, and chloramphenicol, respectively
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intermediary E. coli vector (pRExLIC-geneX), which is rapidly converted via vec-
tor backbone exchange (VBEx) into an organism-specific plasmid ready for high-
efficiency transformation, i.e., pNZxLIC-geneX for L. lactis. In order to overcome 
problems with restriction sites, rare restriction sites ( SwaI and SfiI) were used in 
both LIC and VBEx procedures. This strategy allowed the successful expression of 
MPs from prokaryotic and eukaryotic origins (Groeneveld et al. 2010; Erkens et al. 
2011; Steen et al. 2011).

Other laboratories developed strategies based on the Gateway technology (In-
vitrogen). Nowadays, this technology is widely used to simplify cloning of cDNA 
into many different expression systems from bacteria to eukaryotic systems (Hart-
ley et al. 2000). Douillard et al. (2011) built Gateway-compatible vectors but only 
for the expression of soluble proteins. On the other hand, this technology has al-
ready been used for high-throughput expression screening of integral MPs (Eshaghi 
et al. 2005). Several libraries are currently available in Gateway-compatible vectors 
(Yashiroda et al. 2008). However, the L. lactis vectors (pNZ8048 or derivatives) 
cannot be converted into Gateway destination vectors because of the lack of L. 
lactis strains able to propagate Gateway vectors. A strategy with preservation of 
the correct reading frame has then been established for the rapid transfer of cDNA 
from Gateway entry vectors into L. lactis nisin-inducible vectors (Fig. 5.3; Frelet-
Barrand et al. 2010b). First, cDNAs coding for the proteins of interest have to be 
cloned into Gateway entry vectors by a BP reaction (pDONR-cDNA). Then, a sec-
ond recombination reaction (LR) allows transferring of the cDNAs into the desti-
nation vector (pBS-RfA). After excision of cDNAs by digestion with EcoRV, they 
are ligated into pNZ8148NK (plasmid after NcoI digestion and treatment with Kle-
now). More importantly, for the Gateway recombination sequences being translated 
in N-terminus of the recombinant proteins, all proteins share the same N-terminal 
sequence. Therefore, this totally abolishes known impact of the diversity of the 
very first codons on the production level and stability of the produced recombinant 
proteins (Grisshammer and Tate 1995; Kunji et al. 2003). The presence of EcoRV 
restriction site(s) in cDNAs could easily be circumvented by either partial enzy-
matic digestion of shuttle plasmids or mutagenesis of the restriction site, depending 

Fig. 5.2  Classical cloning of cDNA in pNZ8148. After amplification by PCR, the cDNA is 
digested by NcoI and enzyme Y (another enzyme from the multi-cloning site). Then, the digested 
fragment is ligated into pNZ8148 previously digested with the same endonucleases, giving rise to 
pNZ8148NY-cDNA
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Fig. 5.3  Strategy compatible with Gateway to clone cDNA into pNZ8148. After PCR amplifica-
tion, the cDNA fragment is inserted into the entry vector pDONR221 by a BP reaction. Afterwards, 
the cDNA is transferred by an LR reaction into pBS-RfA, and the “shuttle” vector pBS-RfA-cDNA 
is generated. Then, the cDNA is excised from the pBS-RfA-cDNA by digestion with EcoRV and 
ligated into pNZ8148NK. AmpR, KanR, and CmR resistance to ampicillin, kanamycin, and chloram-
phenicol, respectively; att X recombination sites of the Gateway technology; MCS multi-cloning 
site of pNZ8148. (Adapted from Frelet-Barrand et al. 2010b)
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on the location of restriction sites on the cDNAs. This strategy allows the successful 
expression of MPs from prokaryotic and eukaryotic origins (Frelet-Barrand et al. 
2010b; Bernaudat et al. 2011).

5.3 Expression of Membrane Proteins Using the NICE System

The NICE system has proved to be highly versatile, and its use in pharmaceuti-
cal, medical, and bio- and food-technology fields is most promising (Hugenholtz 
et al. 2002; Zhou et al. 2006; Morello et al. 2008). Since its construction, numerous 
homologous or heterologous soluble and membrane proteins, bacteriocins, and an-
tigens have been expressed in L. lactis with this system (for review, see Kunji et al. 
2003; Zhou et al. 2006). Using pNZ8048 or its derivatives, almost 100 MPs from 
diverse origins (prokaryotic or eukaryotic), topologies, and sizes have been suc-
cessfully expressed in the last decade (Kunji et al. 2003; Monné et al. 2005; Zhou 
et al. 2006; Bernaudat et al. 2011). This system also allows the expression of MP 
complexes (homodimers or heterodimers; Kunji et al. 2003). Tables 5.2, 5.3 and 5.4 
display non-exhaustive lists of prokaryotic MPs (homologous or heterologous ex-
pression) and eukaryotic MPs expressed in L. lactis with the NICE system. They do 
not include studies of functionally active proteins in which expression yields were 
not determined (for example, those of Trip et al. 2013). In addition, in some cases, 
the functionality of the protein after expression in L. lactis could not be examined 
because of a deficiency in the knowledge of the protein function and/or problems 
in the ratio of correctly folded protein produced. The tables also do not display the 
percentage of functional proteins out of the proteins expressed. This information is 
seldom reported, since such a ratio is difficult to measure and necessitates isolating 
native proteins as controls.

5.3.1 Expression of Prokaryotic MPs

In Tables 5.2 and 5.3, successful expression of 20 homologous and 25 heterolo-
gous MPs is reported, respectively, using the NICE system. Compared to eukaryotic 
MPs, expression yields of prokaryotic MPs were the highest obtained, up to 30 % 
of total MPs (TMP) with heterologous (HorA and MsbA) and homologous (LmrA) 
expression (Tables 5.2 and 5.3; Kunji et al. 2003). The proteins expressed possess 
up to 13 TM helices and, even with high TM helix content, they have been produced 
with expression yields of up to 20 % TMP (BcaP and XylP). Most endogenous MP 
expression studies have been focused on proteins belonging to the families of amino 
acid and ATP-binding cassette (ABC) transporters, probably related to the speci-
ficities of the laboratories working with this system. Marreddy et al. (2011a) could 
also overexpress ABC transporters with their corresponding ATP-binding proteins 
with yields ranging between 1 and 5 %. Similar levels of expression could also be 
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reached with heterologous proteins from other bacteria (Table 5.3). In addition to 
the above-mentioned amino acid and ABC transporters, other various MPs have 
been heterologously expressed, belonging to diverse families such as cytochrome, 
permease, and mitochondrial proteins (Table 5.3; Kunji et al. 2003). The relatively 
high expression yields obtained with heterologous prokaryotic MPs could be ex-
plained by the fact that the codon usage is compatible with AT-rich codon bias 
(Schleifer et al. 1985), as in the case of the transporters from the prokaryotes Lacto-
bacillus and Rickettsia (Kunji et al. 2003).

5.3.2 Expression of Eukaryotic MPs

In 2003, Kunji and collaborators first reported expression of four eukaryotic MPs in 
L. lactis. Since then, several other eukaryotic MPs have been expressed, with levels 
from 0.1 to 10 % (Table 5.4), in particular from the mitochondrial carrier superfam-
ily (Monné et al. 2005; Herzig et al. 2012; Mifsud et al. 2013; Vest et al. 2013) but 
also from other families (Zhou et al. 2006; Bernaudat et al. 2011).

5.3.2.1 Plants

Ten MPs from three plant species, i.e. Arabidopsis thaliana, Symphytum tuberosum, 
and Neocallimastix patriciarum, have been successfully expressed in L. lactis. They 
belong to different families, from oxidase to transporters (heavy metal, adenosine 
triphosphate (ATP)/adenosine diphosphate (ADP) or sucrose), and their topologies 
span from peripheral to intrinsic 12 TM helices (Kunji et al. 2003; Frelet-Barrand 
et al. 2010b; Bernaudat et al. 2011; Marreddy et al. 2011b). The levels of expression 
obtained were relatively high, up to 30 % (Table 5.4), without modifications of the 
sequence. These relatively high expression yields allowed performing functional 
studies on some of them (see below).

5.3.2.2 Yeast (S. cerevisiae)

Ten MPs from yeast have also been successfully expressed in L. lactis. Two main 
studies on the mitochondrial carriers (Kunji et al. 2003; Monné et al. 2005) revealed 
that all the MPs tested could be expressed using the NICE system with yields from 
0.5 to 10 % (Table 5.4); they were all targeted to the cytoplasmic membrane and 
were functional. For some of them, expression yields were even improved by ratio-
nal design of the N-terminus (replacing or truncating these regions or by addition of 
lactococcal signal peptides; Monné et al. 2005).
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5.3.2.3 Human MPs

Human mitochondrial ADP/ATP translocator AAC1 was also expressed and found 
to be active in L. lactis (Mifsud et al. 2013). Other human MPs from diverse fami-
lies and topologies (1–12 TM helices) have been expressed with yields from al-
most undetectable (< 0.1 %) to 1 % (Bcl-Xl; Table 5.4; Janvilisri et al. 2003; Kunji 
et al. 2003; Bernaudat et al. 2011; Marreddy et al. 2011b). The famous human ABC 
transporter cystic fibrosis transmembrane conductance regulator (CFTR) has also 
been expressed in L. lactis at very low levels (below 0.1 % of TMP; Steen et al. 
2011). This full ABC transporter possesses 12 TM helices and is today the larger-
size protein produced in L. lactis (168 kDa; Table 5.4). In our laboratory, we could 
express two human MPs involved in liver detoxification, the cytochrome P450 3A4 
(CYP3A4) and the microsomal glutathione S-transferase (MGST1), with expres-
sion yields from 2 to 5 %, respectively (Bakari et al. unpublished data).

The expression yields obtained for expression of MPs in L. lactis are generally 
lower than those obtained for overexpression of same MPs in E. coli (Surade et al. 
2006; Bernaudat et al. 2011; Marreddy et al. 2011a). On the other hand, in some 
cases, expression in L. lactis allowed an enhancement of the expression, or the ex-
pression of proteins which were in general produced in inclusion bodies in E. coli. 
In most cases, for proteins produced with both bacterial expression systems, yields 
were almost 10 times lower after expression in L. lactis compared to E. coli. The 
reason could reside in a limitation of amino acid import, especially for branched 
amino acids. This problem could be overcome by supplying the cells with an alter-
native path, a medium containing the appropriate dipeptides, or by engineering the 
transport capacity for branched-chain amino acids (Marreddy et al. 2010). Other 
strategies have been implemented using improved strains engineered for enhanc-
ing the recombinant MP expression (Zhou et al. 2006; Linares et al. 2010; Noreen 
et al. 2011; Pinto et al. 2011) or based on optimization of functional expression, i.e. 
control of transcription rate, nutrient availability, gene optimization, and/or fusion 
tags (for review, see Marreddy et al. 2011a).

5.4 Functional Characterization of Membrane Proteins

In this part, we will only point out some examples from either prokaryotic or eu-
karyotic origins for which functional and/or structural analysis of MPs have been 
performed after expression in L. lactis using the NICE system. These function-
al characterizations could be performed on: (1) whole bacteria using radioactive 
substrates, (2) membrane vesicles, (3) proteoliposomes after reconstitution with 
phospholipids (Kunji et al. 2003, 2005; Mierau and Kleerebezem 2005), and/or (4) 
solubilized/purified proteins (Quick and Javitch 2007). Nuclear magnetic resonance 
(NMR) studies were also possible; indeed, supplementation of labeled amino acids 
could be performed by replacing the M17 medium with a chemically defined me-
dium (CDM; Mierau and Kleerebezeem 2005). L. lactis strains are auxotrophic for 
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a number of amino acids that can be added in a labeled form and then integrated 
into recombinant proteins (Kunji et al. 2003). In addition, selenomethionine could 
be incorporated into proteins expressed in L. lactis (Berntsson et al. 2009) for X-
ray structural studies. Moreover, L. lactis is able to express MPs in their oligomeric 
state, homodimer or heterodimer, or even larger oligomers (Kunji et al. 2003). L. 
lactis presents two major advantages over E. coli for functional expression: (1) it 
possesses only one membrane and (2) it does not form inclusion bodies (Kunji et al. 
2003). In addition, the genome of MG1363 has been completely sequenced and 
annotated (Wegmann et al. 2007), allowing deleted or mutated strain generation. 
For these reasons, L. lactis can be considered as a good expression system comple-
mentary to others.

5.4.1 Prokaryotic MPs

Since 2003 and the first study of expression of MPs performed by Kunji et al., 
several prokaryotic MPs from L. lactis and other bacteria have been successfully 
expressed in a functional state using the NICE system in L. lactis. Several families 
have been studied: ABC transporters, secondary transporters, and other amino acid 
transporters. Transport or ATPase activities could be assayed with radioactive or 
nonradioactive compounds on intact cells or on detergent-purified proteins with or 
without reconstitution in proteoliposomes. In some cases, mutants were designed 
and studied to assign the role of certain amino acids in the proper function of the 
proteins.

The ABC half-transporter LmrA (65 kDa, 6 TM helices) from L. lactis has been 
homologously expressed in high levels, up to 30 % of TMP (Table 5.2; Venter et al. 
2003). Shilling et al. (2005) could assign the critical role of a carboxylate group in 
proton conduction to secondary-active transporters. Studies were also performed on 
mutated versions expressed either in wild-type strains or in strains deleted of LmrA 
homologs (LmrCD; Lubelski et al. 2007). Moreover, using site-directed spin la-
beling and pulsed electron–electron double resonance (PELDOR/DEER) spectros-
copy, Hellmich et al. (2012) could probe the reorientation of the nucleotide-binding 
domains and of the TM helix 6, and revealed the conformational changes occurring 
between the different steps of ATP binding and hydrolysis.

A second half ABC transporter, MsbA, from E. coli, has also been expressed in 
L. lactis. The expression yield obtained was a little bit lower than those obtained 
with the homologous expression of LmrA (20–30 %; Table 5.3). This homodimeric 
transporter of 6 TM helices and 64 kDa is involved in lipid A export in E. coli (Woe-
bking et al. 2005). Functional studies similar to LmrA have demonstrated that the 
substrate binding to MsbA dimer caused nucleotide-binding domain (NBD) dimer-
ization (Woebking et al. 2008; Doshi et al. 2010; Doshi and van Veen 2013). Func-
tional studies on ABC transporters were in fact facilitated in L. lactis as compared 
to E. coli because of the availability of strains deleted in LmrACD.
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A heterodimeric ABC exporter TM287/288, from Thermotoga maritima, has 
also been expressed in L. lactis. TM287 and TM288, 60 kDa and 6 TM helices 
each, form a functional heterodimer sharing 36 % of sequence identity with LmrCD, 
the well-characterized heterodimeric ABC exporter from L. lactis (Lubelski et al. 
2006), therefore facilitating their functional studies. Despite the low expression 
yield of 1 % (Table 5.3), a crystal structure of the heterodimer in its inward-facing 
state has been obtained. In contrast to previous studies, this structure revealed that 
the NBDs are partially associated, remaining in contact through an interface involv-
ing conserved motifs that connect the two ATP hydrolysis sites (Hohl et al. 2012).

The thiamine high-affinity ABC transporter ThiT (20 kDa, 6 TM helices), be-
longing to the family of energy coupling factors (ECFs), has been characterized in 
L. lactis. The expression yield in L. lactis was around 1–2 % (Table 5.2; Erkens and 
Slotboom 2010). Mutagenesis studies allowed the determination of some amino 
acids interacting with the energizing module, necessary for vitamin translocation 
(Erkens et al. 2011). In 2013, electronic paramagnetic resonance (EPR) performed 
on purified ThiT and molecular dynamic studies allowed detailed description of the 
conformational changes of the protein during binding and coupling with the ener-
gizing module (Majsnerowska et al. 2013).

In addition to ABC transporters, secondary transport proteins were also expressed 
in L. lactis and characterized (Ter Horst and Lolkema 2010; Trip et al. 2013). These 
proteins are involved in the transport of amino acids (Trip et al. 2013), and organic 
or inorganic anions, through symport or exchange processes (Ter Horst et al. 2010). 
While the quantity of protein produced in these studies was not determined, bio-
logical activities of proteins were however detected using substrates specific to the 
transporters.

5.4.2 Eukaryotic MPs

Several eukaryotic MPs have been successfully expressed in L. lactis. The origin of 
MPs varies from plant to human proteins and yields range from almost undetectable 
(< 0.1 %) to 30 % (Table 5.4; Kunji et al. 2003).

5.4.2.1 Plants

Expression in L. lactis using the NICE system proved to be efficient for functional 
expression of several plant MPs involved in different chloroplast pathways, i.e. the 
ceQORH, HMA6, and NTT1 proteins from Arabidopsis thaliana. ceQORH is a pe-
ripheral protein which interacts with the chloroplast envelope through electrostatic 
interactions (Miras et al. 2002). In E. coli, it was mainly produced in inclusion 
bodies (Miras et al. 2002); in contrary, in L. lactis, it was expressed at almost 30 % 
of TMP (Table 5.4; Frelet-Barrand et al. 2010b), a relatively high expression yield, 
similar to those obtained for homologous expression of prokaryotic MPs in L. lactis 
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(Kunji et al. 2003). Functional characterization was performed on purified proteins 
reconstituted in proteoliposomes. It revealed that the ceQORH protein produced in 
L. lactis has nicotinamide adenine dinucleotide phosphate reduced (NADPH)-de-
pendent dehydrogenase activity, and that this activity requires a lipid environment. 
Moreover, the ceQORH protein produced in L. lactis thus behaves as the natural 
chloroplast envelope protein and appears to interact with the bacterial membrane 
through electrostatic interactions (Frelet-Barrand et al. 2010b).

Other chloroplast MPs from the P1B-type ATPase family have also been suc-
cessfully expressed in L. lactis using the NICE system with expression yields from 
0.7 to 3 % of TMP (Table 5.4; Frelet-Barrand et al. 2010b; Bernaudat et al. 2011). 
These multispanning MPs (6–8 TM helices) translocate ions across plasma or or-
ganelle membranes at the expense of ATP consumption (Kühlbrandt 2004). They 
are involved in the control of metal homeostasis within the cell. Among the eight 
P1B-type ATPases encoded by the Arabidopsis genome, four have been successfully 
expressed in L. lactis (Frelet-Barrand et al. 2010b). Previous attempts for express-
ing these ATPases in different expression systems ( E. coli, insect cells, and yeast) 
were either not successful or disappointing because of the very low production level 
obtained (Eren et al. 2006; Seigneurin-Berny et al. 2006; Bernaudat et al. 2011). 
Biochemical characterization using phosphorylation assays were performed on L. 
lactis membrane expressing HMA6 and allowed identification of this protein as a 
high-affinity Cu+ transporter of the chloroplast envelope (Catty et al. 2011).

The NTT1 protein is one of the adenylate translocators identified in the chloro-
plast which imports ATP in exchange with ADP. This transporter has already been 
functionally characterized after expression in S. cerevisiae and E. coli (Neuhaus 
et al. 1997; Tjaden et al. 1998). In L. lactis, NTT1 was produced at a very low ex-
pression yield, around 0.2 % of TMP. Despite this low expression, uptake assays of 
radioactive nucleotides could be performed on intact recombinant L. lactis cells and 
showed a time-dependent uptake of ATP with a rate similar to the one measured in 
E. coli cells (Frelet-Barrand et al. 2010b).

To conclude, L. lactis appears to be an appropriate expression system for func-
tional characterization of Arabidopsis MPs, especially for chloroplast MPs. This 
could be explained by the fact that the L. lactis membrane contains glycolipids 
(Oliveira et al. 2005) like the inner membrane of the chloroplast envelope (Block 
et al. 2007), in contrast to E. coli membranes (Ingram 1977). The importance of 
the lipid composition of host cells in overexpression of functional MPs has already 
been underlined (Opekarova and Tanner 2003; Junge et al. 2008).

5.4.2.2 Mitochondrial MPs

First, two mitochondrial carriers from S. cerevisiae, CTP1 and AAC3, have been 
successfully expressed with yields of 5 % and were shown to be functionally active 
(Kunji et al. 2003). Subsequently, 10 other carriers from S. cerevisiae have been 
successfully expressed with yields ranging from 1 to 10 % and activities varying 
depending on the substrate and the protein studied (Monné et al. 2005). In 2013, 
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Vest et al. have successfully expressed a functional mitochondrial phosphate carrier 
PIC2. The relatively high expression yields obtained could be linked to the pres-
ence of cardiolipin in the membrane of L. lactis (32 %; Mifsud et al. 2013). Indeed, 
the expression is facilitated and the presence of the appropriate lipids could help to 
drive the protein folding to the right conformation.

In addition, two proteins, MPC1 and MPC2 from Mus musculus, have been co-
expressed in L. lactis and reconstituted as a functional heterodimer. This mitochon-
drial carrier was able to transport pyruvate across the membrane in intact recombi-
nant bacteria (Herzig et al. 2012). This uptake was sensitive to the mitochondrial 
pyruvate carrier inhibitor UK5099 and to 2-deoxyglucose, which collapses the pro-
ton electrochemical gradient. Moreover, artificially increasing the membrane poten-
tial by lowering the pH in the import buffer from 7.2 to 6.2 significantly increased 
pyruvate uptake. Thus, co-expression of mMPC1 and mMPC2 in the membrane of 
L. lactis was sufficient to allow import of pyruvate with properties similar to the 
mitochondrial pyruvate carrier (Halestrap 1978).

5.4.2.3 Human MPs

The first human MP produced in L. lactis was the KDEL receptor, Erd2. This pro-
tein of 7 TM helices is involved in the retrieval of proteins of the endoplasmic re-
ticulum (ER) at later stages of the secretory pathway. While expressed at a very low 
level, the protein could still bind its specific peptide and conserve the pH-dependent 
activities as in rat Golgi membranes (Kunji et al. 2003).

The human ATP/ADP translocator (AAC1), which displays TM helix number 
and size features similar to the other mitochondrial carriers from S. cerevisiae, has 
also been studied after expression in L. lactis. The protein was expressed at 0.5–1 % 
of TMP and was found sensitive to the same inhibitors as its yeast orthologs (Mif-
sud et al. 2013).

5.4.3  Structure Resolved from Membrane Proteins Expressed 
in L. lactis

The first structure of a polytopic MP from L. lactis, ThiT, obtained after expression 
in L. lactis using the NICE system has been published in 2011. Structures have 
been obtained with both the wild-type and a selenomethionine-labeled protein. This 
protein is an ECF transporter and the S component involved in thiamin transport. 
The crystal structure has been obtained, even with an expression yield not better 
than 2 % of TMP (Erkens et al. 2011). In 2012, the same group resolved the struc-
ture of BioY, another L. lactis MP from the ECF family involved in biotin transport 
(Berntsson et al. 2012). Despite the low sequence identity (16 %) between the two 
proteins, the structures revealed conserved domains, and explained the specificity 
and high affinity for their corresponding substrates. This opens the road to other 
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structures in the future since the expression yields obtained for almost all the pro-
teins produced are close to 1–2 % or higher and the ability to label with SelenoMet 
allows resolving of the diffraction data (Berntsson et al. 2009).

5.5 Conclusion

Over the last decade, Lactococcus lactis has emerged as an expression system alter-
native to other bacterial systems. Using the tightly regulated nisin-controlled system 
(NICE), the number of prokaryotic and eukaryotic MPs from diverse topologies, 
origins, and functions (up to 100 in 2013) to be successfully expressed in L. lactis is 
exponentially increasing. In some cases, the expression yields obtained, even low, 
have allowed functional and structural characterizations. Prokaryotic MPs were 
found easier to express than eukaryotic ones, but preliminary studies performed 
with them helped to overcome expression bottlenecks. Finally, the crystal structures 
of two MPs after homologous expression in L. lactis have been resolved during the 
past 2 years and opened the road to others in the future.
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6.1  Introduction

The so-called baker’s yeast, Saccharomyces cerevisiae, has been used for centuries 
by humans to produce food and beverages like bread and beer (or wine). Since its 
complete genome sequencing in 1996 (Goffeau et al. 1996), we know that it con-
tains about 6,000 genes and that about 25 % of them encode putative membrane 
proteins (MPs). For comparison, human cells contain about 25,000 genes and the 
same proportion of putative MPs as in yeast (Lander et al. 2001; Venter et al. 2001). 
Yeast cells share with human cells similar protein synthesis mechanisms, matura-
tion machinery, and membrane-trafficking pathways. As a result, S. cerevisiae is 
probably the best characterized and the most widespread model for studying eu-
karyotic cell biology.

Genetic engineering of S. cerevisiae started in the 1970s with a description of 
homologous recombination mechanisms, discovery of numerous yeast plasmids 
(Gunge 1983), and the development of recombinant DNA technologies. This led 
to its use as a powerful biotechnology tool for protein overexpression, prominent 
examples being overproduction of recombinant human insulin precursors in 1987 
(Novolin R®, Novo Nordisk) or production of the first effective vaccine against hu-
man viral infections by hepatitis B (Diers et al. 1991; McAleer et al. 1984). Due to 
the simplicity of its genome and its ability to perform homologous recombination, 
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S. cerevisiae genetic manipulation is now straightforward (Wach 1996). Isolation 
of genes and design of disruption cassettes allowed obtaining thousands of mutants 
that are available for the international community (EUROpean Saccharomyces 
Cerevisiae ARchive for Functional Analysis data bank, http://web.uni-frankfurt.de/
fb15/mikro/euroscarf/). Whole genome and proteome information are available on 
the Saccharomyces Genome Database website (http://www.yeastgenome.org/).

Since the 1990s, S. cerevisiae has been used as a heterologous expression system 
for MPs (for review, Grisshammer and Tate 1995). Yet, despite intense efforts, only 
a limited amount of high-resolution structures of yeast-expressed eukaryotic MPs 
have been solved so far (see Table 6.1; White 2013). There is still a long way to go 
but recent technical advances should help overcome barriers in MP structure deter-
mination (Carpenter et al. 2008; Lee and Stroud 2010). Our goal in this chapter is 
not to give an exhaustive inventory of yeast expression systems, which have been 
excellently reviewed elsewhere (Britton et al. 2011), but rather to focus on systems 
used or specifically developed for eukaryotic MP overexpression and which led to 
the determination of high-resolution structures.

6.2  S. cerevisiae as a Host for Heterologous Expression of MPs

S. cerevisiae seems to be an appropriate expression system for large-scale produc-
tion of MPs. This organism is able to perform most of the eukaryotic posttransla-
tional modifications such as disulfide bond formation, glycosylation, and proteo-
lytic maturation. From a cell-biological point of view, yeast contains almost all 
internal organelles that are found in mammalian cells (instead of lysosomes, they 
contain a related compartment called vacuole, which is also found in plants), and 
expressed MPs may be targeted to these specific membranes (Zimmermann et al. 
2011; Weis et al. 2013). As mentioned in the introduction, molecular biology tech-
niques are well documented and fairly simple compared to other eukaryotic expres-
sion systems; thus, this organism is well suited for cloning and mutagenesis using 
classical molecular biology tools. In addition, yeasts are easy to cultivate; growth 
conditions are well described and scaling up cultures from small volumes to some 
tenth of liters is relatively straightforward. However, it is important to be aware that 
S. cerevisiae is not a perfect model for mammalian cells. Differences in membrane 
lipid composition or in the glycosylation machinery may turn out to be critical for 
MP folding and function. As an example, N-glycan structures generated in the Golgi 
of S. cerevisiae are made exclusively of one sugar type, mannose, while mammalian 
N-glycans are much more diverse.

Two main cloning methods have been used for protein overexpression in yeast. 
The target gene may be cloned on an episomal plasmid that replicates separately 
from the yeast chromosome; in this case, the number of plasmids per cells may be 
very low, and therefore selection pressure has to be maintained tightly to prevent 
plasmid loss during prolonged culture of the cells. Another method consists in tak-
ing advantage of the homologous recombination ability of S. cerevisiae, by intro-
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ducing the gene of interest on a plasmid that will subsequently be integrated into the 
yeast genome (Wach 1996; Decottignies et al. 1998; Nagy et al. 2006). Auxotrophy 
markers such as URA3 (uracil), HIS3 (histidine), or LEU2 (leucine) are classically 
used as selection markers, either for maintaining episomal plasmids or for selecting 
yeasts with modified genomic DNA (Brachmann et al. 1998). Markers conferring 
resistance to a toxic molecule like geneticin (G418) or hygromycin B may be used 
too (Decottignies et al. 1998).

6.2.1  Lipids

One general concern with heterologous expression of MPs is the lipid composition 
of the membrane they are embedded in: interaction of specific lipids has been shown 
to play an important role in the function of these MPs (Lee and East 1998; Powl 
et al. 2008; Kapri-Pardes et al. 2011; Whorton and MacKinnon 2011; Haviv et al. 
2013). Most of the glycerophospholipids and their derivatives are present in S. cere-
visiae, although not in identical proportion as in mammalian cells (Blagovic et al. 
2001; Blagovic et al. 2005; van Meer et al. 2008; Canadi Juresic and Blagovic 2011).

One of the striking differences between mammalian cells and S. cerevisiae is 
the presence of ergosterol in yeast, a cholesterol analog. For expression of MPs 
of higher eukaryotes, this may be a disadvantage because the function of several 
MPs is known to be affected by the nature of the sterol in the membrane phase. For 
instance, Lagane et al. (2000) demonstrated that ergosterol and cholesterol have op-
posite effects with respect to the ligand-binding function of a recombinant µ-opioid 
receptor. However, only a few such examples were reported and some yeast strains 
have been now engineered to be able to synthesize cholesterol instead of ergosterol 
(Kitson et al. 2011). Another significant difference resides in the amount of phos-
phatidylserine (PS) found in the plasma membrane. PS is a minor lipid in most S. 
cerevisiae membranes, except in plasma membrane where it accounts for as much 
as 30 % of the total phospholipids, a higher proportion than that in plasma mem-
branes of mammalian cells (van Meer et al. 2008).

It is important to note that lipid metabolism in yeast is highly variable, depend-
ing on the strain used and on culture conditions (Daum et al. 1999). In some cases, 
overexpression of MPs has also been reported to stimulate membrane biosynthesis 
and activate quality control mechanisms like unfolded protein response (UPR) and 
endoplasmic reticulum-associated degradation (ERAD). Such activation suggests 
that MP trafficking through the secretory pathway may become overwhelmed, lead-
ing to accumulation of misfolded neosynthesized MPs and activation of degrada-
tion pathways (Griffith et al. 2003; Meusser et al. 2005). For example, Griffith and 
coworkers showed that an increase in the UPR response is correlated with a dra-
matic decrease in specific activity of a recombinant P2 adenosine-proton transporter 
(Griffith et al. 2003). This phenotype is not specific to MP overexpression since it 
has also been described for a soluble protein (Bleve et al. 2011). Hence, for the sake 
of increasing the amount of functional protein, the use of adjustable yeast expres-
sion systems is probably highly desirable.



138 C. Montigny et al.

6.2.2  Glycosylation

As in other eukaryotes, glycosylation in S. cerevisiae starts in the endoplasmic retic-
ulum (ER), where a core structure is transferred to nascent polypeptide chains, and 
continues in the Golgi apparatus, where this core structure is subsequently modified 
(Helenius and Aebi 2001). While the core structure is highly similar in all eukary-
otes, the nature of N-glycan structures found in the Golgi may vary significantly. 
Glycosylation in yeast is implicated in folding, stability, and function of MPs as in 
other eukaryotes (Celik and Calik 2012). Because baker’s yeast lacks Golgi manno-
sidases, it is characterized by its ability to hypermannosylate proteins (Gemmill and 
Trimble 1999), resulting in the addition of more than 40 mannose residues per gly-
cosylation sites. When hypermannosylation occurs, glycosylation is heterogeneous 
and may affect protein function (Celik and Calik 2012). In mammalian cells, when 
proteins reach the Golgi apparatus, an appropriate mannosidase removes some of 
the mannose residues which are then replaced by specific carbohydrates. One op-
tion for controlling glycosylation is to remove glycosylation sites by site-directed 
mutagenesis, but this may result in the biosynthesis of an inactive protein. Several 
approaches have been attempted to substitute S. cerevisiae glycosylation pathways 
for human pathways and recent advances in the expression of glycoproteins with 
humanized glycan structures in engineered yeast are promising (Wildt and Gern-
gross 2005; Chiba and Jigami 2007; Chiba and Akeboshi 2009).

6.2.3  Inventory of Crystal Structures Obtained After Expression 
in S. cerevisiae

In this section, we present an overview of eukaryotic MPs purified from S. cere-
visiae membranes, used either as a natural source or as a host for overexpression 
(Table 6.1).

Most of the already crystallized MPs were obtained from natural sources. One 
famous result was obtained with adenosine triphosphate (ATP) synthase (Stock 
et al. 1999) from S. cerevisiae, an enzyme responsible for ATP synthesis and which 
is very abundant in mitochondria. In this case, it was not necessary for researchers 
to design a particular expression system: they simply purified the protein from a 
block of baker’s yeast conventionally used for cooking. Here, the challenge was to 
purify and crystallize a large MP complex, as ATP synthase is composed of 17 sub-
units for the complete assembly of the membrane part (F0), the catalytic part (F1), 
and the peripheral stalk (the latter being lost during purification and crystallization 
procedures). More recently, the S. cerevisiae strain was modified to integrate a 
hexahistidine	tag	at	the	N-terminus	of	four	different	mutants	of	the	β	subunit	(Muel-
ler et al. 2004), leading to the crystallization of the F1 ATPase sub-domain alone 
(Arsenieva et al. 2010). Crystallization of the whole complex with its F0 membra-
nous part is in progress (Pagadala et al. 2011).
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After heterologous overexpression in S. cerevisiae, structures have been obtained 
for rat and human monoamine oxidase A (rMAOA and hMAOA). The structure of 
a close isoform, hMAOB, had been previously resolved but after truncation of the 
C-terminal domain (Binda et al. 2002). Ma and colleagues succeeded in resolving 
the structure of the whole protein and revealed that the C-terminal 29 residues fold 
as a helix responsible for anchoring the protein to the mitochondrial outer mem-
brane (Ma and Ito 2002; Ma et al. 2004a, b; Son et al. 2008). Here, yeast cells 
were transformed with an episomal plasmid carrying the MAOA gene under the 
control of a galactose-inducible promoter. A classical purification step on a nickel 
affinity-chromatography resin allowed the authors to obtain about 10 mg of active 
protein per liter of culture. In this case, particular care was taken with respect to the 
choice of the detergent for protein solubilization, stabilization, and crystallization: 
FC-12 proved to be the most efficient detergent for solubilization and stabiliza-
tion whereas high-resolution diffracting crystals were obtained in the presence of 
dimethyldecylphosphine. The rMAOA structure represented the first structure of a 
eukaryotic monotopic MP. Rat and human recombinant enzymes were shown to be 
isomorphous and displayed close kinetic parameters (Son et al. 2008).

The structure of a plant vacuolar proton-translocating pyrophosphatase was also 
recently obtained after expression in S. cerevisiae (Lin et al. 2012). Expression was 
performed using a galactose-inducible promoter. The authors chose to overexpress 
the protein fused to a hexahistidine tag for purification purposes. Note that the same 
strategy for expression and purification was then used successfully for determining 
the high-resolution structure of two other PPases from Thermotoga maritima (Kel-
losalo et al. 2012a, b), suggesting that this system is particularly efficient for ex-
pressing this class of proteins, regardless of the evolutionary distance between them.

Even more recently, Pryor and coworkers resolved the structure of the Ste24p 
CAAX protease from S. mikatae, which is involved in the maturation of the mating 
pheromone “a-factor” in yeast (Pryor et al. 2013). The gene encoding Ste24p was 
cloned downstream of an ADH2 promoter, a strong constitutive promoter subjected 
to a tight catabolite repression: its transcription level is repressed several 100-fold 
in the presence of glucose. In the alternative classical GAL1–GAL10-inducible 
system, glucose is also a strong repressor of transcription, but in that case, after 
reaching the stationary phase, galactose must be added to the medium to activate 
transcription of downstream genes. But it is difficult to know exactly when glucose 
has been completely consumed and in fact, only traces of remaining glucose are suf-
ficient to repress the GAL1–GAL10 promoter, even in the presence of large amounts 
of galactose. The use of a constitutive ADH2 promoter allows to overcome this 
problem, because expression will start automatically when the glucose concentra-
tion is sufficiently low, without any requirement for addition of an extra compound 
in the medium (Lee and DaSilva 2005). Screening of nine different orthologs of 
Ste24p identified the one from S. mikatae as the most stable and suitable for crystal-
lization trials. For purification of Ste24p, the authors fused an immunoglobulin G 
(IgG)-binding domain to the C-terminus of Ste24p, as IgG resins have proven to be 
highly specific compared to Ni2+-chelating resins (Waugh 2005).
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The above inventory of those crystal structures of integral eukaryotic MPs which 
have been obtained after expression in S. cerevisiae is rather short, and it is therefore 
not possible to define a general path leading to success. But this is not specific to 
overexpression in S. cerevisiae, since no general rule emerged either from other ex-
pression systems (Bill et al. 2011). Another trail could be to investigate new screen-
ing strategies. For example, Li and coworkers developed a medium-throughput 
pipeline to test homologous expression, solubilization, and purification of 384 MPs 
from S. cerevisiae (Li et al. 2009). This system was subsequently adapted to heter-
ologous expression of MPs from higher eukaryotes (Li et al. 2009). A key feature 
of this approach is to identify MPs for downstream structural studies on the basis of 
their size-exclusion profiles, which may reflect protein stability, a critical parameter 
for crystallization trials. The first step consists in selecting targets on the basis of 
their primary sequence and their putative number of transmembrane helices, in or-
der to focus on integral transmembrane proteins. The corresponding genes are then 
cloned under the control of a galactose-inducible GAL1 promoter, with N-terminal 
FLAG and C-terminal decahistidine tags. As MP overexpression sometimes turns 
out to be toxic, some targets are already eliminated after expression trials (Osterberg 
et al. 2006). For cell lysis, the authors chose to use glass beads in a bead-beater, and 
for solubilization tests dodecylmaltoside (DDM) was preferred, as this detergent 
previously proved to be stabilizing for several MPs (Prive 2007). On the 384 targets 
that Li and coworkers tested, 6 were pushed into the intensive production phase 
and were readily purified and stable (Li et al. 2009). So far, this strategy resulted in 
the publication of high-resolution structures for the fungal phosphate/H+ symporter 
PiPT (Pedersen et al. 2013) and for the Ca2+/H+ antiporter Vcx1p from S. cerevisiae 
(Waight et al. 2013).

For decades, our laboratory has been interested in unraveling the relationships 
between structure and function in the sarco(endo)plasmic reticulum Ca2+-ATPase 
(Serca1a) Ca2+ pump. Among different approaches, we started developing a heter-
ologous expression system of this integral membrane transporter. The subsequent 
section focuses on the strategy for heterologous overexpression in S. cerevisiae our 
laboratory developed for the Serca1a Ca2+ pump, and which led in 2005 to a high-
resolution structure.

6.3  Expression in S. cerevisiae and Purification of Sarcoplasmic 
Reticulum (SR) Ca2+-ATPase Serca1a

6.3.1  Structure and Transport Cycle of the SR 
Ca2+-ATPase Serca1a

Serca1a belongs to the P-type ATPase family of membrane pumps, and plays a 
critical role in muscle relaxation and Ca2+ homeostasis, by transporting Ca2+ uphill 
from the cytosol into the SR lumen (Hasselbach and Makinose 1961; Ebashi and 
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Lipmann 1962). The P-type ATPase family (organized in five subfamilies called P1, 
P2, P3, P4, and P5, with the P2 subfamily including for instance the Na+, K+- and 
H+, K+-ATPases present in animal cells) is an evolutionarily conserved large fam-
ily of proteins which is characterized by the formation of an obligatory aspartyl-
phosphate intermediate during the pump cycle (Degani and Boyer 1973). P-type 
ATPases are chemi-osmotic pumps that convert the chemical energy of this aspar-
tyl-phosphate intermediate into active transport of ions.

Probably because of its natural abundance in skeletal muscle, the SR Ca2+-
ATPase was the first P-type ATPase for which the three-dimensional (3D) structure 
was solved (Toyoshima et al. 2000; Toyoshima and Nomura 2002). Since then, X-
ray structures of analogs of the most relevant intermediate states in the Ca2+-ATPase 
transport cycle have been obtained (some of which are shown in Fig. 6.1), provid-
ing insights into the molecular events leading to Ca2+ translocation across the ER/
SR membrane (e.g., Toyoshima et al. 2000, 2007; Toyoshima and Nomura 2002; 
Sorensen et al. 2004; Olesen et al. 2007). These high-resolution structures con-
firmed most of the previous suggestions based on site-directed mutagenesis (An-
dersen 1995), spectroscopic studies (Bigelow and Inesi 1992), or low-resolution 
structures (Dux and Martonosi 1983; Toyoshima et al. 1993; Zhang et al. 1998). 
In these structures, the cytosolic portion of the pump is made of three distinct do-
mains: the nucleotide-binding (N) domain, the phosphorylation (P) domain, and 
the actuator (A) domain (Fig. 6.1). The N domain binds the nucleotide and posi-
tions	the	γ-phosphoryl	of	ATP	for	a	nucleophilic	attack	on	the	conserved	aspartate	
residue located in the P domain, while the A domain contains a strongly conserved 
TGES motif involved in the dephosphorylation of the aspartate. These cytosolic 
domains	are	connected	to	a	transmembrane	(M)	domain	consisting	of	10	α-helices	
(for Serca1a), via a linker region which is crucial for transmitting events from the 
cytosolic catalytic portion of the pump to the cation-binding sites where transmem-
brane transport does actually occur.

The transport cycle of P-type ATPases from the P2 subfamily (cation trans-
porters) has been worked out in detail. Briefly, and as depicted in Fig. 6.1, it 
starts with binding of the ions(s) to be transported (two Ca2+ ions in the case of 
Serca1a) to a conformation called “E1,” which has high-affinity binding sites for 
Ca2+ within the membrane domain, and accessible from the cytosolic side. Bind-
ing of the ion(s) allows the aspartic acid to become phosphorylated from Mg2+-
ATP. The resulting high-energy “Ca2E1 ~ P” intermediate is then converted to an 
“E2P” intermediate, this step being accompanied by the release of the ion to the 
exoplasmic side. The transport site now has high affinity for a counter-transported 
ion species (two to three protons per ATP hydrolytic cycle in the case of Serca1a). 
Hydrolysis of the phosphorylated aspartic acid drives the enzyme back to the 
“E2” conformation.

Shortly after cloning the SERCA1a gene (Brandl et al. 1986), various host cell 
systems (for example COS cells or insect cells) have been developed for heter-
ologous expression of Serca1a, in order to dissect by site-directed mutagenesis 
the molecular mechanism for Ca2+ transport (Maruyama and MacLennan 1988; 
Zhang et al. 2000; Miras et al. 2001). These systems have been very successful for 
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identification of residues or regions of the protein critical for transport and catalysis 
(Clarke et al. 1989; Andersen and Vilsen 1992; Strock et al. 1998). However, in 
spite of high expression levels, these cells are generally grown in too small quanti-
ties to allow purification at a reasonable cost of amounts compatible with crystal-
lization trials.

Fig. 6.1  Key intermediates in the catalytic cycle of Serca1a and 3D structures of their analogs. 
The cycle starts with the exchange of n protons with two Ca2+ ions in the cytosol. The Ca2+-bound 
ATPase is then phosphorylated from ATP to give the Ca2E1 ~ P state, which is converted to the 
E2P state after exchange of two Ca2+ ions with n protons. Hydrolysis of the phosphorylated aspar-
tic acid drives the enzyme back to the E2 conformation. The structures are shown as cartoons, with 
the N domain in red, the P domain in blue, the A domain in yellow, and the M domain in light pink. 
Ca2+ ions are shown as black spheres. The approximate boundaries of the membrane bilayer are 
indicated by solid horizontal lines. Protein Data Bank ( PDB) accession codes: 1SU4 ( Ca2E1 form, 
obtained in the presence of Ca2+); 1T5T ( Ca2E1 ~ P form; obtained in the presence of Ca2+, Mg2+, 
K+, ADP, and AlF4

−); 3B9B ( E2P form, obtained in the presence of Mg2+ and BeF3
−); 1IWO ( E2 

form, obtained in the presence of Thapsigargin, a specific inhibitor of SERCAs)
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6.3.2  Optimization of Serca1a Expression in S. cerevisiae

In this context, rabbit Serca1a heterologous expression in our laboratory began in 
the early 1990s, by using the yeast S. cerevisiae (Centeno et al. 1994). The initial 
strategy consisted in inserting the SERCA1a complementary DNA (cDNA) in a 
high-copy-number plasmid, pYeDP1/8–10 (Pompon 1988), under the control of 
an inducible promoter, with the rationale that delaying the expression phase until 
the end of the growth phase should allow to overcome potential toxicity problems 
associated with overexpression of a foreign protein. In pYeDP1/8–10, the strong 
GAL10–CYC1 hybrid promoter is fully repressed by glucose present in the medium 
and when glucose is exhausted (corresponding here to the end of the exponential 
phase, as deduced from glucose titration assays), addition of galactose triggers in-
duction of the target gene. The GAL10–CYC1 hybrid promoter contains a sequence 
called the GAL upstream activating sequence (UASG) which is required for the in-
duction of the GAL10 gene in the presence of the product of the GAL4 regulatory 
gene (Guarente et al. 1982; West et al. 1984). In addition, this hybrid promoter con-
tains functional TATA elements of the CYC1 gene that are DNA regions essential 
for transcriptional initiation by RNA polymerase II (Li and Sherman 1991), as well 
as the transcription initiation region of the CYC1 gene itself (Guarente et al. 1982).

Using this expression system, the heterologously expressed Ca2+-ATPase was 
recovered in the plasma membrane fraction (and to a lesser extent in the micro-
somes), yielding ~ 0.3 % of total proteins in the plasma membrane (Centeno et al. 
1994). Despite this rather low expression level, the total amount produced was quite 
substantial since about 1 mg Ca2+-ATPase could be obtained per liter of culture. In 
addition, the expressed Ca2+ pump was functional, as judged by its ability to form 
a	phosphoenzyme	form	[γ–32P]ATP and by the fact that its specific ATP hydrolysis 
activity was similar to that of native SR Ca2+-ATPase (Centeno et al. 1994).

A significant step forward was then made by optimizing the expression plasmid 
as well as the host strain.

Optimization of the expression plasmid was achieved by using the pYeDP60 
plasmid designed by Pompon and colleagues (Pompon et al. 1996), a plasmid iden-
tical to the pYeDP1/8–10 plasmid except for the presence of an additional selection 
marker, ADE2 (Fig. 6.2a). This selection marker is of special interest since even rich 
culture media become rapidly deprived of adenine upon yeast growth at high cell 
densities. Thus, in contrast to yeast cells transformed with pYeDP1/8–10, yeast cells 
auxotroph for adenine and transformed with pYeDP60 could grow in rich medium 
(where the cell density can rise up to a level about fivefold to tenfold higher than in 
minimal medium) with minimal plasmid loss. Adding the ADE2 selection marker 
turned out to be critical as, thanks to the increased maximal cell density, the expres-
sion level reached ~ 8 mg Ca2+-ATPase per liter of rich culture medium (compared 
with ~ 1.5 mg Ca2+-ATPase per liter of minimal medium, as shown in Fig. 6.2b; 
Lenoir et al. 2002). This corresponded to production of Serca1a up to about 0.7 % of 
yeast total proteins (not shown), or even 1 % of yeast total proteins after performing 
two successive galactose inductions (open circles in Fig. 6.2c).
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Fig. 6.2  Optimization of 
Serca1a expression. a Map 
of the pYeDP60 plasmid 
used for the expression of 
SERCA1a. ADE2 auxotrophy 
selection marker for adenine, 
represented as a black arrow 
for emphasis; Ori bacterial 
replication origin; AmpR 
gene conferring resistance to 
ampicillin; 2µ yeast replica-
tion origin; URA3 auxotrophy 
selection marker for uracil; 
pro GAL10/CYC1 strong 
hybrid galactose-inducible 
promoter; ter PGK sequence 
of the phosphoglycerate 
kinase used for termination 
of transcription. b Compari-
son of Serca1a expression 
from yeast growing in rich 
(●)	or	minimal	(○)	medium.	
The W303.1b yeast strain 
was grown at 28 °C in either 
rich or minimal medium. At 
time zero, expression was 
triggered by addition of 2 % 
galactose. c Optimization of 
the host strain. An additional 
copy of the GAL4 gene was 
inserted at the Trp locus of 
W303.1b yeast strain, result-
ing in the W303.1b/GAL4 
strain.	W303.1b	(○)	and	
W303.1b/GAL4	(●)	yeast	
strains were transformed 
with pYeDP60 and grown in 
rich medium. Two galactose 
inductions (2 % w/v each 
time) were performed here; 
a first one at time zero and a 
second one 13 h later. Panels 
b and c adapted from Lenoir 
et al. (2002)
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Further improvement of Ca2+-ATPase expression was achieved by manipulat-
ing the W303.1b host strain. A common limitation to the use of recombinant GAL 
promoters for the controlled high-level expression of foreign proteins is the inherent 
low expression level of the GAL4 gene product, Gal4p, which mediates expression 
of proteins that are under the control of GAL promoters (Romanos et al. 1992). To 
overcome this limitation, we integrated a hybrid gene in the yeast chromosome, 
consisting of the GAL10 promoter fused to the GAL4 gene (Schultz et al. 1987; 
Pedersen et al. 1996). In this manner, the expression of Gal4p is increased in the 
presence of galactose, as well as that of the foreign protein. This is especially help-
ful for expression of proteins from multi-copy plasmids (2µ-based plasmids). The 
resulting yeast strain, W303.1b/GAL4 was compared with the W303.1b parental 
strain for its ability to overexpress Serca1a. As illustrated by the black circles in 
Fig. 6.2c, the expression level of Serca1a reached a maximum of almost 3 % of total 
yeast proteins, thus about ten times more than that reported by Centeno and col-
leagues (Centeno et al. 1994), and 30 mg Ca2+-ATPase could be recovered for 1 L 
of culture (Lenoir et al. 2002).

Another critical parameter was the control of temperature during the expression 
phase. As already observed in bacteria and other yeast expression systems, decreas-
ing the temperature from 28 to 18 °C significantly increased the amount of properly 
folded and active protein (Lenoir et al. 2002). One obvious reason for this is that the 
yeast metabolism is slowed down, thereby facilitating integration by the translocon 
of newly synthesized proteins into the ER membrane. When after yeast breakage 
differential centrifugation was performed to roughly separate a “heavy” membrane 
fraction (sedimenting at rather low-speed centrifugation, ~ 20,000 g), from a “light” 
membrane fraction (recovered after high-speed centrifugation, ~ 100,000 g), we ob-
served that the temperature influenced the final destination of the expressed Serca1a 
toward the “light” membrane fraction. The “heavy” fraction is poorly solubilized by 
mild detergents, with the solubilized fraction containing low amounts of active Ser-
ca1a, while the “light” membrane fraction is more easily solubilized and contains 
higher amounts of active protein. In sum, although shifting temperature to 18 °C 
during the expression phase decreases Serca1a overexpression, the quality of the 
protein expressed at 18 °C is enhanced (Lenoir et al. 2002). In the “light” fraction, 
recombinant Serca1a finally accounts for ~ 1.5–2 % of total MPs (~ 6–8 mg Serca1a 
per liter of culture).

6.3.3  Affinity Purification of Serca1a

Initial SERCA1a constructs were cloned in frame with a C-terminal hexahistidine 
tag, for subsequent affinity purification by immobilized metal ion affinity chroma-
tography. The yield of this purification step was about 20 %, allowing the recovery 
of about 1 mg Ca2+-ATPase from 1 L of yeast culture, and with a purity estimated to 
be about 50 %. Although this proved to be sufficient for functional studies of wild-
type and mutated Ca2+-ATPases (Lenoir et al. 2004, 2006), the relatively low purity 
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of the sample was not compatible with crystallization trials. Toward this goal, we 
resorted to the extraordinarily high affinity of avidin for biotin.

Biotin (vitamin H) is a small coenzyme synthesized by plants, most bacteria, 
and some fungi, which is bound to a specific lysine at the active site of biotinylated 
proteins via an amide linkage. The biotinylation reaction is performed by biotin 
protein ligases (Chapman-Smith and Cronan 1999). The biotinylation reaction cata-
lyzed by biotin protein ligases is very specific, and there are only a scarce number 
of biotinylated proteins (only one in E. coli and up to five in most other organ-
isms). Biotinylated proteins are multi-subunit enzymes that play roles in metabolic 
carboxylation/decarboxylation and transcarboxylation reactions, such as the oxalo-
acetate decarboxylation reaction. The biotinylation domain is strongly conserved 
among biotinylated proteins (Schwarz et al. 1988). This region is usually located at 
the C-terminus of the polypeptide chain and the lysine residue that becomes modi-
fied with biotin is generally located 34 or 35 residues upstream from the C-terminus 
(Chapman-Smith and Cronan 1999).

Using various biotinylated proteins, it has been shown that the minimum size of 
the segment required for biotinylation is 75 amino acids long, starting from the pro-
tein	C-terminus.	This	sequence,	when	added	to	the	C-terminus	of	β-galactosidase,	is	
indeed sufficient to promote biotinylation of the fusion protein expressed in E. coli 
(Cronan 1990). Importantly, that study also showed that a bacterial biotin-acceptor 
sequence also functions in yeast, paving the way for expression of proteins fused 
to biotin-acceptor domain (BAD) in eukaryotic expression systems (Cronan 1990).

The specific and high affinity between tetrameric streptavidin and biotin (Kd 
~ 10−14 mol/L) can be used to purify biotinylated proteins. Such strategy has been 
successfully used for the purification in a single step of various proteins, includ-
ing MPs such as lactose permease expressed in E. coli (Consler et al. 1993; Pouny 
et al. 1998), a plant sucrose carrier (Stolz et al. 1995) and human P-glycoprotein 
(Howard and Roepe 2003), both expressed in S. cerevisiae. However, because of the 
extremely tight binding between tetrameric streptavidin and biotin, harsh conditions 
are required to disrupt their interaction, often leading to denaturation of the protein 
of interest.

We therefore used an alternative procedure for purification purposes. We fused 
the	last	93	residues	of	the	BAD	of	the	α-subunit	of	oxaloacetate	decarboxylase,	a	
biotinylated enzyme from Klebsiella pneumoniae, to the C-terminus of Serca1a, but 
to circumvent problems associated with the subsequent release of the fusion protein 
from avidin beads (even using monomeric avidin, which has a reduced affinity for 
biotin), a thrombin cleavage site was inserted between Serca1a and BAD (Fig. 6.3a; 
Jidenko et al. 2006). The recombinant Serca1a-BAD was then expressed using the 
above-described pYeDP60 plasmid, in the S. cerevisiae strain W303.1b/GAL4. 
Serca1a-BAD proved to experience biotinylation in vivo, and after solubilization 
of	yeast	membranes	with	n-dodecyl	β-D-maltoside	 (DDM),	 the	biotinylated	pro-
tein was retained specifically onto monomeric avidin-coupled resin (Fig. 6.3b, lane 
“R0”; Jidenko et al. 2006). Note that naturally occurring yeast biotinylated proteins 
were also retained onto avidin beads, but the treatment of the resin with throm-
bin (lane “R60”) allowed to specifically elute Serca1a (lane “E”), without its BAD 



1476 Overexpression of Membrane Proteins in Saccharomyces cerevisiae …

moiety. At this stage, Serca1a was in a relatively pure form (Fig. 6.3b) and the yield 
of purification was estimated to be about 6 %. As much as 0.3 mg Serca1a was 
recovered from 1 L yeast culture. Beyond the fact that purification on monomeric 
avidin yielded a more homogeneous sample than affinity purification on Ni2+-NTA 

Fig. 6.3  Affinity purification of Serca1a in a functional form. a Purification scheme. The C-ter-
minally BAD-tagged Serca1a (Serca1a-BAD) is solubilized from yeast membranes with DDM 
and applied onto a monomeric avidin resin. A thrombin cleavage site located between Serca1a and 
the BAD tag allows elution of Serca1a from the resin. b SDS-PAGE analysis of Serca1a purifica-
tion. T total—starting yeast membrane fraction, expressing Serca1a-BAD; R0 resin—aliquot of the 
monomeric avidin resin before treatment with thrombin, showing proteins bound to the resin; R60 
aliquot of the avidin resin after a 60-min incubation with thrombin; E eluate fraction recovered 
after thrombin cleavage. Proteins were run onto an 8 % Laemmli-type acrylamide gel and stained 
with Coomassie blue. c Maximum velocity of Ca2+-dependent ATP hydrolysis by Serca1a purified 
either from an initial BAD-tagged construct or from a His-tagged construct. ATPase activity was 
assayed spectrophotometrically at 30 °C. (Adapted from Jidenko et al. 2006)
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beads, the purified (initially BAD-tagged) enzyme displayed a maximal rate of ATP 
hydrolysis of about 9 µmol/mg Serca1a/min at 30 °C, about twofold to threefold 
higher than that of the His-tagged enzyme (Fig. 6.3c), suggesting either that the six 
histidines located at the C-terminus of Serca1a are deleterious for enzyme activ-
ity (as the His6 tag was not removed after purification) or that active ATPases are 
somehow preferentially selected by the avidin purification procedure (Jidenko et al. 
2006). The latter hypothesis is consistent with the idea that only correctly folded 
biotinylation domains will be biotinylated, ensuring that misfolded biotinylation 
domains will not be purified, whereas using histidine tags will not make it possible 
to sort correctly folded from misfolded fusion proteins.

6.3.4  Crystallization and Structure Determination 
of Heterologously Expressed Wild-Type 
and Mutated Serca1a

This system has been the cornerstone for purification of Serca1a, after its heterolo-
gous expression in yeast. However, a major improvement for subsequent structural 
characterization came from the introduction of a second purification step, namely 
size-exclusion chromatography (SEC-HPLC). Such extra purification step made it 
possible to eliminate the small amounts of aggregates and contaminants (including 
the thrombin protease), to increase the purity of the sample, and, most importantly, 
to simultaneously allow for detergent exchange (Jidenko et al. 2005). Indeed, the 
type of detergent chosen for crystallization attempts is a critical parameter, because 
it will influence both the stability of the protein and its capability to form crystals 
(Sorensen et al. 2006). As octaethylene glycol mono-n-dodecyl ether (C12E8) had 
previously proven superior to DDM for crystallogenesis of several P-type ATPases 
(Toyoshima et al. 2000; Sorensen et al. 2004), DDM was exchanged for C12E8 dur-
ing the above-mentioned SEC-HPLC step (Jidenko et al. 2005).

After concentration of the purified sample to ~ 10 mg/mL and relipidation with 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), crystallization conditions were 
explored using a screen based on conditions identified with native Serca1a (Sorensen 
et al. 2004). Crystals obtained in the presence of AMPPCP, a nonhydrolyzable ATP 
analog, and Ca2+, diffracted beyond 3.1 Å, and the diffraction properties were simi-
lar to those of native Serca1a, without any significant structural difference between 
the recombinant Serca1a (Fig. 6.4a) and its native counterpart crystallized under the 
same conditions. Binding of AMPPCP takes place at a highly conserved region locat-
ed at the interface between N and P domains (inset of Fig. 6.4a) and AMPPCP can be 
found in very close proximity to the invariant phosphorylated aspartate found in all 
P-type ATPases (D351 in the case of Serca1a). The two Ca2+ ions that are transported 
at the expense of one ATP molecule per ATPase cycle are coordinated by residues 
located in the membrane domain (M; inset of Fig. 6.4a). This structure, together with 
that of a mammalian voltage-dependent K+ channel, represent the first two crystal 
structures for mammalian integral transmembrane proteins produced in a heterolo-
gous system (Jidenko et al. 2005; Long et al. 2005; Midgett and Madden 2007).
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Obtaining the structure of the heterologously expressed wild-type Serca1a has 
paved the way toward analysis of the structure of mutated proteins. Indeed, many 
mutations have been reported to interfere with the Ca2+-ATPase catalytic cycle (An-
dersen 1995), but whether the effect of these mutations reflects a genuine alteration 
of partial reactions of the catalytic cycle or whether it is the result of a global struc-
tural change remained to be determined. Along those lines, the P312A mutation in 
Serca1a, which had been previously reported as interfering with ATP hydrolysis 
and Ca2+ transport (Vilsen et al. 1989), has been selected. P312 is located in trans-
membrane segment M4, next to the 308PEGL motif containing the E309 residue 
involved in Ca2+ binding. Studying the partial reactions of P312A catalytic cycle 

Fig. 6.4  X-ray 3D struc-
tures of recombinant 
Serca1a expressed in yeast. 
a Structure of recombinant 
rabbit wild-type Serca1a. 
The structure, obtained in the 
presence of Ca2+ and AMP-
PCP, is shown as cartoon 
with the N domain displayed 
in red, the P domain in blue, 
the A domain in yellow, 
the first four TM helices in 
orange, and the last six TM 
helices in light pink. Two 
critical regions involved 
in nucleotide binding and 
autophosphorylation, and in 
Ca2+ binding, are magnified. 
Reproduced from Jidenko 
et al. (2005). b Structure of 
recombinant rabbit P312A 
mutant of Serca1a. The 
structure was obtained in 
the presence of ADP and 
the phosphate analog AlF4

−. 
On the left, the crystal 
structure of P312A ( yellow) 
is superimposed with the 
wild-type structure in the 
same conditions ( green). 
On the right, magnification 
of the Ca2+-binding site in 
the transmembrane region 
underlining the fact that no 
significant differences are 
observed between wild-
type and P312A structures. 
P312 or A312, and E309 are 
indicated. (Reproduced from 
Marchand et al. 2008)
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revealed that the rate of the Ca2E1	~	P	→	E2P	transition	was	dramatically	decreased	
(Vilsen et al. 1989). The P312A mutant was expressed and purified using our pro-
cedure, and subsequently crystallized (Marchand et al. 2008). Crystallization was 
performed in the presence of AlF4

− and adenosine diphosphate (ADP) together with 
10 mM Ca2+ in order to mimic the ADP-sensitive phosphoenzyme Ca2E1 ~ P. The 
crystal structure of the P312A mutant displayed a high degree of isomorphism with 
that of the wild-type enzyme (Fig. 6.4b), and it was thus concluded that the severe 
functional consequences of this mutation were associated with only minor structural 
changes (Marchand et al. 2008). It was proposed in that work that replacing P312 
by an alanine does stabilize the Ca2E1 ~ P conformation by facilitating hydrogen 
bonding between P308 and A312. This mutation would thus relieve an inbuilt con-
strained region at site I (Marchand et al. 2008).

These achievements with expressed Serca1a were the basis for attempting to 
overexpress in yeast (and purify) other MPs, as exemplified below by the lipid 
“flippase” Drs2p/Cdc50p complex.

6.4  Coordinated Overexpression of the Lipid “Flippase” 
Complex Drs2p/Cdc50p

6.4.1  Transbilayer Phospholipid Asymmetry in Eukaryotic 
Cell Membranes

Studying how membrane transport proteins termed “flippases” create and main-
tain phospholipid asymmetry in eukaryotic cell membranes is rapidly expanding, 
because of the influence of membrane lipid asymmetry on a multitude of cellular 
functions. Prime candidates for this transport activity are P-type ATPases from the 
P4 subfamily (hereafter referred to as P4-ATPases), but the mechanism for phos-
pholipid transport by P4-ATPases remains largely elusive (Poulsen et al. 2008b; 
Coleman et al. 2012).

Let us first recall that eukaryotic cells contain thousands of different lipid struc-
tures. This diversity reflects numerous different functions for cellular lipids: in ad-
dition to their role in cell compartmentalization, they are used for energy storage, 
as important regulatory molecules, or they may act as first or second messengers in 
signal transduction (van Meer et al. 2008). In membranes of the late secretory path-
way, this range of functions is accompanied by a particular distribution of lipids: 
The trans-Golgi network (TGN), as well as the plasma and endosomal membranes, 
display an asymmetric transbilayer distribution with PS and phosphatidylethanol-
amine (PE) primarily restricted to the cytosolic leaflet, and sphingomyelin (SM) 
and glycosphingolipids (GSLs) mainly residing in the noncytosolic leaflet (Op den 
Kamp 1979; Daleke 2007). Such an asymmetric distribution has important func-
tional consequences. For instance, the strong interaction between GSLs and sterols 
ensures a high stability and impermeability of the plasma membrane; conversely, 
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the enrichment of aminophospholipids in the cytosolic leaflet of the plasma mem-
brane and on the surface of endocytic and exocytic vesicles may help to keep these 
membranes in a fusion-competent state (Kinnunen and Holopainen 2000).

6.4.2  P4-ATPases and Cdc50 Proteins as Prime Candidates 
for Phospholipid Translocation

P4-ATPases are thought to play a prominent role in creating and maintaining this 
phospholipid asymmetry, by selectively translocating lipids (instead of translocat-
ing ions, like members of most P-type ATPase subfamilies), mainly PS and PE, 
from the luminal leaflet to the cytosolic leaflet of plasma membranes as well as of 
TGN membranes (Graham 2004; Daleke 2007). This lipid-translocation activity is 
thought to be dependent on the intimate coupling of P4-ATPases with accessory 
subunits known as Cdc50 proteins (Poulsen et al. 2008a; Lenoir et al. 2009; Lopez-
Marques et al. 2011).

In plasma membranes, loss of lipid asymmetry and the resulting cell-surface 
exposure of PS triggers recognition of apoptotic cells by macrophages, activation 
of the blood coagulation cascade, or virus entry (Rosing et al. 1980; Fadok et al. 
2000; Mercer and Helenius 2008). But much remains to be discovered about other 
physiological roles of lipid asymmetry and the relevance for eukaryotic cells to 
spend energy to maintain such transbilayer asymmetry in other contexts. This is 
especially true for unicellular organisms like yeast cells, as they certainly do not 
need to deal with PS exposure for triggering blood clotting signaling. So, what is 
lipid translocation also made for? An appealing hypothesis has been provided by the 
observation that the yeast P4-ATPase Drs2p is required for budding of post-Golgi 
exocytic vesicles (Gall et al. 2002) and for the formation of clathrin-coated vesicles 
(Chen et al. 1999). The hypothesis is that by expanding one of the leaflets of the 
bilayer while reducing phospholipid number in the other one, flippases might drive 
membrane bending and thereby provide a major contribution to vesicle formation 
and ultimately vesicle-mediated protein transport (Devaux et al. 2008).

Of note, P4-ATPases are associated with several inherited disorders. For in-
stance, one human disease, progressive familial intrahepatic cholestasis (PFIC1, or 
Byler disease), has been directly correlated with mutations in a gene encoding a P4-
ATPase ( ATP8B1). PFIC1 is an autosomal recessive disorder for which individuals 
manifest cholestasis in infancy and which progresses toward end-stage liver disease 
before adulthood (Bull et al. 1998).

Collectively, these data highlight the crucial importance of P4-ATPases in health 
and disease and underscore the need for structural and mechanistic insights into the 
molecular mechanism by which P4-ATPases catalyze lipid transport. We therefore 
aimed at adapting our overexpression system to P4-ATPases. A specific impetus 
was that although the wealth of P-type ATPase 3D structures has tremendously ex-
panded in the recent years (Morth et al. 2007; Pedersen et al. 2007; Shinoda et al. 
2009; Gourdon et al. 2011), P4-ATPases still lag behind.
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There are five P4-ATPase members in yeast: Dnf1p and Dnf2p which reside at 
the plasma membrane, Drs2p and Dnf3p which reside in the TGN, and Neo1p local-
ized in the endosomes (Gall et al. 2002; Hua et al. 2002). Deletion of Dnf1p and Dn-
f2p inhibits ATP-dependent transport of fluorescent analogs (nitrobenzoxadiazole 
(NBD)-labeled) of PC, PS, and PE (Pomorski et al. 2003), while removal of Drs2p 
and Dnf3p abolishes NBD-PS/PE and NBD-PC/PE transport, respectively (Natara-
jan et al. 2004; Alder-Baerens et al. 2006). Concerning accessory proteins, genetic 
disruption of yeast Cdc50 proteins was found to phenocopy dnf and drs2 deletions. 
This family includes three proteins in yeast, namely Cdc50p, Lem3p, and Crf1p. It 
is now clear that Cdc50 proteins associate with P4-ATPases and that this association 
is of primary importance. Indeed, Cdc50 proteins have been shown to be required 
for stability and export of P4-ATPases from the ER, both in yeast and in mammalian 
cells (Saito et al. 2004; Chen et al. 2006; Furuta et al. 2007; Paulusma et al. 2008; 

Fig. 6.5  Predicted topology 
of yeast Drs2p and Cdc50p 
and putative lipid transport 
cycle. a Predicted topol-
ogy of Drs2p and Cdc50p. 
Transmembrane helices 
of Drs2p and Cdc50p are 
shown as light pink cylinders. 
The phosphorylation site is 
indicated in the P domain. 
The phosphorylation domain 
( P) is represented in blue, the 
nucleotide-binding domain 
( N) is represented in red, 
and the actuator ( A) domain 
is shown in yellow. N- and 
C-termini are indicated on 
the cytosolic (“in”) side 
of the bilayer. Cysteines 
of Cdc50p involved in the 
formation of disulfide bridges 
and previously identified by 
site-directed mutagenesis 
(Puts et al. 2012) are symbol-
ized by gray dots. Predicted 
sites for N-glycosylation are 
also represented on Cdc50p 
ectodomain. b Simplified 
scheme of the transport cycle 
for P4-ATPases. Whether 
phospholipid transport by 
P4-ATPases (from the outside 
to the inside) is coupled to 
transport of another substrate 
in the opposite direction is 
currently unknown
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van der Velden et al. 2010). Recent evidence also indicates that Cdc50 proteins 
play an intimate role in the transport cycle catalyzed by P4-ATPases (Poulsen et al. 
2008a; Lenoir et al. 2009; Bryde et al. 2010).

Because yeast Drs2p is the one for which the most convincing data suggesting 
implication in lipid transport have been obtained, we decided to focus on this partic-
ular P4-ATPase. Drs2p is predicted to contain ten transmembrane spans and to have 
an overall domain organization similar (but with long N- and C-terminal exten-
sions) to that of other P–type ATPases from the P2 and P3 subfamilies (Fig. 6.5a). 
It binds specifically to the Cdc50 protein called Cdc50p. The Cdc50p polypeptide 
chain is predicted to span the membrane twice, with a large ectodomain protruding 
toward the TGN lumen (Fig. 6.5a). Two disulfide bridges have been identified in 
this ectodomain (Puts et al. 2012), the latter also containing four consensus se-
quences for N-linked glycosylation (Fig. 6.5a). As previously discussed, all P-type 
ATPases, including P4-ATPases, display a clear conservation of the key residues 
known in P2-ATPases to be involved in ATP binding, transient phosphorylation 
(the phosphorylated residue is Asp560 in Drs2p), and phosphoenzyme hydrolysis, 
as well as a common organization of transmembrane helices (Lenoir et al. 2007). 
Assuming that P2 and P4-ATPases also share similar mechanisms of energy trans-
duction and reaction schemes, PS binding to Drs2p after phosphorylation from ATP, 
by analogy with proton binding to Serca1a or K+ binding to Na+, K+-ATPase, should 
stimulate dephosphorylation of the pump, in parallel to its transport to the other 
leaflet of the bilayer (Fig. 6.5b).

6.4.3  Functional Co(over)Expression of Drs2p and Cdc50p 
in Yeast Membranes

As most P4-ATPases appear to function as protein complexes, we devised a high-
yield co-expression system for the yeast P4-ATPase Drs2p and its accessory subunit 
Cdc50p.

To facilitate detection of Drs2p and Cdc50p as well as for future purification of 
the complex, a BAD and a decahistidine tag were added at the C-terminus of Drs2p 
and Cdc50p, respectively. The fused genes were cloned independently in pYeDP60 
expression plasmid, resulting in pYeDP60_DRS2-BAD and pYeDP60_CDC50-
His10 (Fig. 6.6). As described for Serca1a in the previous section of this chapter, 
DRS2 and CDC50 genes in this plasmid were both placed under the control of a 
strong galactose-inducible promoter. From the pYeDP60_CDC50-His10 vector, a 
cassette containing the promoter, the CDC50 coding sequence, and the PGK ter-
minator was then amplified by polymerase chain reaction (PCR) and subsequent-
ly inserted in the pYeDP60_DRS2-BAD companion plasmid. We thus obtained 
pYeDP60_DRS2-BAD/CDC50-His10, appropriate for co-expression of Drs2p-BAD 
and Cdc50p-His10 (Fig. 6.6). The rationale for constructing this co-expression plas-
mid, rather than expressing the two proteins from different plasmids, was to avoid 
imbalanced transcription of DRS2 and CDC50 genes, because of an unequal num-
ber of plasmids in each cell, a frequent behavior of 2µ-based plasmids.
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Fig. 6.6  Maps of the plasmids used for co-expression of Drs2p-BAD and Cdc50p-His10. CDC50 
fused to a C-terminal decahistidine tag, His10 ( top left, light gray arrow), and DRS2 fused to a 
C-terminal biotin-acceptor domain, BAD ( top right, black arrow), were first cloned independently 
in pYeDP60, in both cases under the control of the inducible GAL10/CYC1 hybrid promoter, using 
EcoRI and SmaI restriction sites. This resulted in pYeDP60_DRS2-BAD and pYeDP60_CDC50-
His10 plasmids ( top right and left, respectively). A cassette containing the GAL10/CYC1 promoter, 
the CDC50 gene, and the PGK terminator was then amplified by PCR from pYeDP60_CDC50-
His10 using primers containing SbfI restriction sites, and inserted in pYeDP60_DRS2-BAD, which 
has a unique SbfI restriction site at position 11 ( underlined). ADE2 auxotrophy selection marker 
for adenine; Ori bacterial replication origin; AmpR gene conferring resistance to ampicillin; 2µ 
yeast replication origin; URA3 auxotrophy selection marker for uracil
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We checked the functionality of our constructs by taking advantage of the fact 
that Δdrs2 yeast cells exhibit a cold-sensitive growth phenotype (Chen et al. 1999). 
As can be seen from Fig. 6.7a, BAD-tagged Drs2p restored the ability of Δdrs2 cells 
for growth at 20 °C in a galactose-containing medium, whereas a “dead” mutant 
of Drs2p, for which the catalytic Asp560 residue had been swapped for an Asn, 
did not, thus confirming that catalytic activity of Drs2p is required for growth at 
low temperature. Drs2p-BAD, expressed together with Cdc50p-His10 thanks to our 
co-expression plasmid also restored growth of Δdrs2 at 20 °C. Similarly, Fig. 6.7b 
shows that constructs for Cdc50p, tagged with ten histidines at its C-terminus, re-
stored growth of Δcdc50 cells at 20 °C. The same was true if Cdc50p-His10 was 
expressed from the co-expression plasmid (Fig. 6.7b).

We then turned to large-scale production of Drs2p and Cdc50p. Yeasts trans-
formed with the pYeDP60_DRS2-BAD/CDC50-His10 plasmid were first precul-
tured in minimal medium, at 28 °C (Fig. 6.8a). Yeast cells were then grown in a 

Fig. 6.7  Overexpressed Drs2p and Cdc50p restore the ability of Δdrs2 and Δcdc50 yeast cells 
for growth at low temperatures. Yeast cells, either wild-type W303.1b/GAL4–2 cells or Δdrs2 
or Δcdc50 mutants, were transformed with various vectors. Wild-type cells transformed with an 
empty vector (EV) were used as negative control. The Δdrs2 mutant was transformed in order to 
express DRS2 alone or in combination with CDC50 (a), and the Δcdc50 mutant was transformed 
in order to express CDC50 alone or in combination with DRS2 (b). DRS2 (wild type or mutated at 
its catalytic aspartate, DRS2D560N) was tagged with a sequence coding for BAD at its C-terminus, 
and CDC50 was tagged with a decahistidine tag (His10) at its C-terminus. Serial dilutions of yeast 
cells were spotted onto a medium containing 2 % galactose (and 2 % fructose) for growth at either 
28 °C (left) or at the restrictive temperature of 20 °C (right), for 3–5 days.
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(glucose-containing) rich medium for 36 h, until a slower phase was reached, re-
vealing glucose depletion from the medium (Fig. 6.8a). The biomass reached an 
absorbance at 600 nm of about 10 (using a Novaspec II Pharmacia spectrophotom-
eter) at that stage, corresponding to roughly 30–40 g yeast cells per liter of culture. 
Expression of Drs2p-BAD and Cdc50p-His10 was then induced by adding galac-
tose (time zero in Fig. 6.8a) and simultaneously lowering temperature to 18 °C, to 
improve protein folding and sorting. After 13 h, a second galactose addition was 
performed, for 5 more hours. Yeast aliquots were sampled during the expression 
phase, and after yeast breakage, various fractions were recovered by differential 
centrifugations, among which membrane pellets recovered at moderate and high 

Fig. 6.8  Follow-up of yeast growth and membrane fractionation. a Yeast growth and expres-
sion phase, as monitored by turbidity measurements ( open circles). Two precultures in minimal 
medium were performed (between -70 and -36 h) before yeast growth in rich medium (between 
-36 h and time zero) and the subsequent induction of expression (between time zero and 18 h). 
After various times of induction, the protein content of crude extract ( CE) fractions recovered after 
yeast breakage with beads is indicated by black diamonds. b Schematic outline of the membrane 
fractionation procedure. In panel a, the total protein content of the S1 low-speed supernatant ( dark 
gray squares) as well as that of the S2 ( light gray squares) and S3 ( white squares) supernatants, 
and of the P2 ( light gray diamonds) and P3 ( white diamonds) pellets, are also indicated.
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speed, P2 and P3, respectively (Fig. 6.8b). This protocol made it possible to col-
lect about 0.5 g P3 membranes per liter of culture at the end (white diamonds in 
Fig. 6.8a). The various fractions were analyzed for their contents in Drs2p-BAD 
and Cdc50p-His10, using a biotin probe and a His probe, respectively. Drs2p-BAD 
expression (Fig. 6.9a) increased progressively after induction by galactose, to reach 
a quasi-plateau after 17–18 h in both P3 and P2 membranes. Endogenous yeast bio-
tinylated proteins (among which Pyc1/2p and Arc1p) were detected as faint bands. 
Cdc50p-His10 (Fig. 6.9b) was detected as several bands corresponding to various gly-
cosylation levels, the fastest one corresponding to core unglycosylated Cdc50p-His10 
(Jacquot et al. 2012) and the others to Cdc50p-His10 glycosylated to various degrees.

Remarkably, the pattern of Cdc50p-His10 glycosylation exhibited significant dif-
ferences in P2 membranes versus P3 membranes (Fig. 6.9b and c). As a function of 
time, fair glycosylation of Cdc50p was observed in P2 membranes after a few hours 
of induction, but the ratio between the mature (glycosylated) and the non-mature 
forms of Cdc50p was clearly in favor of the non-mature one at the end of the expres-
sion period, whereas Cdc50p in P3 membranes remained properly glycosylated. 
This suggested that Cdc50p in the P3 fraction has reached compartments where 
more complete maturation has occurred. We tested whether expression of Drs2p 
and Cdc50p in P3 or P2 membranes would result in different functional properties, 
taking advantage of the fact that P-type ATPases generally form a stable phosphory-
lated intermediate during their catalytic cycle. P3 and P2 membranes were thus 
subjected	to	phosphorylation	from	[γ–32P]ATP and the amount of phosphoenzyme 
formed at steady state was measured, either in the presence or in the absence of 
vanadate, a potent inhibitor of P-type ATPases. As displayed in Fig. 6.9d, vanadate-
sensitive phosphorylation was threefold to fourfold higher in P3 membranes than 
in P2 membranes, suggesting that the most active Drs2p was recovered in P3 mem-
branes (Jacquot et al. 2012).

To estimate the concentration of Drs2p-BAD in P3 membranes, we made use 
of two additional samples, namely P3 membranes from yeast expressing Serca1a-
BAD (~ 119 kDa; Cardi et al. 2010a) and P3 membranes from nontransformed yeast, 
supplemented with 1.5 % (w/w) of Serca1a-containing SR fragments (Fig. 6.10, 
“SR”) where Serca1a is known to be the predominant protein. Firstly, comparison 
of both samples using the Ab79 antibody directed against Serca1a indicated that 
yeast membranes are enriched to about 1.5–2 % in Serca1a-BAD (Fig. 6.10, top 
blot). Secondly, comparison of the same Serca1a-BAD samples with Drs2p-BAD/
Cdc50p-His10-containing P3 membranes using a biotin probe indicated that for the 
same amount of total proteins present in P3 membranes, the amount of Drs2p-BAD 
is about twice that of Serca1a-BAD (Fig. 6.10, bottom blot). Thus, assuming that 
the BAD domains in Drs2p-BAD and Serca1a-BAD react similarly toward the bio-
tin probe, Drs2p-BAD is expected to be enriched to about 3 % (w/w) relative to the 
amount of total proteins in P3 membranes. Hence, out of the 0.5 g of total proteins 
recovered in the P3 fraction for 1 liter of culture, 15 mg correspond to Drs2p.
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Fig. 6.9  Co-expression of Drs2p-BAD and Cdc50p-His10 in two types of yeast membranes. After 
various periods of induction by galactose, Drs2p-BAD and Cdc50p-His10 expressions in P3 and P2 
membranes were analyzed by western blotting, after loading onto SDS-PAGE the same amount of 
total protein for each fraction (0.2–0.3 µg). a Drs2p-BAD was detected using a biotin probe. In the 
range of molecular masses illustrated, the biotin probe also weakly detects yeast proteins known to 
be biotinylated: acetyl-CoA carboxylase ( Acc1p) at ~ 250 kDa (not clearly visible here), pyruvate 
carboxylase ( Pyc1/2p) at ~ 130 kDa, and acyl-RNA complex ( Arc1p) at ~ 42 kDa. b Cdc50p-His10 
was detected using a His probe. The bands with various apparent molecular masses detected using 
the His probe correspond to various degrees of glycosylation of Cdc50p (Jacquot et al. 2012). 
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6.4.4  Toward Purification of the Drs2p/Cdc50p Complex: 
Solubilization and Stability in Detergents

In view of future purification of the Drs2p/Cdc50p complex, we investigated the 
ability of various detergents to solubilize Drs2p-BAD and Cdc50p-His10. DDM, 
which among nonionic mild detergents proved appropriate for solubilizing Serca1a 

Fig. 6.10  Estimation of the concentration of Drs2p-BAD in P3 membranes of yeast overexpress-
ing Drs2p-BAD/Cdc50p-His10. The top gel compares P3 membranes derived from yeast cells 
expressing Serca1a-BAD with P3 membranes derived from nontransformed yeast cells, to which 
native sarcoplasmic reticulum ( SR) membranes containing Serca1a were added (these SR mem-
branes were mixed with the P3 membranes at a 1.5 % w/w ratio). The Serca1a content in native 
SR membranes is known to be about 4–6 nmol ATPase/mg total protein. Immunoblotting of the 
top	gel	was	performed	using	a	α-Serca1a	antibody	(“Ab79”).	The	bottom	gel	shows	comparison	
of the same P3 membranes derived from yeast expressing Serca1a-BAD but now together with 
P3 membranes containing Drs2p-BAD/Cdc50p-His10. Immunoblotting of the bottom gel was per-
formed using a biotin probe

 

c Evolution of Cdc50p glycosylation over induction time in both P2 and P3 membranes. Glycosyl-
ated and core Cdc50p were quantified using the “Quantity One” software, and the glycosylation 
index shown is the ratio between the fully glycosylated and the nonglycosylated forms. d Phos-
phorylation	 from	[γ–32P]ATP of P3 and P2 membrane fractions co-expressing Drs2p-BAD and 
Cdc50p-His10. Formation of the phosphoenzyme intermediate was measured after incubation of 
P3	or	P2	membranes	(at	0.5	mg	total	protein	per	mL)	with	0.5	µM	[γ–32P]ATP (0.25–1 mCi/µmol) 
for 25 s on ice, followed by acid quenching and filtration (see Jacquot et al. (2012) for detailed 
experimental procedures). Phosphorylation took place in the absence or presence of 1 mM vana-
date ( open bars and gray bars, respectively). Data are presented as the mean +/- SD of duplicates. 
Panel d has been reproduced from Jacquot et al. (2012)
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expressed in yeast membranes (Lenoir et al. 2002; Jidenko et al. 2006), and C12E8, 
which up to now remains the favorite detergent for crystallization of P-type ATPas-
es (Toyoshima et al. 2000; Pedersen et al. 2007; Gourdon et al. 2011), were included 
in this screen (Fig. 6.11). As can be seen from Fig. 6.11, DDM allowed almost 
complete solubilization of Drs2p-BAD (compare “T” for total and “S” for super-
natant lanes) at DDM-to-protein ratios as low as 0.5 g/g. Solubilization with C12E8 

Fig. 6.11  Solubilization of P3 membranes with various detergents. P3 membranes containing 
Drs2p-BAD and Cdc50p-His10 were diluted to 2 mg proteins per mL in an ice-cold solubilization 
buffer supplemented with detergent ( DDM, C12E8, TX-100, LPC, CHAPS, or OG), at the indicated 
detergent to protein ratio. After 1 h of incubation at 4 °C, detergent-treated membranes (“T”) were 
centrifuged at 100,000 g for 1 h at 4 °C and soluble (“S”) material was separated from the insoluble 
(“P”) fraction. The “P” fraction was resuspended with solubilization buffer in the same volume 
as that of the “T” fraction. 0.5 µg of the “T” fraction was loaded onto SDS-PAGE and the same 
volumes of “S” and “P” fractions were loaded as well. Drs2p-BAD was detected using a biotin 
probe and Cdc50p-His10 was detected using a His probe. (Figure adapted from Jacquot et al. 2012)
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proved to also be efficient, although perhaps slightly less than DDM, with about 
50 % Drs2p-BAD solubilized for a 0.5 g/g detergent to protein ratio, while increas-
ing this ratio to 2.5 g/g allowed almost complete solubilization of Drs2p-BAD. Tri-
ton	X-100	(TX-100),	another	mild	detergent,	L-α-lysophosphatidylcholine	(LPC),	
a zwitterionic detergent, or high critical micelle concentration (cmc) detergents like 
CHAPS and octyl-glucoside (OG) were also tested and turned out to solubilize 
Drs2p-BAD as efficiently as C12E8 (Fig. 6.11), although at higher concentrations 
for CHAPS and OG. Remarkably, the unglycosylated portion of Cdc50p-His10 re-
mained insoluble in all cases, while solubilization of the glycosylated, mature form 
displayed a similar dependence on detergent concentration as that of Drs2p-BAD 
(Fig. 6.11; Jacquot et al. 2012).

The ability of these detergents to solubilize both Drs2p-BAD and the glycosyl-
ated portion of Cdc50p-His10 provided us with a tool for investigating whether both 
proteins interact with each other after solubilization. Indeed, incubating DDM-sol-
ubilized P3 membranes with Ni2+-NTA beads, to fish out Cdc50p via its C-terminal 
decahistidine tag, indicated that both Cdc50p-His10 and Drs2p-BAD were retained 
to the beads and therefore that they do interact with each other after solubilization 
with detergent (not shown here, see (Jacquot et al. 2012)).

The choice of the detergent to be used for solubilization and purification of MPs 
remains largely empirical. A first approach consists in screening several detergents 
and trying to figure out at the end of the process which one is the most suitable 
for preserving the activity of the purified target. An alternative approach consists in 
setting up a functional assay already usable with crude membranes enriched with 
the protein of interest, to guide the screening of the many conceivable conditions 
for solubilization and purification. For this purpose, we resorted to phosphoryla-
tion	of	Drs2p	from	[γ–32P]ATP. We first tested short-term effects of detergents; for 
such experiments, detergent was added to P3 membranes prepared from yeast co-ex-
pressing Cdc50p-His10	and	Drs2p-BAD,	and	phosphorylation	from	[γ–

32P]ATP was 
measured after only short incubation in the presence of these detergents. Open bars 
in Fig. 6.12a show the phosphorylation levels measured for wild-type Drs2p while 
gray bars show the level for the inactive D560N mutant, the difference being char-
acteristic of active Drs2p. Some of the detergents tested (all at a concentration above 
the cmc) left the phosphorylation level at a steady state essentially unaltered (e.g., 
C12E8 and CHAPS) while others like TX-100, digitonin, and diC7PC led to rather low 
levels of phosphorylation. The phosphorylation level measured in the presence of 
DDM was even slightly higher than that measured in native membranes (Fig. 6.12a).

As detergents are not only known to alter the steady-state level of phosphoryla-
tion of P-type ATPases but also to make these MPs more prone to time-dependent 
inactivation (e.g., Lund et al. 1989), membranes were incubated with detergent 
for various periods of time before the phosphorylation measurement took place 
(Fig. 6.12b). Both C12E8 and TX-100 turned out to inactivate Drs2p rather rapidly, 
since phosphorylatability of Drs2p was almost completely lost after 3 h of incuba-
tion in those detergents (Fig. 6.12b, left panel), at variance with DDM, which made 
it possible to keep phosphorylatable a substantial fraction of Drs2p, even after sev-
eral hours incubation. Using CHAPS, either in the absence or in the presence of 
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Fig. 6.12  Short-term and long-term effects of detergents on Drs2p/Cdc50p ability to become 
phosphorylated from ATP. P3 membranes containing either Drs2p-BAD/Cdc50p-His10 ( white 
bars) or Drs2pD560N-BAD/Cdc50p-His10 ( gray bars) were suspended at 2 mg/ml in solubilization 
buffer. a Samples were incubated for 1 min in the presence of various detergents, all at 20 mg/
mL. The detergents used are indicated ( Digit, digitonin; TX-100, Triton X-100). Phosphorylation 
from	[γ–32P]ATP was then carried out as described in legend to Fig. 6.9. b For selected detergents, 
similar measurements were made after incubation on ice for various periods of time. c DDM was 
tested at various concentrations, resulting in various detergent-to-protein ratios. Data are presented 
as the mean + /- SD ( n = 3). (Figure adapted from Jacquot et al. 2012)
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egg lecithin and DTT (Coleman et al. 2009), did not improve stability of the Drs2p/
Cdc50p complex (Fig. 6.12b, right panel). The short-chain lipid diC7PC, previously 
described not to be toxic in the case of a number of other MPs (e.g., see Hauser 
2000), was very poor at preserving Drs2p from inactivation (Fig. 6.12b, right pan-
el). Adding selected lipids together with detergent protected the ability of Drs2p to 
become phosphorylated (data not shown).

Although phosphorylation is not a true indicator of enzyme turnover, this sug-
gested that DDM might be a good candidate for further purification of the complex. 
We thus explored whether reducing the detergent to protein ratio (from 10 to 2 or 
0.5 g/g) would help maintaining Drs2p phosphorylation at its initial level for longer 
incubation periods. As displayed in Fig. 6.12c, lower detergent to protein ratios (but 
still solubilizing ones, see Fig. 6.11) indeed kept Drs2p stable over hours of incuba-
tion on ice, probably as a result of a less dramatic delipidation of the hydrophobic 
surface of the protein.

6.5  Conclusions

The overexpression system described in this chapter has thus been successful for 
crystallization of a mammalian MP, the Serca1a Ca2+-ATPase, as well as for the co-
ordinated expression of the yeast Drs2p/Cdc50p complex (Jidenko et al. 2005; Jac-
quot et al. 2012). For the latter, the next stage will consist in purifying the complex in 
a functional form to gain insights into the molecular mechanism for lipid transport.

Beyond the examples of rabbit Serca1a and of yeast Drs2p/Cdc50p complex, 
overexpression in S. cerevisiae of other MPs has been attempted (see Table 6.2 for 
details). For instance, the human cardiac Ca2+-ATPase Serca2a was overexpressed 
using our system and purified by single-step affinity chromatography (Antaloae 
et al. 2013).

In our laboratory, another Ca2+-ATPase has been subjected to heterologous 
expression in S. cerevisiae, namely PfATP6, a Ca2+-ATPase from Plasmodium 
falciparum. After overexpression, the purification yield of PfATP6 is similar to that 
of the rabbit Serca1a, and although the two proteins share a rather high degree of 
sequence similarity they exhibit significant differences with respect to their sensi-
tivity to known SERCA inhibitors, e.g., thapsigargin and cyclopiazonic acid (Cardi 
et al. 2010b; Arnou et al. 2011). At variance with studies from others, our work 
demonstrated that PfATP6 is probably not the target of the antimalarial drug arte-
misinin; recently, our purified recombinant PfATP6 was used for screening from 
a compound library inhibitors that might potentially be used as new antimalarial 
drugs (David-Bosne et al. 2013).

Also, we did not restrict our system to overexpression of P-type ATPases. A 
transporter that belongs to the mitochondrial carrier family (MCF), the human 
ADP/ATP translocase AAC1 (see, for instance, Nury et al. 2006 for review), was 
overexpressed in S. cerevisiae. The expression level of AAC1 is about twice high-
er than that of Serca1a and after purification, AAC1 is functional with respect to 
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binding of substrates and inhibitors (unpublished results). The two-pore domain 
eukaryotic K+ channel TREK-1, that plays an essential role in setting the neuronal 
membrane potential, was also successfully expressed, purified, and reconstituted in 
proteoliposomes. Subsequent electrophysiological recordings on the reconstituted 
protein established that TREK-1 is a mechanosensitive channel directly sensitive to 
a change in membrane tension (Berrier et al. 2013).

At the present time, the high-resolution structure of these MPs (beyond Serca1a) 
has not been solved, but for some of them, crystallization trials are in progress.
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7.1  General Introduction to the Properties and Uses 
of Amphipols

7.1.1  Inactivation of Membrane Proteins in the Presence 
of Detergents and Strategies for Membrane Protein 
Stabilization

In their native environment, i.e., the membrane, membrane proteins (MPs) are stabi-
lized by various types of physical factors provided by the membrane architecture it-
self, such as membrane thickness, accessibility to water, the distribution of charges, 
lipid asymmetry, or other properties like transmembrane gradients, viscosity, etc. 
However, specific molecular interactions between proteins, lipids, and cofactors 
play a key role in MP stability (for discussions, see, e.g., Bowie 2001; Garavito 
and Ferguson-Miller 2001; Popot and Engelman 2000). Detergents compete with 
these interactions, inducing destabilization. In other words, most detergents can be 
considered as being too good a solvent, breaking more interactions than would be 
desirable. The extent of this problem varies from one detergent to another, lead-
ing to distinguishing “weak” and “strong” detergents. It also varies considerably 
depending on the nature of MPs and, in particular, tends to be more severe for α-
helical than for β-barrel MPs. This variability creates a bias in our understanding of 
the structure and function of MPs, representing an important bottleneck.
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To improve the stability of detergent-solubilized MPs, several approaches can be 
resorted to, such as: (1) transfer to a “weak” detergent like Tween or digitonin, (2) 
working close to the critical micellar concentration (CMC) of the detergent in order 
to limit the volume of the micellar phase, (3) supplementing the micelles with lipids 
or cofactors, (4) working fast enough so as to collect data or form crystals before 
the inactivation of the protein sets in, or (5) select or engineer more stable MPs. 
An alternative is to replace classical detergents by bilayer-like environments such 
as lipid vesicles, bicelles, nanodiscs, or cubic phases, or by novel, less aggressive 
surfactants such as detergents with multiple, branched, or cyclic hydrophobic moi-
eties (see, e.g., Chae et al. 2010; Hong et al. 2011; Hovers et al. 2011) or stabilizing 
polar heads (Matar-Merheb et al. 2011), fluorinated surfactants (Breyton et al. 2004, 
2009, 2010; Chabaud et al. 1998; Popot 2010; see also Chap. 8 in this volume), 
amphipathic peptides (Koutsopoulos et al. 2012; Schafmeister et al. 1993; Wang 
et al. 2011; Zhao et al. 2006), lipopeptides (McGregor et al. 2003; Privé 2009), or 
polymers such as styrene maleic acid lipid particles (SMALPs; Knowles et al. 2009; 
Long et al. 2013; Rajesh et al. 2011), and amphipols (Popot et al. 2011; Tribet et al. 
1996; Zoonens and Popot 2014).

7.1.2  General Properties of APols in Aqueous Solution

Amphipols (APols) are short and flexible amphipathic polymers, designed so as to 
bind to the transmembrane domain of MPs by multiple hydrophobic contact points. 
MP/APol complexes, as a result, should present a low koff and a small KD. They 
should not dissociate even at extreme dilutions and, when they do, should do so 
extremely slowly (see below). This would make them radically different from MP/
detergent complexes, in which the protein-bound detergent molecules are in rapid 
equilibrium with free monomers and micelles, and dissociate upon dilution below 
the CMC. The first APols to have been synthesized comprise a polyacrylic acid 
backbone onto which octylamine and isopropylamine side chains have been ran-
domly grafted (Tribet et al. 1996; Fig. 7.1). The most widely used APol, called 
A8-35, features 35 % of ungrafted carboxylic acid groups. Above pH 7, all of those 
are ionized (Gohon et al. 2004). Twenty-five percent of the carboxylic groups have 
been derivatized with octyl chains, giving A8-35 its amphipathy, and the last 40 % 
with isopropyl groups, so as to reduce the charge density along the polymer. The 
average molecular weight (MW) of A8-35 is ~ 4.3 kDa (Giusti et al. 2014b).

The solution properties of A8-35 have been intensively studied and previously 
reviewed (Popot 2010; Popot et al. 2003, 2011; Zoonens and Popot 2014). A8-35 
is highly soluble in water (> 200 g L−1). Its concentration can reach up to 100 g L−1 
without affecting significantly the viscosity of the solution (L.J. Catoire, personal 
communication). In aqueous solutions, its molecules self-associate to form small, 
compact, hydrated particles with an average MW of ~ 40 kDa (Gohon et al. 2006). 
Based on an average MW of ~ 4.3 kDa per individual molecule, A8-35 particles 
therefore contain an average of ~ 9–10 molecules, corresponding to ~ 80 octyl chains. 
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The minimal concentration at which A8-35 particles start to assemble—the critical 
aggregation concentration (CAC)—is ~ 0.002 g L−1 (Giusti et al. 2012). Whereas 
the general organization of A8-35 particles and detergent micelles resemble each 
other, with similar sizes and the presence of a hydrophobic core and a hydrophilic 
surface, differences include the smaller number of molecules per A8-35 particle, a 
much slower rate of exchange with the solution (expected from indirect evidence, 
but not measured directly yet), and a higher viscosity: According to molecular dy-
namics (MD) calculations, the backbone of A8-35 in a particle moves ~ 10 × more 
slowly than the hydrophilic head group of micellar sodium dodecyl sulfate (SDS; 
Perlmutter et al. 2011). Upon size-exclusion chromatography (SEC), APol particles 
show a Stokes radius, RS, of 3.15 nm (Gohon et al. 2006), with a highly homoge-
neous	size	distribution	provided	that	the	pH	of	the	solution	is	≥	7	(Gohon	et	al.	2004, 
2006) and divalent cations are absent (Picard et al. 2006). Indeed, the solubility of 
A8-35 particles being due to their negative charges, the protonation or complex-
ation of carboxylate groups makes them less hydrophilic, leading them to aggregate 

Fig. 7.1  Molecular structures of various amphipols: A8-35, SAPol, PC-APol, and NAPol. The 
groups conferring the aqueous solubility to the polymers are circled in red, the alkyl chains in 
blue, and the groups that modulate the charge density in green. The three types of groups are ran-
domly distributed along the chain. For A8-35, the molar percentages of each group are x = 35 %, 
y = 25 %, and z = 40 %. The cartoons are reprinted with permissions from Proc Natl Acad Sci USA 
93:15047–15050, copyright 1996 National Academy of Sciences, USA (Tribet et al. 1996), Bio-
polymers 95:811–823, copyright 2011 Wiley Periodicals, Inc. (Dahmane et al. 2011), Langmuir 
23:3025–3035, copyright 2007 American Chemical Society (Diab et al. 2007b) and Langmuir 
28:4625–4639, copyright 2012 American Chemical Society (Sharma et al. 2012), respectively.
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(isolated carboxylates have a pKa of around 4.8; in A8-35, however, because of 
their close proximity, some of them start to protonate at or slightly below pH 7). 
Multivalent cations, such as Ca2+, can bridge particles, leading, depending on the 
concentration of Ca2+, to the formation of small oligomers or to massive precipita-
tion (Diab et al. 2007a; Picard et al. 2006).

7.1.3  A Library of APols

APols with chemical structures different from that of A8-35 have been designed 
in order to make them insensitive to pH (Fig. 7.1). Replacing the isopropyl groups 
by sulfonate groups yields sulfonated APols (SAPols), which remain water soluble 
even at pH 2 (Dahmane et al. 2011). Zwitterionic APols with phosphocholine polar 
head groups (PC-APols; Diab et al. 2007a, b; Tribet et al. 2009) and nonionic APols 
(NAPols) carrying sugar groups (Bazzacco et al. 2012; Sharma et al. 2012) have 
also been synthesized and validated. This new generation of APols widens the field 
of possible applications.

A8-35, even if its pH sensitivity can create limitations in some specific applica-
tions, like nuclear magnetic resonance (NMR), remains one of the easiest APols to 
synthesize and to label, and by far the most thoroughly studied one in terms both 
of its properties and of its applications. This makes it very attractive to diversify, 
label, and/or functionalize it, and has led to the creation of a library of A8-35 vari-
ants specially designed for specific applications (Table 7.1). Variations around the 
A8-35 structure concern, for instance, the percentage of charges (A8-75), the length 
of the backbone (A34-35), or both (A34-75; Tribet et al. 1996). Isotopically labeled 
or functionalized versions of A8-35 have also been synthesized and validated. For 

APols Type of modification with respect 
to A8-35

A8-35 None
A8-75 Charge density ~ 2 × higher
A34-35 Molecules ~ 4 × longer
A34-75 Molecules ~ 4 × longer, charge 

density ~ 2 × higher
Isotopically labeled APols Isotopes: 14C, 3H, 2H
Fluorescent APols (FAPols) Fluorophores: naphtalene, NBD, 

fluorescein, Alexa Fluor 488, 
rhodamine, Atto 647, Alexa 
Fluor 647

Tagged APols Tags: biotine (BAPol), polyhis-
tidine (HistAPol), imidazole 
groups (ImidAPol), oligodeoxy-
nucleotide (OligAPol, thiamor-
pholine (SulfidAPol))

References are given in the text

Table 7.1  Library of 
A8-35-related APols. 
(Adapted from Le Bon et al. 
2014a, b)
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example, A8-35 and A8-75 have been labeled with such isotopes as 14C (Tribet et al. 
1997), 3H (Gohon et al. 2008), and 2H (Giusti et al. 2014b; Gohon et al. 2004, 2006). 
14C- and 3H-labeled APols are useful as tracers for the detection of APols in solution, 
and have been used to quantify the amount of MP-bound A8-35 (Gohon et al. 2008; 
Tribet et al. 1997), whereas the deuterated versions have been used in NMR, analyti-
cal ultracentrifugation (AUC), and small-angle neutron scattering (SANS) experi-
ments (see e.g., Catoire et al. 2009 2010a, ; Gohon et al. 2008; Zoonens et al. 2005).

Grafting a small percentage of a tag or label onto A8-35 does not affect its solu-
tion properties (reviewed in Le Bon et al. 2014b), while functionalizing it for spe-
cific purposes. Fluorescent APols (FAPols) bearing different fluorophores, which 
cover a broad range of excitation and emission wavelengths, have thus been synthe-
sized (Fernandez et al. 2014; Giusti et al. 2012;	Opačić	et	al.	2014; Zoonens et al. 
2007). Affinity tags have also been grafted onto A8-35, such as biotin (Charvo-
lin et al. 2009), polyhistidine (Giusti et al. 2014a), randomly distributed imidazole 
groups F. Giusti, unpublished data, an oligonucleotide (Le Bon et al. 2014a), or a 
thiamorpholine (unpublished data), yielding tagged APols nicknamed BAPol, Hi-
stAPol, ImidAPol, OligAPol and SulfidAPol, respectively (Table 7.1). Biotin has 
also been grafted onto a PC-APol (Basit et al. 2012) and a NAPol (Ferrandez et al. 
2014). Tagged APols can be used to immobilize MPs onto solid supports (see be-
low).

7.1.4  General Properties of MP/APol Complexes

The activity, stability, and physical–chemical features of MP/APol complexes 
have been investigated in some details (for reviews, see Popot 2010; Popot et al. 
2003, 2011; Zoonens and Popot 2014). Briefly, APols adsorb exclusively onto the 
 hydrophobic transmembrane region of MPs (Althoff et al. 2011; Cao et al. 2013; 
Catoire et al. 2009; Liao et al. 2013; Perlmutter et al. 2014; Zoonens et al. 2005), 
forming a compact layer ca. 1.5–2 nm thick (Althoff et al. 2011; Gohon et al. 2008; 
Perlmutter et al. 2014). Their association is very stable as long as no competing sur-
factant is present in the medium (Zoonens et al. 2007). On the other hand, because 
they are freely miscible with other surfactants, MP-bound APols can be easily dis-
placed by detergents or other APols (Tribet et al. 1997, 2009; Zoonens et al. 2007). 
Similarly, MPs trapped in APols can be delivered to lipid bilayers (Nagy et al. 2001; 
Pocanschi et al. 2006) or three-dimensional (3D) lipid phases (Polovinkin et al. 
2014).

After trapping, MP/A8-35 complexes are almost—although not completely—as 
homogeneous as MP/detergent ones, and they present the same sensitivity as pure 
A8-35 particles to low pH and divalent cations (see, e.g., Gohon et al. 2008; Picard 
et al. 2006; Zoonens et al. 2007). The size of MP/APol complexes is slightly larger 
than that of MP/detergent ones, and, as a result, their rotational correlation time, τc, 
is slightly longer (Catoire et al. 2010b). A major difference between APol-trapped 
and detergent-solubilized MPs is their stability, which is usually much higher in 
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APols (Fig. 7.2). For example, the denaturation temperature of A8-35-trapped 
BLT1, a G protein-coupled receptor (GPCR) of leukotriene LTB4, is increased by 
~ 11 °C as compared to that in Fos-choline-16 (Fig. 7.2a; Dahmane et al. 2009). 
Similar effects can be observed for β-barrel MPs, such as the monomeric outer 
membrane protein OmpA from Escherichia coli (Pocanschi et al. 2013), or a trimer-
ic porin, MOMP, the major outer membrane protein from Chlamydia trachomatis 
(Fig. 7.2b; Tifrea et al. 2011).

In some cases, APols may affect the activity of the MPs they bind to. No or very 
moderate effects have been seen on the functional and pharmacological properties 
of the nicotinic acetylcholine receptor (Martinez et al. 2002), bacteriorhodopsin 
(Bazzacco et al. 2012; Dahmane et al. 2013; Gohon et al. 2008), or GPCRs (Banères 
et al. 2011; Bazzacco et al. 2012; Catoire et al. 2010a; Dahmane et al. 2009; Damian 
et al. 2012; Rahmeh et al. 2012). APol-trapped MPs can be recognized by antibod-
ies (Charvolin et al. 2009; Giusti et al. 2014a; Le Bon et al. 2014b), by toxins (Char-
volin et al. 2009), as well as by other soluble proteins (Basit et al. 2012). However, 

Fig. 7.2  Comparison of membrane protein stability in detergent and after trapping in A8-35. a 
Thermostability curves of a GPCR, the BLT1 leukotriene receptor, in the detergent Fos-choline 16 
supplemented with lipids (asolectin) in a 2:1 mass ratio ( blue curve), in pure A8-35 ( red), and in a 
mixture of A8-35 and lipids in a 5:1 mass ratio ( gray). The stability was monitored by following, 
during storage at 4 °C, the ability of the GPCR to specifically bind LTB4. Adapted with permis-
sion from Biochemistry 48:6516–6521, copyright 2009 American Chemical Society (Dahmane 
et al. 2009). b Thermostability of a trimeric porin, MOMP from Chlamydia trachomatis, moni-
tored by CD in the detergent Z3-14 ( open symbols) and after trapping with A8-35 ( solid symbols). 
Reprinted from Vaccine 29:4623–46231, copyright 2011, with permission from Elsevier (Tifrea 
et al. 2011). c Evolution of the ATPase activity of the calcium pump (Serca-1a) over time after 
removal of Ca2+ from preparations. Sarcoplasmic reticulum vesicles were solubilized in the deter-
gent C12E8 ( blue curve), then supplemented with A8-35 ( magenta), and finally diluted under the 
CMC of the detergent, so that the protein’s environment became predominantly the APol ( green; 
adapted from Champeil et al. 2000)
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presumably because of repulsive electrostatic interactions, A8-35 slows down the 
binding to GPCRs of G proteins and of arrestin, whereas NAPols do not (Bazzacco 
et al. 2012). The sarcoplasmic calcium pump (Ca2+-ATPase) is reversibly inhibited 
after trapping in APols Champeil et al. 2000; Picard et al. 2006). At the same time, 
its half-life following calcium removal increases by ~ 60 × over that in detergent 
solution (Fig. 7.2c). Our current working hypothesis is that both effects originate 
from the viscosity of the APol environment (Perlmutter et al. 2011), which would 
slow down the large conformational transitions of the transmembrane helix bundle 
that take place both during the functional cycle of the Ca2+-ATPase and at the onset 
of denaturation (for discussions, see Picard et al. 2006; Popot et al. 2003, 2011). 
Other stabilization mechanisms also come into play, among which a less efficient 
competition of APols, as compared to detergents, with stabilizing protein/protein 
and protein/lipid interactions, as well as the reduction of the hydrophobic sink that 
is made possible by the high affinity of APols for MPs and their very low CAC (for 
a discussion, see Popot et al. 2011). The extent and origin of the stabilizing effect 
may vary from protein to protein, and different APols stabilize MPs to different ex-
tents. It seems, for instance, that the lesser the charge density along the APol chain, 
the better the stabilization (see e.g., Bazzacco et al. 2012; Picard et al. 2006).

7.1.5  Overview of APol Applications

APols were initially developed to handle MPs in aqueous solutions under less desta-
bilizing conditions than can be achieved with detergents. This expectation has been 
largely vindicated (Popot 2010; Popot et al. 2011), despite a few exceptions (such 
as cytochrome b6 f; see Tribet et al. 1996). Their field of applications covers essen-
tially all of those that are classically implemented in detergent solutions, with the 
benefit of improved stability. In addition, a few specific uses have been validated, 
based on the specific properties of MP/APol complexes and the rich chemistry of 
APols. Table 7.2 summarizes those applications that have been validated so far (for 
more details, see Popot 2010; Popot et al. 2011; Zoonens and Popot 2014). Two ap-
plications that remain problematical to date are infrared studies in the amide band 
absorption region—because all existing APols absorb in this region—and crystal-
lization. Extensive tests have shown that a model MP, cytochrome bc1, does not 
crystallize when trapped in pure A8-35, whereas it does in a mixture of APols and 
detergent (Charvolin et al. 2014). Two phenomena can probably be incriminated, 
electrostatic repulsion between the complexes, which is reduced upon diluting A8-
35 with a nonionic detergent, and the relative heterogeneity of MP/APol complexes, 
probably due to imperfect relaxation of the APol belt to its free energy minimum, 
which disappears in MP/APol/detergent ternary complexes (Zoonens et al. 2007). 
While not a good medium for crystallization, APols can be used to produce, by 
folding them from inclusion bodies or by cell-free expression (CFE), the MPs to be 
crystallized. APol-trapped MPs can then be transferred to a more favorable crystal-
lization medium, such as lipid 3D phases (Polovinkin et al. 2014).
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Applications Implementability References

Stabilization + Bazzacco et al. (2012); Champeil et al. (2000); 
Dahmane et al. (2011, 2013); Etzkorn et al. 
(2013); Feinstein et al. (2014); Gohon et al. 
(2008); Picard et al. (2006); Pocanschi et al. 
(2013); Popot et al. (2003); Tifrea et al. (2011) 
Tribet et al. (1996)

Functional studies +/− Bazzacco et al. (2012); Champeil et al. (2000); 
Charvolin et al. (2009); Dahmane et al. (2009, 
2013); Gohon et al. (2008); Gorzelle et al. 
(2002); Martinez et al. (2002); Picard et al. 
(2006); Popot et al. (2003); Rahmeh et al. (2012)

Folding full-length MPs 
to their native state

+ Banères et al. (2011); Bazzacco et al. (2012); 
Catoire et al. (2010a); Dahmane et al. (2009, 
2011, 2013); Etzkorn et al. (2013); Gohon et al. 
(2011); Leney et al. (2012); Pocanschi et al. 
(2006, 2013 )

Cell-free expression + Bazzacco et al. (2012); Park et al. (2011)
Optical spectroscopy 

(UV-visible absorption 
spectrum, intrinsic MP 
fluorescence, UV CD)

+ Dahmane et al. (2013); Gohon et al. (2008); Pocan-
schi et al. (2006); Popot et al. (2011); Tifrea 
et al. (2011); Zoonens et al. (2007)

Infrared spectroscopy 
(peptide bond)

− Popot et al. (2011)

MP solution studies by 
AUC, SEC, SANS, 
SAXS, affinity 
chromatography

+ Althoff et al. (2011); Bazzacco et al. (2009, 
2012); Champeil et al. (2000); Charvolin et al. 
(2014); Dahmane et al. (2011, 2013); Diab et al. 
(2007a); Etzkorn et al. (2013); Gohon et al. 
(2008, 2011); Le Bon et al. (2013); Martinez 
et al. (2002); Picard et al. (2006); Prata et al. 
(2001); Sharma et al. (2012); Tribet et al. (1996, 
1997); Zoonens et al. (2007)

Solution NMR + Bazzacco et al. (2012); Catoire et al. (2009, 2010a, 
b, 2011); Dahmane et al. (2011); Elter et al. 
2014; Etzkorn et al. (2013); Planchard et al. 
(2014); Raschle et al. (2010); Zoonens et al. 
(2005)

Three-dimensional 
crystallization

− Charvolin et al. (2014); Polovinkin et al. (2014); 
Popot et al. (2011)

Trapping MP 
supercomplexes

+ Althoff et al. (2011)

EM, STEM, AFM (single 
particles)

+ Althoff et al. (2011); Cao et al. (2013); Cvetkov 
et al. (2011); Flötenmeyer et al. (2007); Gohon 
et al. (2008); Liao et al. (2013); Tribet et al. 
(1998)

Transferring MPs to lipid 
bilayers (cubic phase, 
black film, cell)

+/− Nagy et al. (2001); Pocanschi et al. (2006); 
Polovinkin et al. (2014); 

Mediating MP immobili-
zation for ligand-bind-
ing measurements

+ Basit et al. (2012); Charvolin et al. (2009); Fer-
randez et al. (2014); Giusti et al. (2013); Le Bon 
et al. (2013)

Table 7.2  Applications of amphipols. (Adapted from Zoonens and Popot 2014) 
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7.1.6  Conclusion

In summary, APols are promising new surfactants for biochemical and biophysical 
studies of MPs in aqueous solution, because they form with MPs small and com-
pact water-soluble complexes while improving the stability of the MPs they interact 
with. The APol layer surrounding the transmembrane domain of MPs is very stable, 
but it can be exchanged for other surfactants. The chemistry of APols allows modi-
fications and labeling, generating a library of molecules with different molecular 
structures and more than a dozen types of labeled or functionalized versions of 
APol A8-35, expanding the scope of applications in both basic and applied research. 
Among the many novel surfactants developed to replace classical detergents, APols 
present the advantage of being remarkably easy to use. Their implementation is 
facilitated by the vast corpus of works describing in detail their properties and those 
of MP/APol complexes, as well as procedures for most conceivable applications, 
and by the commercial availability of APol A8-35.

In the next section, five protocols are presented in detail, describing: (1) how to 
trap MPs in APols so as to improve their stability, (2) how to quantify the amount of 
APol bound per MP, (3) how to fold an MP to its native state using APols, (4) how 
to produce MPs by CFE in presence of NAPols, and finally (5) how to immobilize 
MPs onto a solid surface for surface plasmon resonance (SPR) measurements.

7.2  Detailed Protocols for Some Major Applications

7.2.1  Protein Trapping in APols

APols are not (or very weak) detergents. As a consequence, they are poorly ef-
ficient for direct extraction of MPs from biological membranes, even if this has 
been observed in very few cases (Popot et al. 2003). Because of this feature, de-
tergents must be used for solubilization, unless MPs are produced directly in the 

Applications Implementability References

Mass spectrometry + Bechara et al. (2012); Catoire et al. (2009); Leney 
et al. (2012); Ning et al. (2013, 2014)

Isoelectrofocusing and 
two-dimensional gels

+ unpublished data

Vaccination + Tifrea et al. (2011, 2014)
Signs in the second column indicate whether the method is easy to implement and general, or 
whether it may present difficulties or be protein dependent

Table 7.2 (continued) 
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presence of APols ( cf. § 7.2.4). The trapping procedure consists, then, of replac-
ing  detergents by APols in a sample of MPs, which, in general, has already been 
purified (Fig. 7.3). The protocol is simple, easy, fast, and requires no important 
biochemical  optimization.

7.2.1.1  Preparation of a Stock Solution of APols

A8-35 is supplied as a white powder, which can be stored at room temperature. 
Note that most of APols are very stable molecules, except for NAPols and FAPols, 
which carry sugar groups and fluorescent probes, respectively. Storage of NAPols 
at	−	20	°C	is	advisable	whatever	their	conditioning,	i.e.,	 in	powder	or	in	solution,	
because sugars can be hydrolyzed. FAPols need to be protected from UV-visible 
light with aluminum foil. When needed, a stock solution of APols at 100 g L−1, or 
10 % w/w, is prepared with MilliQ water (water purified on an A10 Advantage Mil-
lipore system):

 

Fig. 7.3  Trapping membrane proteins in amphipols. a Schematic representation of MP trapping 
in APols. Adapted with permission from Proc Natl Acad Sci USA 102:8893–8898, copyright 2005 
National Academy of Sciences, USA (Zoonens et al. 2005). b Determination of the optimal MP/
APol mass ratio by measuring the optical density at 280 nm of samples of tOmpA trapped at dif-
ferent mass ratios of A8-35 before and after ultracentrifugation at 60,000 × g for 20 min at 4 °C 
(from Zoonens 2004). c SEC profiles of tOmpA in the detergent C8E4, in a mixture of detergent 
and A8-35, and after trapping in A8-35. Reprinted with permission from Biochemistry 46:10392–
10404, copyright 2007 American Chemical Society (Zoonens et al. 2007)
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•	 Weigh	some	powder,	for	instance	20	mg,	with	an	analytical	balance	in	an	Ep-
pendorf tube or, if possible, in a small glass vial (note: The powder is sometimes 
very electrostatic and caution is required).

•	 Add	180	µL	of	MilliQ	water	in	order	to	reach	a	final	mass	of	200	mg.
•	 Homogenize	the	solution	with	a	vortex	or	by	magnetic	stirring.	Incubate	at	least	

a couple of hours before use for a good rehydration of the lyophilized powder. 
The	solution	is	then	kept	at	4	°C	or,	if	need	be,	frozen	at	−	20	°C.

7.2.1.2  Determination of the Protein Concentration

The exchange of detergent for APols is carried out by supplying APols pre-solu-
bilized in water to the sample of MPs (Fig. 7.3a). The amount of APol to be added 
is calculated on the basis of the mass of MP initially present in the sample. The 
concentration of protein must be known, at least approximately. After purifica-
tion, the concentration of protein in the detergent solution is determined by its 
optical density from UV-visible spectra. If the epsilon of the protein is unknown, 
its concentration can be assessed by colorimetric measurements such as bicincho-
ninic acid (BCA) assay. Alternatively, amino acid analysis after HCl hydrolysis 
can also be used.

7.2.1.3  Determination of the Optimal MP/APol Mass Ratio

The sole optimization to do is that of the mass ratio of APols required to keep 
soluble the MP well dispersed in aqueous solution after detergent removal. For that, 
the protein and detergent concentrations are kept unchanged while increasing con-
centrations of APols are tested:

•	 Determine	the	MP/APol	mass	ratios	to	be	tested.	Table	7.3 gives an example, 
considering the concentration of MP to be 1 g L−1 and the volume of aliquots to 
be	500	μL	for	each	condition.

•	 Pipet	seven	aliquots	of	equal	volume	of	MP	present	in	detergent	solution.	Add	
the appropriate volume of APols calculated. Note that dilution effects of the final 
volume can be neglected up to 10 % of variation after adding APols. Keep aside 
the two control samples.

•	 Mix	and	incubate	for	15–20	min	at	either	room	temperature	or	4	°C	depending	on	
the stability of the protein of interest.

When APols are supplied to the samples, they mix freely with detergent molecules 
in micelles and at the transmembrane surface of the protein, as shown by   fluores-
cence and isothermal calorimetry studies (Tribet et al. 2009; Zoonens et al. 2007). 
This leads to the formation of MP/detergent/APol ternary complexes.
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7.2.1.4  Detergent Removal

This step can be achieved in various ways. Most often, detergent removal is car-
ried out by adsorption into polystyrene beads (Bio-Beads). Note that APols do not 
absorb onto Bio-Beads (Zoonens 2004; Zoonens et al. 2007). The mass of beads to 
be added is typically 20 × the mass of detergent present in the sample. For instance, 
if the concentration of detergent is 6 g L−1	in	500	μL,	the	amount	of	Bio-Beads	to	
be added is ~ 120 mg:

•	 Calculate	the	appropriate	amount	of	beads	according	to	the	mass	of	the	deter-
gent present in each sample. Weigh the beads and add them in the five samples 
containing APols plus in one of the two control samples, which will become the 
negative control (note: Bio-Beads are usually washed out successively in ethanol 
and water prior usage and then stored in water. Before weighing, dry them on a 
tissue paper for maximal water removal). The last sample, without beads, repre-
sents the positive control.

•	 Incubate	the	samples	for	2	h	under	gentle	shaking	at	either	room	temperature	or	
4 °C.

•	 Let	the	beads	sediment	by	gravity	or	proceed	to	a	quick	centrifugation.	Pipet	the	
samples using a microcapillary tip that excludes the beads and put them in new 
Eppendorf tubes.

Alternatively, it is possible to eliminate the detergent micelles by dilution under the 
CMC of the detergent. Note that this method is more suitable to detergents with a 
high CMC rather than detergents with a low one, such as n-dodecyl-β-d-maltoside 
(DDM), because even under CMC these detergents are still able to keep MPs sol-
uble. If the dilution method is employed, dilute the five samples containing APols 
plus that of the negative control with a detergent-free buffer. Dilute the last sample, 
which becomes the positive control, with buffer containing detergent at the same 
concentration as initially in the sample.

Whatever the protocol used, some detergent monomers can still be present in the 
samples. Usually, they are not problematic, as long as the negative control shows 
that the monomers cannot keep the MP in solution in the absence of APols, but if 

Mass of MP (mg) MP/APol 
mass ratio

Mass of APol (mg) Volume of 
APol	(μL)

0.5 1:0 0 0

0.5 1:0.5 0.25 2.5
0.5 1:1 0.5 5
0.5 1:2 1 10
0.5 1:5 2.5 25
0.5 1:10 5 50
Note that the mass of protein to trap can be smaller or higher than 
0.5 mg and the interval between ratios can be narrower. The sample 
at ratio 1:0 will be used for both positive and negative controls and, 
thus, should be  prepared twice

Table 7.3  Example of 
conditions to be tested 
to determine the optimal 
MP/APol mass ratio
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need be they can be eliminated by dialysis or by several cycles of dilution/concen-
tration using ultrafiltration devices. Note that the presence of APols in the external 
dialysis buffer is not required, as APols do not cross standard dialysis membranes of 
12–14-kDa MW cutoff. Indeed, the MW of the particles of A8-35 is ~ 40 kDa (Go-
hon et al. 2006), and, because of its low CAC (0.002 g L−1; Giusti et al. 2012), there 
are very few free molecules in solution. Another procedure for detergent removal, 
albeit seldom used, is to adsorb it onto cyclodextrins (Althoff et al. 2011).

7.2.1.5  Identification of the Best MP/APol Ratio

•	 Measure	the	UV-visible	spectrum	of	each	sample.
•	 Centrifuge	the	samples	at	100,000	×	g for 20 min (Note: The speed and duration 

of the centrifugation step are given for a small protein of about 30 kDa. These 
parameters can be adjusted if the protein of interest is bigger).

•	 Take	off	the	supernatants	and	measure	again	their	UV-visible	spectra.
•	 Calculate	the	percentage	of	protein	kept	in	the	supernatant	for	each	condition.	

This experiment determines the minimal MP/APol mass ratio required to keep 
MPs soluble (Fig. 7.3b). However, to establish the minimal MP/APol mass ratio 
required to obtain homogeneous complexes, which is slightly higher, it is recom-
mended to analyze the samples by SEC (Fig. 7.3c).

The optimal MP/APol mass ratios for two model MPs of small MW like bacte-
riorhodopsin of H. salinarium (BR, 27 kDa) and the transmembrane domain of 
OmpA of E. coli (tOmpA, 19 kDa) are 1:5 and 1:4, respectively (Gohon et al. 2008; 
Zoonens et al. 2007).	These	ratios	exceed	by	≥	2	×	the	amount	of	A8-35	that	binds	
to these MPs (see next protocol). This is because APols, which have a weak dis-
sociating power, cannot prevent protein/protein interaction if they are not present 
in excess in the sample. To keep MP/APol complexes homogeneously distributed, 
an excess of APols is thus required. There is no need, however, to increase the 
concentration of APols beyond the minimal concentration yielding an acceptable 
monodispersity because, due to the hydrophobic sink effect, this may compromise 
the stability of fragile MPs (Popot et al. 2011).

7.2.2  Measuring of the Amount of Bound APols

APols specifically adsorb onto the transmembrane region of MPs (Althoff et al.  
Cao et al. 2013; 2011; Catoire et al. 2009; Liao et al. 2013; Zoonens et al. 2005), 
where they form a compact layer ca. 1.5–2 nm thick (Althoff et al. 2011; Gohon 
et al. 2008; Perlmutter et al. 2014). The amount of polymers constituting the belt 
surrounding MPs was estimated in two studies using BR and tOmpA as model MPs. 
The first determination is based on extensive physical measurements carried out on 
BR complexed with either plain or deuterated A8-35, using primarily SANS and 
AUC (Gohon et al. 2008). It is thought to give a relatively accurate measurement of 
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the amount of A8-35 bound per BR monomer, but is extremely laborintensive. The 
second study relied on the use of a fluorescent APol (FAPol). Under the conditions 
used in Zoonens et al. (2007), it yielded what is thought to be a lower limit to the 
amount of A8-35 bound to the tOmpA monomer (see below). We describe below 
first, how to express the amount of APol bound per MP, next, how to estimate a 
priori the amount of APol a given MP is likely to bind, and then three protocols for 
measuring it using FAPols.

7.2.2.1  Why is it Preferable to Express the Amount of APols Bound per MP 
in Mass Rather than as a Number of Molecules?

APols being highly polydisperse polymers, the size of individual molecule varies 
considerably and their MW can be estimated only on average. The average MW of 
A8-35 molecules is ~ 4.3 kDa (note: This revised mass is twice smaller than had 
been initially estimated; for a discussion, see Giusti et al. 2014b). However, de-
spite the variable MW of individual APol chains, the particles they form in solution 
migrate upon SEC with a size distribution as narrow as that of globular proteins. 
SANS and AUC analyses indicate that they feature a well-defined Stokes radius 
( RS = 3.15 nm) and MW (40 kDa; Gohon et al. 2006). Interestingly, the size and 
homogeneity of A8-35 particles do not depend on the degree of heterogeneity of 
the molecules that constitute them. Indeed, a version of A8-35 with a restricted 
length polydispersity forms particles with the same apparent size and dispersity as 
standard A8-35 particles (F. Giusti and C. Tribet, unpublished results). The average 
MW of individual molecules being only a very rough estimate, the amount of APol 
bound per MP is much more meaningfully expressed in mass ratio rather than as a 
molar stoichiometry. Similarly, in the case of functionalized APols, to preserve ac-
curacy and reliability, the number of fluorophores or tags is expressed as their num-
ber per 40-kDa APol particle, which can be used as a mass reference, rather than 
as their number per APol chain, which has no great significance and is inaccurate.

7.2.2.2  How to Estimate a Priori the Likely Amount of APols Bound per MP 
Based on Structural Data?

In the case of α-helical MPs, the most thoroughly studied MP/APol complexes are 
those of BR with A8-35. In the complexes, the protein/APol mass ratio is ~ 1:2, 
i.e., ~ 54 kDa of A8-35 per monomer of BR (27 kDa; Gohon et al. 2008). Lipids 
(~ 9 kDa) are also present in the complexes. In the case of β-barrel MPs, the best-
characterized complexes, in terms of composition, are those of tOmpA with A8-35. 
The mass ratio that has been estimated is ~ 1:1.3, i.e., ~ 25 kDa of A8-35 per mono-
mer of tOmpA (19 kDa; Zoonens et al. 2007). This value should be considered as 
a minimal value, however, because the conditions under which the measurements 
were done (see below) led to some aggregation and, very likely, to the loss of some 
APol. A more likely assumption of bound APol per tOmpA monomer would be 
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~ 45 kDa, which corresponds to the amount of APol needed, in MD calculations, to 
fully cover the transmembrane domain of OmpX, an eight-stranded β-barrel whose 
dimensions are very similar to those of tOmpA (Perlmutter et al. 2014).

Based on these values, and assuming that the volume of the A8-35 belt surround-
ing an MP is roughly proportional to the perimeter of the transmembrane domain to 
be covered, it is possible to estimate the amount of APols interacting with any other 
MP. The only information needed is the dimensions of the hydrophobic domain 
of the protein of interest, modeled as a cylinder filled out by the transmembrane 
helices or delimited by the number of β-strands, whose perimeter increases roughly 
as the square root of its volume ( α-helical bundles), or linearly with the number of 
β-strands. For instance, the transmembrane domain of BR is a bundle of seven α-
helices. If the MP of interest has a similar organization, like, for example, a GPCR, 
it can be expected to bind approximately the same amount of A8-35, i.e., ~ 54 kDa 
(note, however, that BR/A8-35 complexes comprise ~ 9 kDa of lipids (Gohon et al. 
2008), which increase the transmembrane perimeter). On the other hand, if the MP 
contains twice more helices than BR and features a more or less homothetic shape, 
the volume of its transmembrane domain doubles while the transmembrane surface 
increases by ~ 40 %, and one can expect in the ballpark of 75 kDa of bound A8-35. 
It is fair to say, however, that too few reliable measurements are available to date to 
gather how reliable such an approach is. The only other relatively precise estimate 
of bound A8-35 has been obtained with the cytochrome bc1 dimer, which has 22 
transmembrane helices. On the basis of the above calculations, one would expect it 
to bind ~ 96 kDa A8-35. The experimental estimate is only 49–63 kDa (Charvolin 
et al. 2014; Popot et al. 2003). Note also that it is not unreasonable to expect that 
the ionic strength may modulate the volume and mass of the belts of ionic APols 
because it modulates the repulsion between charged polar groups (see Popot et al. 
2003). Despite these uncertainties, estimating a priori the probable mass ratio of MP 
to APol in complexes is useful to provide guidelines when planning trapping experi-
ments, or when endeavoring to measure experimentally the amount of bound APol.

7.2.2.3  How to Experimentally Measure the Quantity of APols 
Bound per MP?

As previously mentioned, the mass of APol to add for trapping is in excess of that of 
APol that actually binds to the surface of the MP. After trapping, some APol remains 
present as free particles in the sample. Measuring the amount of bound APols can 
be carried out by several approaches. Whatever the method chosen, the analysis is 
considerably facilitated by using FAPols as tracers:

•	 Prepare	a	stock	solution	of	APol/FAPol	mixture.

FAPols carrying various fluorescent probes have been synthesized (see Table 7.1). 
The choice of FAPol depends on the absorption spectrum of the protein of interest. 
For instance, if the protein absorbs only at 280 nm, FAPolNBD, which shows a maxi-
mum absorption at 490 nm, is suitable. On the other hand, if the protein absorbs also 
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visible light, as BR does, another FAPol, like FAPolAlexa647 must be chosen in order 
to avoid overlapping between protein and FAPol absorption bands.

Pure FAPols usually absorb too much at the peak of absorbance of fluorophore, 
and possibly also at 280 nm, interfering with protein determination. They are bet-
ter used diluted with nonfluorescent APol (A8-35). Because labeled and unlabeled 
APols freely and rapidly mix in salty aqueous solutions (Zoonens et al. 2007), they 
can be mixed from two stock solutions prepared at 100 g L−1. A convenient FAPol/
A8-35 ratio is one at which the absorbance of the FAPol at its maximal absorp-
tion wavelength is, in the complexes with the MP, ~ 25 % of that of the protein at 
280 nm. This ratio can be estimated a priori based on the extinction coefficients of 
the protein and FAPol, the estimation of the amount of APols bound per MP ( cf. 
§ 7.2.2.2), and on the MP/APol mass ratio needed for trapping. If the protein pos-
sesses many tryptophan residues, its extinction coefficient may be high enough so 
that no dilution of the FAPol stock solution is necessary:

•	 Measure	the	spectral	absorbance	of	the	FAPol/A8-35	mixture	(or	pure	FAPol	if	
dilution with A8-35 is not necessary) and determine the relative contribution of 
APols at 280 nm and at the peak of absorbance (note: Even if neither APol nor 
FAPol absorb significantly at 280 nm, it is advisable to quantify it).

After the complexes with an MP have been formed, they must be separated from the 
excess of APol used at the trapping step.

Method 1: Size-exclusion chromatography (SEC). This approach is appropri-
ate for large MPs—40 kDa or above—because MP/APol complexes and free APol 
particles are sufficiently resolved:

•	 Wash	 the	gel	 filtration	 column	with	 three	 column	volumes	of	 running	buffer.	
Note that, for analytic analysis of the samples, APol is usually not required in 
the running buffer, in contrast to detergents, which must always be present above 
their CMC. However, for this particular experiment, it cannot be excluded that 
a small amount of APol leaches from the protein as the complexes migrate into 
APol-free buffer. It might therefore be preferable to saturate the solution with 
which the column is equilibrated with “some” free APol, such as the CAC or 
twice the CAC, so as to prevent desorption, and to subtract the corresponding 
background. However, this modification to the procedure has not been care-
fully investigated yet. The composition of standard buffer is 20 mM Tris-HCl, 
150 mM NaCl, and pH 8.0 but it can be modified provided that pH is above 7 and 
divalent cations are absent.

•	 Inject	an	aliquot	of	FAPol/A8-35	mixture	(or	pure	FAPol)	at	10	g	L−1. The elu-
tion profile is monitored at two wavelengths, 280 nm and the maximum absorp-
tion wavelength of the fluorophore, for example, 490 nm for FAPolNBD. Deter-
mine the elution volume of APol particles.

•	 After	trapping	the	protein	in	the	FAPol/A8-35	mixture,	inject	an	aliquot	of	the	
sample at an appropriate concentration in order to get a good signal-to-noise 
ratio of the elution peak. Follow the elution of MP/A8-35/FAPolNBD complexes 
at the two wavelengths 280 and 490 nm. If the separation from free APol par-
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ticles is good, calculate the amount of bound APols per MP as follows: Integrate 
the peak area of MP/A8-35/FAPolNBD complexes at 280 and 490 nm in order 
to determine, respectively, the mass of MP and that of FAPolNBD which had co-
migrated with the protein. A subtraction of the APol contribution to the absorp-
tion of the protein at 280 nm may have to be applied, based on the ratio of the 
surface of the peaks at 280 and 490 nm observed with the pure FAPol/A8-35 
mixture or on the ratio of the optical densities at 280 and 490 nm measured from 
a UV-visible spectrum. The total mass of APol is then calculated taking into ac-
count the dilution of FAPol with A8-35. The ratio of APol and MP masses gives 
the amount of bound APols per MP (note: If the elution peaks of APol particles 
and MP/APol complexes overlap, use a more resolutive gel filtration column or 
try another separation procedure).

Method 2: Immobilized metal affinity chromatography (IMAC). The presence of a 
tag fused to the MP under study makes it possible to immobilize MP/APol complex-
es onto an affinity column and to eliminate the excess of APol particles. This proce-
dure is particularly convenient when the protein is small and MP/APol complexes 
cannot be efficiently separated from free APol particles by SEC. Note that free APol 
particles are, however, required to keep homogeneous MP/APol complexes. Indeed, 
as previously mentioned, APols are poorly dissociating surfactants, and so, in the 
absence of free APol particles, small MP/APol oligomers start to form, which is 
likely to be accompanied by some desorption of the MP-bound APol (Zoonens et al. 
2007). Because of this effect, the MP/APol ratio determined by this method must 
be taken as an estimate by default unless buffers are saturated with some free APol:

•	 After	trapping	the	MP	in	the	FAPol/A8-35	mixture,	inject	the	sample	on	an	af-
finity resin. For instance, if the protein has a polyhistidine tag, load the sample 
on a Ni:NTA column. The majority of the protein (~ 80 %) will be retained on the 
resin (Giusti et al. 2014a).

•	 Rinse	the	resin	with	equilibration	buffer	to	wash	out	free	FAPol/A8-35	particles.	
Elute the MP/FAPol/A8-35 complexes with a buffer containing imidazole. Note 
that, as said before, the presence of APol in equilibration and elution buffers at 
the CAC or twice the CAC may be advisable, so as to prevent desorption.

•	 Desalt	the	sample	to	remove	imidazole	and	measure	the	optical	density	of	the	
sample at 280 nm and at the maximum wavelength of FAPol. The concentrations 
of MP and FAPol are calculated using their respective extinction coefficients. 
Subtract, if need be, the contribution of FAPol at 280 nm and calculate the total 
mass of APol if FAPol was initially mixed with A8-35 before trapping. The ratio 
of APol and MP masses gives the amount of bound APol per MP.

Method 3: Analytical ultracentrifugation (AUC). The MP/APol mass ratio in com-
plexes can be precisely determined by sedimentation velocity (SV) measurements us-
ing AUC. AUC is a priori applicable to any MP, because the density of APol particles 
and that of MP/APol complexes are different enough for them to separate during the 
centrifugation run, even if their hydrodynamic radii are not very different. For exam-
ple, the sedimentation coefficients ( S) of A8-35 particles ( RS	≈	3.15	nm;	Gohon	et	al.	



190 M. Zoonens et al.

2006) and BR/A8-35 complexes ( RS	≈	5.0	nm;	Gohon	et	al.	2008) are 1.6 and 3.2 S, 
respectively, making them easily distinguishable (Gohon et al. 2006, 2008). The spe-
cific volume of the sodium salt of A8-35, v2

, is 0.809 L g−1, its density, 21/ vρ = , 
1.236 L g−1 (Gohon et al. 2004, 2006). The MP/APol mass ratio can be determined 
by sophisticated AUC measurements involving the comparison of sedimentation 
properties of complexes formed between the protein and unlabeled or deuterated A8-
35 and/or simultaneous measurements of the absorbance and refractive index of the 
complexes (Gohon et al. 2008). However, with the advent of FAPols, it is simpler to 
measure the respective absorbance of the protein and the APol in the complexes, as 
done above for the complexes separated by SEC or affinity chromatography:

•	 After	MP	trapping	in	FAPol/A8-35	mixture,	adjust	the	sample	concentration	by	
dilution or concentration so that the protein absorbance at 280 nm, in the AUC 
cell, reaches ~ 0.5.

•	 Define	the	parameters	of	the	SV	run,	namely	time	and	speed,	according	to	the	
sedimentation coefficient of the protein under study. For instance, in the case of 
small MPs, like BR or tOmpA, the SV experiment is carried out at 42,000 rpm 
during 4 h. The migration of the particles and complexes is followed at two 
wavelengths, 280 nm and the maximum absorption wavelength of FAPol, and, if 
available, with interference optics, which gives a measure of the refractive index.

•	 Measure	the	solvent	density	and	viscosity.
•	 Analyze	the	SV	profiles	with	Sedfit	or	an	equivalent	program	(for	details,	see	

Gohon et al. 2008). The distribution c( S) of sedimentation coefficients ( S) shows 
peaks reflecting the migration of MP/APol complexes and of free APol parti-
cles during the SV run. Integrate the peak areas at 280 nm and at the second 
wavelength. As noted above for SEC and IMAC experiments, the contribution 
of APols at 280 nm may have to be subtracted from the protein signal. MP and 
FAPol masses can be determined from their respective extinction coefficients. 
Calculate the total mass of APol from the FAPol/A8-35 ratio. The ratio of APol 
and MP masses gives the amount of bound APol per MP.

Whereas this procedure is technologically more demanding, it presents the 
 advantage, over that by SEC and by IMAC, that the MP/APol complexes are 
 never  separated from the free APol, which eliminates the risks of desorption and/
or  aggregation.

7.2.3  APols-Assisted Folding of a MP

APols have proven to be very helpful to fold MPs expressed as inclusion bodies in E. 
coli, like class A GPCRs or porins (Banères et al. 2011; Bazzacco et al. 2012; Dahmane 
et al. 2009, 2011, 2013; Pocanschi et al. 2006; see also Chap. 3 by JL Banères in this 
volume; Fig. 7.4). The protocol used for α-helical MPs is derived from one initially 
developed to refold BR in lipids (see Popot et al. 1987, in which many useful practical 
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details can be found). It is quite simple but requires some optimization regarding the 
quantity of APol to be added and the presence or absence of lipids. For variants and the 
effect of various modifications to this protocol, see Dahmane et al. 2013.

7.2.3.1  Solubilization and Purification of MPs in Denaturing Conditions

Inclusion bodies are clusters principally comprised of misfolded forms of the pro-
tein of interest, but they can also contain some DNA and other bacterial proteins. 
They need to be solubilized and purified in denaturing conditions. For α-helical 
MPs, the denaturing agent is usually SDS, whereas for β-barrel MPs it is urea. Pu-
rification is most often carried out by affinity chromatography. For instance, if the 
protein of interest is fused to a polyhistidine tag, purification can be carried out on 
Ni:NTA resin. Note that the concentration of SDS and urea tolerated by the resin is 

Fig. 7.4  Amphipol-assisted folding of membrane proteins to their native state. a Folding of BR from 
a denaturated state in SDS. Top, UV-visible spectra of samples before and after precipitation of SDS 
with KCl in the presence of A8-35 at various MP/APol mass ratios. In SDS, the sample is colored 
yellow because BR is denaturated in bacterio-opsin ( BO) and the retinal is released in solution. After 
refolding, the color shifts to purple because the retinal has rebound to the protein, indicating that 
BO has recovered its native structure. Bottom, SEC profiles of the same three samples after folding. 
Reprinted with permission from Biochemistry 45:13954–13961, copyright 2006 American Chemi-
cal Society (Pocanschi et al. 2006). b Comparison of the yield of folding of four GPCRs in deter-
gent + lipids ( D + L) and in A8-35 + lipids ( A + L). Adapted with permission from Biochemistry 
48:6516–6521, copyright 2009 American Chemical Society (Dahmane et al. 2009). c Folding of a 
porin, full-length OmpA from E. coli, after 19 × dilution from 8 M urea into an A8-35 solution. The 
unfolded ( U) and folded ( F) forms of OmpA were separated by SDS-PAGE. Reprinted from Eur 
Biophys J 42:103–118, copyright 2013, with kind permission from Springer Science and Business 
Media (Pocanschi et al. 2013)
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given by the supplier. Also, it is essential to work at room temperature, because both 
urea and SDS crystallize at low temperature:

•	 Isolate	 the	 inclusion	 bodies	 by	 differential	 centrifugations	 and	 determine	 the	
concentration of protein by the BCA assay.

•	 Prepare	 the	 solubilization	 buffer	 containing	 the	 appropriate	 denaturing	 agent.	
For example, for α-helical MPs, the buffer contains 10 mM Tris–HCl, pH 7.5, 
100 mM NaH2PO4,	6	M	urea,	0.8	%	SDS,	10	%	glycerol,	4	mM	β-mercaptoethanol	
(adapted from protocols described in Banères et al. 2005; Damian et al. 2006). 
For porins, the solubilization buffer contains 10 mM borate, pH 10.0, 8 M urea, 
2 mM EDTA (Pocanschi et al. 2006, 2013; note: The presence of reducing agent 
is required only if cystein residues are present. The solubility of urea can be in-
creased to 10 M by heating).

•	 Dissolve	the	inclusion	bodies	in	the	appropriate	solubilization	buffer	at	a	final	
concentration of 10 g L−1 and incubate overnight at room temperature (note: 
Sonication pulses can be applied to speed up solubilization).

•	 Centrifuge	 the	 sample	 for	 20	min	 at	 20,000	×	g in order to remove insoluble 
material.

•	 Proceed	 to	 the	purification	step.	Note	 that	 for	a	purification	of	α-helical MPs 
on Ni:NTA resin, the buffers are: (1) equilibration buffer: 50 mM Tris–HCl, 
pH	8.0,	300	mM	NaCl,	0.8	%	SDS,	4	mM	β-mercaptoethanol;	(2)	elution	buffer:	
50 mM Tris–HCl, pH 8.0, 300 mM NaCl, 0.8 % SDS, 400 mM imidazole, 4 mM 
β-mercaptoethanol;	 and	 (3)	desalting	buffer:	50	mM	Tris–HCl,	pH	8.0,	0.8	%	
SDS,	4	mM	β-mercaptoethanol.	For	purifying	β-barrel MPs, SDS in each buffer 
is replaced by 8 M urea.

•	 Determine	the	concentration	of	protein	by	UV-absorbance	or	by	the	BCA	assay.

7.2.3.2  Renaturation in APols

This step consists of either exchanging SDS for APols (protocol 1) or diluting urea 
in the presence of APols (protocol 2). The optimal MP/APol mass ratio must be 
determined by carrying out folding tests with variable amounts of APols.

Protocol 1 (for α-helical MPs):

•	 Distribute	0.25	mg	of	the	MP	to	be	folded	in	three	Eppendorf	tubes.	Add	increas-
ing	volumes	of	APol—5,	12.5,	25	μL—from	a	stock	solution	at	100	g	L−1 in 
order to obtain MP/APol mass ratios equal to 1:2, 1:5, and 1:10. Note that lipids 
generally help in the folding process, cf. (Dahmane et al. 2009, 2013). To test it, 
they can be supplied to the samples so that the APol/lipid mass ratio is 1:0.2, but 
this ratio can be optimized, as well as the nature of the lipids.

•	 Mix	and	incubate	the	samples	for	30	min	at	room	temperature.
•	 SDS	is	eliminated	by	precipitation	with	KCl	added	from	a	4-M	stock	solution	so	

that the final concentration of KCl in the samples is equal to 150 mM plus the 
concentration	of	SDS.	For	example,	if	the	volume	of	the	sample	is	500	μL	and	
the concentration of SDS is 0.8 % (28 mM), the final KCl concentration should 
be	178	mM.	The	volume	of	KCl	to	be	added	is	thus	44.5	μL.
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•	 Incubate	30	min	at	room	temperature	under	vigorous	stirring.
•	 Centrifuge	the	samples	5	min	at	the	maximum	speed	of	a	benchtop	centrifuge	at	

20 °C.
•	 Collect	the	supernatant	and	repeat	the	centrifugation	step.
•	 Measure	the	optical	density	of	samples.

Protocol 2 (for β-barrel MPs):

•	 Fix,	e.g.,	to	1	mg	the	mass	of	protein	to	fold.	Dilute	the	sample	by	a	10×	dilution	
factor into urea-free buffer containing 5 mg of APols, so that the final MP/APol 
mass ratio is 1:5. Test also ratios 1:2 and 1:10. Note that the dilution factor and 
speed of dilution can be optimized. If need be, incubate the samples at 40 °C for 
24 hours

•	 Concentrate	the	samples	using	an	ultrafiltration	device	and	measure	the	optical	
density of supernatants.

7.2.3.3  Further Renaturation

To increase the yield of folding, urea or SDS traces can be further eliminated by a 
dialysis step:

•	 Dialyze	the	sample	for	24	h	at	room	temperature	using	a	standard	dialysis	mem-
brane of 12–14-kDa MW cutoff. Note that APols are not needed in the external 
bath, but the presence of 150 mM KCl is required to prevent redissolution of 
crystallites of potassium dodecyl sulfate that may not have been totally removed 
by centrifugation. The volume of the external bath is ~ 500 × larger than the vol-
ume of the samples.

•	 Recover	the	sample	and	centrifuge	it	for	5	min	at	the	maximum	speed	of	a	bench-
top centrifuge.

•	 Measure	the	optical	density	of	the	samples.
•	 If	the	buffer	needs	to	be	exchanged,	proceed	to	a	second	dialysis	for	24	h	at	4	°C.

The solubility of MP is not a criterion of folding. The simplest and most direct proof 
that the protein adopts its native conformation is to check its activity. If the activity 
assay is not easy to set up, the yield of folding can be assessed by other approaches 
such as ligand-binding experiments using equilibrium dialysis. In that case, ligand 
titration can be monitored by radioactivity or changes in the intensity of emission 
fluorescence or absorption. If the protein is naturally colored in its native confor-
mation due to the binding of a cofactor, such as retinal for BR, the native state can 
be quantified by spectral absorption changes. It is also possible to check the ho-
mogeneity and size of the protein by SEC, its secondary structure by CD, the local 
environment of tryptophan residues by CD and fluorescence measurements, and the 
melting temperature by differential scanning calorimetry or by fluorescence thermal 
shift. In the case of porins, the folded state of the protein can usually be assessed 
by SDS-PAGE, upon which, as a rule, folded and unfolded forms exhibit different 
electrophoretic mobilities, or by dot blot if an antibody recognizing the native state 
of the protein is available, or by protease digestion, etc.
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7.2.4  APols-Assisted CFE of a MP

Overexpression of MPs in vivo under their native form is extremely tricky because, 
unlike soluble proteins, these proteins, to be functional, have to be targeted and 
inserted into the membrane. Because this insertion process can be inefficient and 
is frequently toxic, it represents a major limiting factor for protein production. 
One strategy to overcome this problem is to resort to CFE (Zubay 1973; see also 
Chap. 2 by F. Bernhard in this volume). CFE presents many attractive features, 
among which to do away with the toxicity issue and to allow labeling using limited 
amounts of isotopically labeled or unnatural amino acids (Kigawa et al. 1999). Un-
fortunately, probably due to their anionic character, charged APols such as A8-35 
or SAPols inhibit the CFE of MPs (Park et al. 2011). Such is not the case, how-
ever, for nonionic APols (NAPols; Bazzacco et al. 2012; Fig. 7.5). Excellent results 
have been obtained when BR was expressed in vitro in the presence of NAPols: 
The majority of BR (~ 90 %) was properly folded and remained stable over several 
months, whereas in DDM, in spite of similar production and folding yields, it tends 
to precipitate rapidly (Bazzacco et al. 2012; Park et al. 2011). Because APols are so 
much milder than detergents, developing APol-assisted CFE of MPs appears as a 
very promising approach.

CFE is carried out using a commercial system (5prime) or a homemade lysate 
(see Chap. 2 by F. Bernhard, in this volume), in which an E. coli lysate provides the 
machinery to drive coupled transcription and translation in the presence of a DNA 
template (note: Prokaryotic lysate from E. coli is commonly employed to produce 
both pro- and eukaryotic MPs. The protocol below was developed using this lysate, 
but it is certainly possible to use eukaryotic lysates such as that from wheat germ). 
For large-scale production, a semipermeable membrane allows for a continuous 
supply of substrates and the removal of inhibitory by-products, thus extending the 
duration of expression and the protein synthesis yield.

7.2.4.1  CFE Small-Scale Reaction

To optimize the concentration of NAPols to be used, small-scale syntheses are car-
ried out in the presence of a concentration range of NAPols:

•	 Prepare	a	stock	solution	of	NAPols	at	100	g	L−1, or 10 % w/w, in MilliQ water as 
previously described in protocol 7.2.1.1.

•	 Small-scale	syntheses	are	carried	out	in	the	presence	of	0.5	µg	of	plasmid	and	
3, 5, 8, and 10 g L−1 of NAPols in 50 µL of lysate. Note that the quantity 
of NAPol tends to be larger than is actually necessary. Indeed, because the 
amount of synthesized proteins is hardly predictable, it is better to add an ex-
cess of it. The reaction is performed for 6 h in a thermomixer (Eppendorf) at 
700 rpm and 25 °C (note: It is possible to optimize also the temperature, Mg2+  
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 concentration, and other parameters, as exhaustively described in the same vol-
ume by Bernhard et al.).

•	 At	the	end	of	the	small-scale	tests,	10	µL	samples	are	diluted	with	the	same	
volume of 10 mM Tris–HCl, pH 8.0 buffer, and then centrifuged for 10 min at 
16,000 × g at room temperature to check for protein solubility by Western blot.

7.2.4.2  CFE Large-Scale Reaction

Once the concentration of NAPols to be used has been optimized, the reaction can 
be scaled up to 1 mL of lysate:

•	 A	new	solution	of	NAPols	is	prepared	directly	in	the	CFE	reaction	buffer	used	to	
dissolve all the components of the lysate. This allows reaching the desired final 
volume (1 mL) in the presence of the adequate quantity of NAPol. The solution 
of NAPols is stirred overnight to insure complete solubilization. Note that it is 
recommended to add 1 % of sodium azide in the solution.

•	 15	µg	of	plasmid,	in	CFE	reaction	buffer,	is	incubated	for	20	h	in	the	thermo-
mixer in the presence of NAPols at the optimized temperature (note: It is not 
necessary to add NAPols in the feeding chamber).

7.2.4.3  Sample Collection

Plasmids for CFE (pIVEX) usually contain a hexa-His fusion tag to allow detection 
and purification of the expressed protein. After the lysate has been collected, the 
protein can be purified by IMAC, either in batch or using a pre-packed column. As 
previously mentioned, it is not necessary to add NAPols in the purification buffers.

7.2.5  APols-Mediated Immobilization of MPs

The development of sensors carrying MPs as recognition motifs has multiple appli-
cations in diagnostics and/or fundamental understanding of molecular interactions 

Fig. 7.5  Cell-free expression of bacteriorhodopsin in a nonionic amphipol SDS-PAGE followed 
by Western blot using an anti-His-tag antibody. The purple color of the sample indicates that BR 
has bound retinal, a proof that it has reached its native structure. (From Popot et al. 2011; see 
Bazzacco et al. 2012)
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necessary for the design of new drug-discovery strategies. The development of such 
biosensors requires the isolation and immobilization of MPs onto solid supports 
without alteration of their native conformation and function and the use of appropri-
ate bionanotechnological platforms for high-sensitivity detection.

Surface plasmon resonance (SPR; see Rich and Myszka 2005) is a label-free tech-
nique based on the propagation of an evanescent wave along a gold-coated surface. 
It permits the detection of changes of refractive index in the vicinity of the surface 
that result from the binding of partners. This technique requires the immobiliza-
tion of one of the interacting partners onto the surface. Only a few studies have 
been published on isolated MPs due to the difficulty to maintain them functional in 
solution, and because direct interaction of the proteins with the surface tends to im-
pair their function. Specific immobilization strategies are usually a good alternative 
(Jonkheijm et al. 2008). Various affinity tags can be used for protein immobilization, 
including polyhistidine tags, which bind to Ni:NTA motifs, affinity tags recognized 
by antibodies, and biotin or streptags binding to streptavidin. Functionalized APols 
fulfill several criteria for a specific immobilization of functional MPs onto surfaces: 
(1) They stabilize MPs, providing a longer lifetime to the isolated protein; (2) they 
form with MPs permanent complexes, which do not dissociate in the absence of free 
APols; biosensors can thus be used in surfactant-free buffers, which simplifies their 
implementation and considerably limits the risk of missing weak or moderate inter-
actions with ligands; and, finally, (3) the complexes formed between MPs and func-
tionalized APols will bind onto the solid surface of the biosensor without the need for 
any genetic or chemical modification of the protein (Fig. 7.6; Charvolin et al. 2009).

The protocol described here is for MPs trapped in biotinylated A8-35 (BAPol), 
but it can be adapted to MPs trapped in other functionalized APols, such as HistA-
Pol, ImidAPol, or OligAPol ( cf. § 7.1.3). If the MP possesses a tag, its trapping 
with unfunctionalized APol, e.g., plain A8-35, will improve its stability and the 
immobilization of the complexes can be carried out following the same approach. 
This protocol is adapted for Biacore instruments (GE Healthcare), which are the 
most widely distributed commercial instruments. Specific conditions are indicated 
in the case of a Biacore X100 instrument. The signal can be optimized by adjust-
ing experimental conditions (Karlsson and Fält 1997). For more details about data 
analysis, see Rich and Myszka 2005.

7.2.5.1  Experimental Setup

MP/BAPols complexes (called ligands in the Biacore terminology) are immobilized 
to the Biacore sensor chip before addition of the interacting molecules, for instance, 
antibodies (called analyte in the Biacore terminology), to reveal specific interactions.

Choose the adequate sensor chips. The binding capacity of most of Biacore chips 
is improved by pre-coupling of a dextran matrix. Existing CM5 chips, which are 
the most widely used, are already premodified for coupling of various proteins. If 
the immobilization is carried out via BAPols, the SA sensor chip (CM5 chips pre-
modified with streptavidin) is used. Note that alternatives of SA sensor chips are 
the use of a standard CM5 chip followed by aminocoupling of streptavidin, or the 
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SA capture chip, which is regenerable. In the case of charge repulsion between the 
sample to be immobilized and the surface, it is possible to improve the detection 
signal by using commercial chips with shorter dextran matrices. Note that two flow 
cells are required for the measurements: The sample flow cell, where the total signal 
will result from specific and nonspecific binding onto surfaces, and the reference 
flow cell, used to evaluate the nonspecific binding of proteins onto surfaces.

7.2.5.2  Preparation of Samples

Note that it is important to exclude compounds influencing the refractive index of 
the solutions (e.g., glycerol). Moreover, all samples and buffers should be filtered 
on 0.22-µm filters or centrifuged 10 min at 10,000 × g:

•	 Trap	the	protein	in	BAPol	as	described	in	protocol	7.2.1.	The	final	protein	con-
centration to fix for a good signal depends on the protein under study. For ex-
ample, in the case of BR, the protein concentration should be 0.03 g L−1. Typical 
quantities required for the experiments are 0.06–0.1 µg of total protein.

Fig. 7.6  Amphipol-mediated immobilization of membrane proteins onto solid supports a Prin-
ciple of MPs immobilization using functionalized APols. b Measurement of the immobilization of 
an MP ( left) and of the interaction of another with a specific antibody ( right) by SPR. Left, applica-
tion to streptavidin-coated chip lanes of cytochrome bc1 complexed either by plain A8-35 ( gray) 
or by biotinylated A8-35 (BAPol; black). Right, application of an antibody raised against tOmpA 
to lanes carrying BAPol-immobilized tOmpA ( black) or other MPs ( other traces). Reprinted with 
permission from Proc Natl Acad Sci USA 106:405–410, copyright 2009 National Academy of Sci-
ences, USA. (Charvolin et al. 2009)
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•	 Prepare	 the	solutions	of	antibodies	(a	nonspecific	antibody	and	a	specific	one	
for negative and positive controls, respectively), both solutions at two different 
concentrations (0.055 and 0.01 g L−1). Typical quantities required for the experi-
ments are 6–10 µg of total protein. Note that these quantities are indicative and 
should be optimized depending on sample purity.

•	 Prepare	the	running	buffer,	HBS-N,	which	contains	10	mM	HEPES,	pH	7.4,	and	
150 mM NaCl. Note that the dextran matrix and the APols are both negatively 
charged and so, the ionic strength of buffer can be optimized for an optimal sig-
nal with minimal repulsion.

•	 Prepare	the	surface	regeneration	solution	(1	M	NaCl,	50	mM	NaOH).

7.2.5.3  Measurements

The signal observed during an SPR experiment is proportional to the refractive in-
dex, which is proportional to the mass for molecules with the same refractive index. 
Proteins have approximately the same refractive index and the empirical conversion 
factor	(1	RU	≈	1	pg	mm−2) can be used for estimating the mass bound to the surface 
(Stenberg et al. 1991):

•	 Follow	the	instructions	of	the	manufacturer	for	conditioning	the	sensor	surface.
•	 After	obtaining	a	stable	baseline,	immobilize	the	proteins	onto	the	sensor	sur-

face, which becomes the sample flow cell. For this step, start a new cycle us-
ing only the second flow cell for its functionalization and inject the sample. In 
the case of qualitative analysis, it is recommended to try to saturate the surface 
with the MP/BAPol complexes for the highest possible response from antibody 
binding in the next step. This can be achieved by repeating consecutive injec-
tions until stabilization of the signal (note: For a flow rate of 10 µL min−1, use 
consecutive 60-s injections of MP/BAPol complexes at 0.03 g L−1 to saturate the 
surface). On the other hand, in the case of kinetic studies, it is usually necessary 
to limit the density of immobilized ligand to avoid diffusion-limited data, analyte 
depletion, and analyte rebinding.

•	 Prepare	the	reference	flow	cell	(the	first	flow	cell),	which	can	either	be	left	unmod-
ified, or be modified with either BAPol alone or a different MP trapped in BAPol.

•	 Stop	the	manual	run	after	obtaining	a	stable	signal	in	both	cells.
•	 Measure	 the	 binding	 of	 the	 analyte,	 for	 instance,	 that	 of	 an	 antibody	 raised	

against the MP under study. It is recommended to use two different concentra-
tions of antibodies (0.05 g L−1 for the first injection and 0.01 g L−1 for the second 
one) and one regeneration solution in each cycle. The solutions will be added 
according to the series of the following cycles:
−	 Cycle	1:	Blank	cycle	with	running	buffer
−	 Cycle	2:	Cycle	with	a	nonspecific	antibody	to	be	used	for	negative	control
−	 Cycle	3:	Cycle	with	a	specific	antibody	raised	against	the	MP	under	study
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The sample parameters are: 30 µL min−1 flow rate, 180 s contact time, and 120 s dis-
sociation time. The regeneration parameters are: 30 µL min−1 flow rate, 60 s contact 
time, and wash in running buffer.
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8.1 Introduction

Membrane proteins (MPs) are the front door of the cell in that they allow the com-
munication between the cell and the outside world: They are receptors to a large 
variety of signals, the transporter of metabolites and catabolites in and out of the 
cell and between organelles within the cell, and also ensure energy conversion in 
specialized membranes. As such, they are the target of a large proportion of drugs 
and poisons (Yildirim et al. 2007). From a structural point of view, they are embed-
ded in a lipid bilayer: The domain in contact with the acyl chains of lipids is hy-
drophobic and needs to be shielded from water when the protein is manipulated out 
of the membrane for biochemical, biophysical, and structural studies. This is done 
thanks to amphiphilic molecules, detergents, which are also used to solubilize the 
membrane and extract the MP from it.

Lipids and detergents share the same amphipathic character: They both belong 
to the larger class of surfactants, surface active agents, which group all amphiphi-
lic molecules, composed of a hydrophilic (anionic, neutral, or zwitterionic) head 
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and a hydrophobic part (aliphatic or cyclic carbon chains or aromatic groups), that 
partition at the air–water interface. Throughout this chapter, lipids will refer to the 
amphiphiles that compose biological membranes, whereas detergents refer to sur-
factants that are used to solubilize membranes and manipulate MPs. We will use 
the term surfactant for amphiphiles that are neither, but that can solubilize MPs in 
solution. Lipids and detergents differ in their geometry: Generally, lipids bear two 
hydrophobic acyl chains, and conventional detergents usually only one. This differ-
ence in geometry has a direct influence on the type of aggregates formed by these 
amphiphilic molecules. Lipids, which have a cylindrical shape, form planar aggre-
gates, the bilayer, whereas the geometry of the detergent molecule, closer to a cone, 
induces the formation of small globular aggregates, the micelles. The solubility of 
lipids and detergents also differs noticeably. Detergents are soluble to a certain ex-
tent: At low concentration, they are soluble as monomers in the aqueous buffer, and 
micelles form only above the “critical micellar concentration” (cmc). The detergent 
concentration should always be above its cmc to allow the correct solubilization of 
a MP; thus, the solubilized protein coexists with free detergent micelles.

The MP is thus either embedded in the lipid bilayer, its native environment, or 
surrounded by a detergent, or surfactant, layer (le Maire et al. 2000) after extraction 
from the membrane, allowing biochemical, biophysical, and structural studies. MPs 
however are usually less stable in a detergent environment when compared to their 
native lipid bilayer. This hampers their biochemical, biophysical, and structural 
study, and even though the Protein Data Bank (PDB) certainly sees the number of 
MP structure growing exponentially, this rate is far behind that of soluble protein 
(http://blanco.biomol.uci.edu/mpstruc/). The main causes are MP’s difficult overex-
pression, their poor stability when extracted from the membrane, and the difficulty 
to obtain good-quality crystals. The first and third issues are dealt with in Chaps. 1, 
2, 4, 5, and 11 of this book (Mus-Veteau et al., Proverbio et al., Attab et al., Bakari 
et al., and Hishchenko et al., respectively).

The hypotheses to explain MP destabilization by detergent include the dilu-
tion of stabilizing lipids and hydrophobic cofactors in the hydrophobic phase 
formed by the free micelles (Breyton et al. 1997), and their dissociative proper-
ties toward intramolecular protein–protein interactions, related to their shorter 
and more flexible hydrophobic tail when compared to lipids. In addition, the dif-
ference in lateral pressure exerted by the detergent molecules as compared to that 
exerted by the lipids of the bilayer would impact the highly dynamic nature of 
some MPs. Various strategies have been developed to address MP instability in 
detergent. They are reviewed in Chap. 1 of this book (see also Kang et al. 2013). 
They include stabilizing protein point mutations (Tate and Schertler 2009), em-
bedding the protein in small membrane patches such as nanodiscs (Borch and 
Hamann 2009) and bicelles (Diller et al. 2009; Ujwal and Bowie 2011; see also 
Chap. 12 by Catoire et al. in this book), and the development of new amphiphi-
les, designed to be less denaturing than classical detergents. Whereas the choice 
of the “ideal detergent” is still highly empirical, purpose specific, and protein 
dependent, the development of new amphiphiles has followed some rational. 
A dedicated Chap. 7 by Zoonens et al. reviews the principle and applications of 
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amphipols, which have multipoint attachment to the hydrophobic domain of pro-
tein and in principle, allow to avoid the hydrophobic phase formed by the excess 
detergent micelles.

In this chapter, we focus mostly on the design and use for MP study of new 
amphiphilic molecules whose polar head comprises sugar moieties and whose hy-
drophobic chain comprises fluorine atoms. Due to the peculiar properties of fluo-
rinated chain, these molecules are not able to solubilize biological membranes and 
therefore do not belong to the class of detergents. The main advantage of resorting 
to fluorinated surfactants for MP study lies in their nonintrusive properties, which 
allow to retain the native structure of fragile proteins. In the first part, we introduce 
the concepts motivating the exploration of different F-surfactant families, we then 
present in the second part the design, and the physical-chemical and self-assembling 
properties, of recently developed—including new molecules—F-surfactants bear-
ing branched polar heads whose molecular shape can be easily varied so as to form 
globular micelles. In the third part, the recent biochemical applications of these 
F-surfactants are discussed. Finally, in the last part, an overview of the recent lit-
erature on sugar-based amphiphiles for biochemical and structural applications is 
given.

8.2 Fluorinated Surfactants: General Concepts

8.2.1 General Properties of the Fluorinated Surfactants

F-surfactants resemble detergents in that they share the same general structure, but 
the hydrophobic tail instead of being hydrogenated is fully or partially fluorinated. 
The substitution of fluorine for hydrogen atoms is responsible for the peculiar prop-
erties and applications of F-surfactants. The low polarizability and larger size of 
the fluorine atom compared to that of the hydrogen atom have consequences on the 
structure and properties of fluorocarbon chains. Cross section of F-chains is larger 
than that of H-chains (30 Å2 vs. 20 Å2, respectively) and CF3 and CF2 groups are 
bulkier than CH3 and CH2 (Riess 2005). Also, whereas H-chains possess a linear 
zigzag structure, a more reduced conformational freedom is observed with F-chains 
as a consequence of the helical structure of fluorocarbon chains (Fig. 8.1). Alkanes 

Fig. 8.1  The zigzag confor-
mation of octadecane ( above) 
compared with the helical 
conformation of perfloroocta-
decane. (From Kirsch 2004)
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and perfluorinated alkanes, while both being hydrophobic, are poorly miscible, a 
property that motivated their use for MP biochemistry.

The larger fluorine atoms increase the hydrophobicity of the surfactant, and as a 
result, F-surfactants exhibit very low CMC. As a rule of thumb, the contribution of 
a CF2 group to the CMC of a surfactant is 1.5 times higher than that of a CH2 group 
(Sadtler et al. 1998). The tight packing of the F-chains at the air/water interface and 
the strong hydrophobic interactions among F-chains lower the surface energies and 
result in low surface tension values compared to that of their fully hydrogenated 
analogues (Table 8.1). Therefore, F-surfactants are commonly called “super sur-
factants.” The strong hydrophobic noncovalent interactions between F-chains are 
responsible for the formation of very stable self-assemblies in aqueous solution. 
F-surfactants are also known for their chemical and thermal stability. They have di-
versified uses in material science and in biomedical fields as well as in several other 
applications such as coating, firefighting, herbicide and insecticide formulations, 
cosmetics, paints, adhesives, and drug delivery (Kissa 2001).

8.2.2  General Motivation for Using F-surfactants 
for the Study of MPs

The original idea to substitute part of the hydrophobic chain by a lipophobic F-chain 
was the transfer of the protein in a hydrophobic phase that would be a poor solvent 
for lipids and hydrophobic cofactors, and composed of less denaturing molecules. 
F-surfactants are indeed expected to poorly solubilize lipids and cofactors that may 
be essential for the protein activity and stability. Moreover, because F-chains are 
bulky, F-surfactant hydrophobic chains are expected to intrude less easily than any 
H-surfactants into the structure of the MP.

However, due to the lipophobocity of F-chains, F-surfactants have a poor de-
tergent character. They are unable to dissociate cell membranes and extract MPs. 
Therefore, from a practical point of view, detergents are generally needed for MP 
extraction before being exchanged to F-surfactants for further use. Alternative 
protocols without extraction steps are found when refolding the protein or when 
producing it in cell-free synthesis directly in F-surfactants. In addition, the low af-
finity of F-chains toward the hydrogenated transmembrane segments of the protein 
may also induce aggregation of the protein. Since it was demonstrated that it is 

Table 8.1  Comparison of surface tension and phobicity of water, alkanes, and fluoroalkanes. 
(Adapted from Riess 2005)
Phase Surface tension (mN/m) Phobicity
Water 72 Lipo- and fluorophobic
H-carbons 15–30 Hydro- and fluorophobic
F-carbons 10–20 Lipo- and hydrophobic
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mainly the extremity of the surfactant that interacts with the hydrophobic part of 
MPs (le Maire et al. 2000), a short hydrocarbon tip has been added to the fluorinated 
tail of F-surfactants leading to the so-called hemifluorinated surfactants (HF-sur-
factants). This addition aimed to preserve MP from long-term aggregation noticed 
in the seminal work by Chabaud et al. (1998). The addition of the hydrocarbon tip 
was expected to be a compromise between the lipophobic, nondetergent character 
of F-chains, and a necessity to confer affinity toward the lipophilic domains of the 
protein (Breyton et al. 2004).

8.2.3  Exploring the Previous Families of Fluorinated 
Surfactants

Several series of F-surfactants have been synthesized over the past 15 years and 
tested as tools for handling MPs in aqueous solutions. Figure 8.2 presents some of 
the surfactants produced in the laboratory of Avignon as well as some commercially 
available derivatives.

Different polar heads have been investigated. The TAC series (Fig. 8.2) bear-
ing an oligomeric polar head group has been the most used (recent findings are 
summarized in Sect. 8.5). Among the other chemically defined ones, surfactants 
bearing aminoxide polar head (Fig. 8.2) were found to be destabilizing (Chaudier 
et al. 2002), whereas those bearing chemically well-defined sugar-based polar 
head groups, H2F6-Lac (Fig. 8.2; Lebaupain et al. 2006) and H2F6-Malt (Polidori 
et al. 2006) derivatives were found much more efficient in keeping MPs water 
soluble and active. This showed that a saccharide moiety could be an appropriate 

Fig. 8.2  Chemical structures of some F- and HF-surfactants. F6H2-Malt and F8H2-Fos-Cho-
line are available from Anatrace. H2F6-AO, H2F6-Lac and H2F6-TAC were synthesized in the 
laboratory
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polar head group for keeping the protein water soluble and stable. HF-surfactants 
have shown superiority over F-surfactants in preserving the stability of model 
proteins in some cases (Breyton et al. 2004, 2010). However, as their prepara-
tion requires complex and longer synthesis, their use is only preferred when 
F-surfactants failed to prevent aggregation. Interestingly, we also demonstrated 
that the nature of the sugar could affect the stability of the protein. Indeed, the 
maltoside polar head group with a glucose moiety was found more favorable 
than the lactobionamide group with a galactose moiety. However, none of these 
sugar-based surfactants formed small and homogeneous micelles, whatever the 
nature of the chain (Lebaupain et al. 2006; Polidori et al. 2006). Indeed, the 
heterogeneity of F-surfactant micelles was frequently noted to induce highly 
polydisperse protein/surfactant complexes, which is one of the major drawbacks 
for most in vitro studies.

Previous work has shown that the TAC series with a polymeric polar head group 
formed small micelles (Dupont et al. 2003), and was successfully used to stabilize 
fragile MPs (Breyton et al. 2004). Its availability in large quantities allowed the de-
velopment of biochemical applications (Breyton et al. 2010), the most recent ones 
being discussed in Sect. 8.5. However, the heterogeneity of the polymeric head 
group of the TAC derivatives appeared to be the main limitation for their develop-
ment. There was therefore a need to develop F-surfactants with chemically defined 
polar head groups that would form small micelles, and compact and homogeneous 
complexes with MPs.

8.2.4  Relating the Shape of the Molecule  
to that of its Assemblies

Tanford (1980) and Israelachvili, Mitchell and Ninham (1977) provided, more 
than 30 years ago, general insights on how molecular structure of amphiphiles can 
control the shape and size of the resulting aggregates. The concept of molecular 
packing parameter has been widely used to explain and rationalize the shape of 
molecular self-assembly of surfactants in aqueous solution. The critical packing 
parameter (CPP) links the geometry of the surfactant molecule to that of the ag-
gregate formed (Fig. 8.3). It is defined as v0/al0, where v0 is the surfactant tail 
volume, l0 its length, and a the area per molecule. The molecular packing param-
eter	determines	the	shape	of	the	aggregate:	0	≤	v0/al0	≤	

1/3 for spherical aggregates, 
1/3	≤	v0/al0	≤	

1/2	for	cylindrical	aggregates	and	1	≤	v0/al0	≤	
1/2 for bilayer aggregates 

(Fig. 8.3). Therefore, by calculating the CPP value of a surfactant, one can predict 
if small globular compact or large—rods or vesicle—aggregates will be formed in 
aqueous solution.

While a can be precisely estimated using free energy models (leading to ae, the 
equilibrium area per molecule; Nagarajan 2002), it is often identified as a simple 
geometrical property of the head group of the surfactant. We consider for a, the area 
Amin determined from surface tension measurements.
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8.3  Physical–Chemical Properties of F-surfactants 
with Branched Polar Heads

8.3.1  Design of Two Series of F-surfactants with Branched 
Polar Heads

Based on the biochemical results obtained with the first synthesized ( H)F-surfac-
tants, we have concluded that surfactants that form small, globular, and homoge-
neous micelles such as the TAC series (Dupont et al. 2003) could lead to monodis-
perse complexes with MPs (Breyton et al. 2004). Therefore, ( H)F-surfactants with 
bulky polar head groups are expected to form smaller aggregates than those having 
small polar head groups, by increasing the interfacial curvature of the aggregates 
formed, which in turn could lead to monodisperse complexes with MPs.

We next focused on designing F-surfactants whose volume of the polar head 
group could be easily tuned, while keeping the possibility of switching from the 
perfluorinated chain to hybrid ones if needed. This allowed to study in a systematic 
way the effect of the volumetric ratio of the surfactant on its physical-chemical 
and biochemical properties, and to choose thereby the most appropriate candidate 
surfactant for MP studies.

In that aim, two molecules were chosen as basic structures for the glycosylated 
polar head group: The tris(hydroxymethyl)aminomethane (TRIS) that possesses 
three hydroxyl groups on which we can graft one, two, or three sugar moieties, and 
the 2-amino-2-methyl propane-1,3-diol that has two hydroxyl groups (Fig. 8.4). 
From a synthesis point of view, 2-amino-2-methyl propane-1,3-diol allows an easy 
and direct grafting of two glucose moieties. Two series of ( H)F-surfactants with 
glycosylated polar heads were thus synthesized and studied. In the first series, 

Fig. 8.3  Schematic illustration of the critical packing parameter
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the perfluorohexane central core is linked to the glycosylated polar head group 
via a thioether bond (CH2SCH2) and an ethyl-end group can be added (Abla et al. 
2008, 2012). In the second series, the HF-chain comprises the same fluorocarbon 
central core and a shorter alkyl group is used as linker (Fig. 8.4; Abla et al. 2011; 
Abla et al. in preparation). The chain can be decorated at its extremity with a pro-
pyl tip. For the sake of comparison, perhydrogenated analogues of the first series 
were also prepared.

In the first series of HF-compounds bearing an ethyl tip, the following nomen-
clature was adopted: H2F6, where H2 stands for the ethyl tip and F6 for the per-
fluorohexane core. Their fluorinated and hydrogenated analogues are labeled by F6 
and Hx (where “x”corresponds to the number of carbons located before the sulfur 
atom in the hydrophobic tail), respectively. In that nomenclature, for the fluorinated 

Fig. 8.4  Chemical structures of the two recent series of HF-surfactants. For R1, R2, R3 see Table 8.2
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and hemifluorinated derivatives, the linker between the fluorinated core and the 
polar head (CH2CH2SCH2CH2) was omitted. The second series of HF-surfactants 
prepared was labeled H3F6H3 where H3, F6, and H3 stand for the propyl tip, the 
perfluorohexane central core, and the hydrogenated linker between the polar and 
apolar groups, respectively. Once again, their fluorinated analogs were also pre-
pared and were called F6H3. In both series, the number and the nature of the sugar 
moieties grafted onto the polar head group was also labeled as Monoglu, Diglu, and 
Triglu for one, two, and three glucose moieties, respectively. In order to differenti-
ate between the TRIS and 2-amino-2-methyl propane-1,3-diol derivatives, an M 
was added to the naming of the latter derivatives. For galactose-based compound, 
the label Gal was used.

In the next part, we will present the physical-chemical properties of these se-
ries of surfactant. Some of the compounds are original. We will present briefly the 
methods we use for their characterization. We will then discuss the surface proper-
ties and the size and shape of the micelles formed by these F-surfactants. We will 
show how, by fine-tuning the size of the polar head, we can vary the shape of the 
aggregates formed.

8.3.2 Measured Parameters and Methods

•	 Surface	 tension	 properties	 of	 surfactants	 can	 be	 determined	 by	 the	Wilhelmy	
plate technique. This technique consists in measuring the surface tension of the 
solution at different concentrations. Two straight lines are typically obtained, 
one exhibiting a linear concentration-dependent negative slope and one being a 
plateau with a constant surface tension value (Fig. 8.5). The intersection of these 
two lines corresponds to the CMC value of the surfactant. From this technique, 
several parameters can be determined. However, in this chapter we will discuss 
only those we consider important for MP manipulations: the CMC, the limit sur-
face tension ( γmax) attained at the CMC, and the minimum area occupied by the 
surfactant (Amin) at the air/water interface given by the slope of the first line. The 
γmax and Amin provide information on the packing of the surfactant at the interface 
and the volume of its polar head.

•	 The	hydrophobic	 character	 (log	k′W) of surfactants is determined by reversed 
phase HPLC on C18-hydrophobic columns. This parameter is closely related to 
the molecule water/octanol partition coefficient (Braumann 1986).

•	 Dynamic	 light	 scattering	 (DLS)	characterizes	 the	distribution	of	 the	hydrody-
namic diameters of the aggregates formed by the surfactants.

•	 Analytical	ultracentrifugation	(AUC)	sedimentation	velocity,	which	combines	
particle separation and rigorous analysis, is a powerful technique for charac-
terizing whether the size of surfactant micelle changes with concentration. 
This technique is discussed in detail in Chap. 10 by Le Roy et al. in this book. 
The CMC is determined by following the amounts of sedimenting micelles 
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in concentration series. From the measure of the sedimentation coefficient, 
combined with the translation diffusion coefficient (obtained in general from 
DLS), the mass and hydrodynamic radius of the micelles can be determined. 
A preliminary characterization of the inter-micelle interaction may also be 
done.

•	 Small-angle	neutron	or	X-rays	scattering	(SANS	or	SAXS)	complements	AUC.	
From the measurement of the forward intensity, the mass (number of aggrega-
tion, Nagg) and the size of the micelles (radius of gyration, Rg) can be obtained. 
In addition, the shape can be determined by the analysis of the whole scattering 
curve (as an example, the rod shape of F6Monoglu described below; Breyton 
et al. 2009). It is also a key technique for characterizing inter-micelle interac-
tions.

Table 8.2 reports the CMC, Amin, γmax from surface tension and log k′W of the re-
cently investigated F-surfactants. It is used, with some other data provided in the 
text, to analyze the contribution of the alkyl tip and hydrocarbon spacer length as 
well as the polar head on the surface activity and hydrophobicity of the surfac-
tants.

Fig. 8.5  Examples of critical micellar concentration curves for F6Monoglu (), F6Diglu (), and 
F6Triglu ()
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8.3.3 Surface Activity

8.3.3.1 Contribution of the Alkyl Tip Length

Since the hydrophobic effect is the driving force for micelle formation, the hy-
drophobicity is usually inversely correlated with the CMC value (Tanford 1980). 
The addition of an ethyl group is indeed known to decrease ~ 5–15 times the 
CMC (Rosen 2004). This is observed for the H-surfactants presented in Table 8.2. 
For example, H12Diglu (compound 3) has a CMC approximately 14 times lower 
than that of H10Diglu (compound 1), and H12Triglu (compound 4) has a CMC 
~ 11 times lower than that of H10Triglu (compound 2). However, when adding 
an ethyl tip at the end of the F-chain this general trend was not observed. The 
ethyl-ended HF-surfactants with branched polar heads present the unexpected 
behavior previously observed with the lactobionamide (Lebaupain et al. 2006), 
the maltoside (Polidori et al. 2006), and the TAC series (Barthelemy et al. 1999), 
in view of their CMCs. H2F6Triglu (compound 11) exhibits very close CMC to 
F6Triglu (compound 8; ~ 0.7 and ~ 0.9 mM, respectively). The same trend was 
observed for H2F6Diglu (compound 10) and F6Diglu (compound 6; ~ 0.3 and 
~ 0.2 mM, respectively). The nonclassical behavior of the ethyl-ended F-surfac-
tants was also observed on the second series of surfactants as the addition of an 
ethyl tip to F6H3Diglu was found to decrease by only 2–3 times the CMC (~ 1.0 
and ~ 0.4 mM for F6H3Diglu and H2F6H3Diglu, compounds 13 and 16, respec-
tively). The same trend was observed with the DigluM polar head (compounds 
14 and 17).

On the contrary, the addition of a propyl tip was found to decrease the CMC by 
more than 10 times. Indeed, the CMC of H3F6H3Diglu (compound 18) does not 
reach 0.1 mM while F6H3Diglu (compound 13) has a CMC of ~ 1.0 mM. The same 
order of magnitude was found when comparing H3F6H3DigluM and F6H3DigluM 
bearing a slightly different polar head (compounds 19 and 14), and H3F6H3Triglu 
and F6H3Triglu bearing three glucose groups (compounds 20 and 15).

The γmax of a given surfactant is mainly associated to the lateral interactions 
between the hydrophobic chains of the molecules adsorbed at the air/water inter-
face (Adamson 1990), the greater the packing of surfactants at the interface, the 
lower the γmax. The high surface activity of F-surfactants is confirmed on the inves-
tigated surfactants, as most of them exhibit relatively low γmax, in the 20–30-mN/m 
range, when compared to their hydrogenated analogs in the 35–40-mN/m range. 
Both series of HF-surfactants exhibit a similar behavior when compared to their 
corresponding F-analogues. The addition of an ethyl or a propyl tip to the F-tail 
increases the γmax values by 6–8 for the Diglu compounds (compare compounds 6 
and 10, 8 and 11, 9 and 12, 13 and 16) and 1–4 mN/m for the Triglu compounds 
(compounds 14 and 17) very likely a consequence of the unfavorable interactions 
between F- and H-segments that hamper the formation of a high compact film at 
the air/water interface.

Amin gives information about the surface that each molecule needs to accom-
modate at the air/water interface. For the first series and for a given polar head, the 
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length and the nature of the tail have no significant effect on the Amin, however with 
the following trend: H2F6 > H12 > F6 > H10 for the Diglu and Triglu derivatives. It is 
also interesting to note that the DigluM polar head leads to ~ 20 % smaller area than 
Diglu derivatives.

8.3.3.2 Contribution of the Hydrocarbon Spacer

The hydrocarbon spacer between the polar head and the hydrophobic tail is also 
supposed to play an important role in the physical-chemical properties of a surfac-
tant, because it affects the flexibility of the surfactant molecule. The sulfur atom 
inserted within the spacer of the first series could be considered as a hydrophobic 
unit. This assertion is based on the compared Hansch partition constant between 
octanol and water of SCH3 and OCH3 (Leo et al. 1971; i.e., π	=	0.45	and	−	0.47,			
respectively), and the poor H-bond acceptor properties of sulfur (Allen et al. 1997). 
Menger and colleagues have already discussed the role of a thioether bond and its 
effect on the CMC (Menger and Shi 2006; Lundberg et al. 2008), its magnitude 
depending essentially on its position within the hydrophobic tail, the farther to the 
polar head group, the stronger the increase of the CMC. For instance, the CMC of 
n-octyl-β-D-glucopyranoside	 is	 in	 the	20–25-mM	range	whereas	 that	of	 its	 thio	
analog, n-octyl-β-D-thioglucopyranoside,	is	9	mM,	i.e.,	close	to	that	of	n-nonyl-
β-D-glucopyranoside	(6.5	mM;	Wenk	and	Seelig	1997). This demonstrates that a 
sulfur atom, when grafted directly to the polar head, contributes almost like a CH2 
group.

The second series of F-surfactants has a smaller linker, with one out the sulfur 
atom and one methylene group less with respect to the first one. We found that the 
CMC of F6H3Diglu (compound 13, second series) is about four times larger than 
that of F6Diglu (compound 6, first series) with CMC of ~ 1 and ~ 0.2 mM, respec-
tively. Similarly, the CMC of F6H3Triglu is about three times larger than that of 
F6Triglu (compounds 15 and 8, with CMC of ~ 3 and ~ 1 mM, respectively). The 
same trend is also observed for the DigluM compounds (compounds 14 and 7, with 
CMC of ~ 0.8 and ~ 0.4 mM, respectively), however with a smaller (~ 2) magnitude. 
Compared to the 12–14 times increase of the CMC observed when adding two 
methylene groups (see the CMCs of compounds 1–4), the addition of S-CH2, with 
the sulfur atom at three atoms distance from the polar head group, increases the 
CMC only slightly. In addition, and as underlined above, H2F6-surfactants behave 
atypically, as H2F6Diglu (compound 10) and H2F6H3Diglu (compound 16) exhibit 
similar CMC values (0.35 and 0.37 mM, respectively).

As we discussed above, the nature of the chain has no strong effect on the Amin 
values within the same series. However, when comparing the two series, higher 
molecular area was recorded for the second one with that of F6H3Diglu (compound 
13) being 25 % higher than that of F6Diglu (compound 6). This difference might 
be explained by the kink induced by the presence of a sulfur atom within the chain 
of the first series, which would result in a better stacking of the molecules at the 
air–water interface.
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8.3.3.3 Contribution of the Polar Head: General Considerations

As a general trend, the CMC value of a surfactant decreases when increasing its 
global hydrophobicity, a manner to minimize the unfavorable interactions with 
the aqueous phase, facilitating thereby micellization. The hydrophobicity of a 
surfactant is expected to decrease when increasing the volume of the polar head, 
such as the number of saccharides for instance. The presence of hydroxyl groups 
in the polar head, in general, favors the formation of H-bonding, which in turn 
may delay micelle formation (Venkatesan et al. 1994). However, it appears that 
the volume distribution as well as the stereochemistry of the saccharides have a 
strong influence on the micellization (Soderberg et al. 1995; Garofalakis et al. 
2000). Indeed, the number of saccharide moieties may affect micellization in 
a rather limited way. For instance, dodecyl alkyl chain-based derivatives with 
maltose-based and polydextrane polar heads (2 and 9 linear glucose moieties, 
respectively) were found to exhibit very similar CMC values (Zhang and March-
ant 1996).

8.3.3.4 Increasing the Number of Glucose Groups in the Polar Head

With the F-surfactants of the first series, however, an increase in the number of 
glucose groups on the polar head results in an increase of the CMC. For the given 
F6-chain (compounds 5, 6, 8), adding one and two glucose group increased 2 and 
8 times the CMC, respectively. The branched arrangement of the polar head favors 
the formation of H-bonding with water, and as a consequence may result in higher 
water solubility. Clearly the log k′W value of F6Monoglu was higher than that of 
F6Triglu (5.2 and 4.7, respectively), confirming the influence of the overall hydro-
phobicity on micellization. This same general behavior was found for H10-, H12-, 
and H2F6- surfactants described in Table 8.2.

In contrast, the CMC of propyl-ended surfactants is not significantly affected 
by the polar head size: H3F6H3Diglu (compound 16) and H3F6H3Triglu (compound 
20) exhibit similar CMCs of 0.08 and 0.07 mM, respectively, their hydrophobic 
character being comparable. A similar observation was made on a series of galac-
tosylated surfactants having long fluorinated chain (C8F17; Polidori et al. 1994), 
and this was further confirmed with a series of galactosylated ethyl-ended HF-
surfactants (Barthelemy et al. 1999). This indicates that the effect of adding a sugar 
moiety is lower when the surfactant has a low CMC.

For a given hydrophobic chain, increasing the polar head size, demonstrated 
by higher Amin values, is expected to induce higher γmax values, as a consequence 
of a greater gap between surfactant molecules and weaker interactions between 
them at the air/water interface. This rule is in a perfect agreement with the results 
obtained with F-surfactants and H-surfactants. However, no significant changes 
were observed with HF-surfactants (Table 8.2). This proves once again the peculiar 
behavior of these compounds at the air/water interface.
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8.3.3.5 Difference Between Glucose and Galactose-Based Polar Heads

Although glucose and galactose are structural isomers, they exhibit different physical-
chemical properties such as water solubility. The effect of the nature of the sugar moi-
ety grafted onto the polar head is underlined in the difference of the CMC of the Triglu 
and Trigal surfactants (compounds 8 and 9, 11 and 12). The galactosylated derivatives 
exhibit CMCs that are half that of the glucosylated ones. This is reasonably explained 
by the lower solubility of the galactose compared to the glucose, a consequence of the 
stereochemistry of the hydroxyl groups. Compared to galactose where the hydroxyl 
group in position 4 is axial, that of glucose is equatorial which is more favorable to the 
formation of H-bonding and therefore delays the micelle formation.

8.3.3.6 Conclusion on the Surface Activity

F-surfactants exhibit a lower CMC, a decreased γmax, and a slightly larger Amin than 
the hydrogenated homologs. The peculiar behavior of HF-surfactants with the ethyl 
tip—same CMC, similar log k′W, but increased γmax and slightly larger Amin—is 
most likely related to: (1) a poor packing induced by unfavorable van der Waals 
interactions between the hydrocarbon and fluorocarbon segments of these hybrid 
surfactants (Lebaupain et al. 2006; Abla et al. 2008) and (2) the acidic character of 
the methylene adjacent to the F-core (Kirsch 2004), as a consequence of the high 
electron-withdrawing effect of the fluorine atoms. This may favor the formation of 
H-bonds with water molecules which in turn may increase the affinity of the surfac-
tant for the aqueous phase and lessen at the same time the hydrophobicity of H2F6-
surfactants. As a result of the addition of these two effects, micellization is delayed. 
This is in agreement with the findings by Eastoe et al. (2001) who demonstrated 
that, upon replacing the terminal CF3 group of a nonionic fluorinated surfactant by 
an H-CF2 group, the CMC increases by a factor of ~ 4.

We observed a different scenario with the propyl-ended derivatives exhibiting 
more pronounced hydrophobicity as demonstrated by higher log k′W (e.g., 5.2 for 
H3F6H3Diglu and 4.5 for F6H3Diglu), and favored micellization compared with 
their shorter perfluorinated analogs. This suggests that the acidity of the methylene 
group vicinal to the fluorinated core is largely compensated by the additional CH3–
CH2 group, while in the case of the ethyl-ended compounds the additional CH3 is 
not sufficient.

8.3.4 Shape and Size of the Micelles

8.3.4.1 Calculation of the Critical Packing Parameter

When calculating the CPP introduced in Sect. 2.4, the distinction between hydro-
phobic tail and polar head calls for caution. Indeed, the first methylene group of 
the tail, which is attached to the polar head group of surfactant, lies within the 
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hydration sphere of the head (Rosen 2004). Thus, it does not possess any hydro-
phobic character and should not be considered part of the tail. In the present work, 
we assume that the hydration sphere of the glucose-based polar head includes the 
TRIS moiety, the amide bond being the frontier with the tail. Estimation of the 
length and volume of hydrophobic chains (Table 8.3) is done thanks to values from 
the literature. While the length of the CH2-CH2 bond is 1.265 Å (Tanford 1980), 
those of CF2-CF2 and CF2-CH2 are 1.3 and 1.28 Å, respectively (Lo Nostro and 
Chen 1993), and 1.1 Å and 0.9 Å are the respective contributions of the termi-
nal C–F and C–H bonds (Fig. 8.6). According to the C–S bond length and C–S–
C angle value observed in dimethyl sulfide, we derived a contribution of 1.38 Å 
for the C–S bond within the chain. Finally, we added half a bond length (0.6 Å) 
corresponding to the link between the tail and the head. Hydrophobic chains are 
not fully extended within the micelles, so that the effective length of the chain l0 
is shorter than the maximum extended length. We consider for the hydrocarbon 
tail the usually employed corrective factor (~ 0.75). Due to the greater stiffness 
(Srinivasan and Blankschtein 2005) and the reduced conformational freedom of 
the helical structure of fluorocarbon chains (Kirsch 2004), we can assume that the 
approximated extended lengths of F-and HF- chains give a good approximation 
of their effective lengths. Steric volume are calculated with the following values: 

Fig. 8.6  Estimation of the maximum extended length of HF-surfactants
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54.3 and 26.9 Å3, respectively, for a CH3 and a CH2 unit (Tanford 1980), and 86 
and 41 Å3, respectively, for a CF3 and a CF2 (Lo Nostro and Chen 1993). That of a 
sulfur atom was taken as 30 Å3.

The CPP values were calculated according to the geometrical parameters listed 
above and reported, as the results, in Table 8.3.

8.3.4.2 Experimentally determined Size and Shape of the Micelles

The experimental hydrodynamic diameters determined by DLS, and aggregation 
numbers and shapes determined from AUC and SANS, are reported in Table 8.3. The 
DLS values for the unpublished derivatives were determined at concentrations sev-
eral times above their CMC. The results clearly show the impact of the volume of 
the surfactant polar head on the size of the micelles formed in aqueous solutions. All 
surfactants bearing Diglu or Triglu (or Trigal) polar head groups self-organize into 
small and well-defined globular micelles, with apparent hydrodynamic diameter ( DH) 
of 5–7 nm and aggregation numbers below 70. In addition, for both series, surfactants 
with three sugar groups in the polar head formed slightly smaller micelles than those 
with two sugar groups (compounds 4, 8, 11, 15, and 20 vs. 3, 6, 10, 13, and 18). The 
surfactant bearing a single glucose moiety forms large rod-like micelles with size in-
creasing with concentration, and large DH and aggregation number (above 25 nm and 
1,000, respectively, for concentration of some mg/mL).

8.3.4.3 Validity of the CPP Model for Branched Fluorinated Surfactants

Within each family and for a given tail, the DH of micelles decreases when the mo-
lecular area ( Amin) increases, which is in perfect agreement with an increase in the 
volume of the polar head. This is obvious for the F-surfactants of the first series, 
where the small Amin value for F6Monoglu corresponds to a DH distribution signifi-
cantly shifted to large values, as compared to F6Diglu and F6Triglu (Fig. 8.7). In-
terestingly, when looking at the two series, a good correlation between Amin and the 
CPP values was observed (Fig. 8.8). Among the 17 derivatives plotted in Fig. 8.7, 
15 have Amin values comprised between ~ 90 and 140 Å2 and DH comprised be-
tween 5 and 7 nm, which is in good agreement with their CPP values below or 
close to 1/3, indicative of globular micelles. F6Monoglu, for which the CPP of 0.54 
would correspond to the formation bilayers or cylinders, self-assembles into rod-
like micelles. Only the F6DigluM—forming globular compact micelles—is out of 
the frame as its CPP value of 0.38 would predict elongated micelles in relation to its 
relative small polar head (~ 75 Å2).
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Fig. 8.7  Hydrodynamic diameter distribution statistical plot by volume from DLS for F6Monoglu, 
F6Diglu, and F6Triglu at 4 mM in pure water

     

Fig. 8.8  3D correlation 
between CPP, Amin, and 
DH for the two series of 
F-surfactants
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8.4 Biochemical Applications of Fluorinated Surfactants

A detailed description of the application of F-surfactants has already been reviewed 
in Breyton et al. 2010 and Popot 2010. These included stabilizing MPs in solu-
tion (Breyton et al. 2004; Talbot et al. 2009), in vitro synthesis (Park et al. 2007), 
inserting proteins into preformed membranes (Posokhov et al. 2008 and referenc-
es therein), and MP refolding (Lebaupain 2007). The comparison of F6Monoglu, 
F6Diglu, and F6Triglu showed clearly the inability of the surfactant bearing three 
sugar groups to stabilize the b6 f. The same inability was noted when using H2F6Tri-
glu, F6Trigal, and H2F6Trigal. We will here review what has been published since 
2010, with the emergence of a particularly interesting application in SANS of mem-
brane complexes, and with the use of F-surfactants for single particle analysis of 
MPs by electron microscopy.

8.4.1 MP Stabilization

The stabilization effect of F-surfactants for biochemical and biophysical charac-
terization of MPs was demonstrated on the two human membrane receptors of the 
Sonic hedgehog signaling pathway, the 12-transmembrane-helix plasma membrane 
Patched (hPtc; Joubert et al. 2010), and the G protein-coupled receptor (GPCR) 
Smoothened (hSmo; Nehmé et al. 2010). The two proteins were overexpressed 
independently in the plasma membrane of the yeast Saccharomyces cerevisiae, 
purified and characterized. The stability of the proteins was monitored after mem-
brane solubilization in n-dodecyl-β-D-maltopyranoside	(DDM)	and	surfactant	ex-
changed during the purification, by the ability of the membrane receptor to bind 
to its ligand by surface plasmon resonance technology. HPtc and hSmo showed 
increased stability over time when transferred in F6- and F8-TAC, respectively. 
In particular, whereas the melting temperature of hSmo in F6-TAC was decreased 
by 7 °C when compared to that in DDM, it was increased by 5 °C when in F8-
TAC. Whereas the stabilizing effect of F8-TAC is very encouraging for further 
structural studies, the opposite effect of F6-TAC is more surprising, as it proved 
stabilizing for the ATP-synthase dimer (Talbot et al. 2009) and for other proteins. 
It was explained by the authors by a better ability of the longer chain surfactant 
to shield the hydrophobic domain of the protein. This points to the necessity of 
developing different surfactant molecules, as there does not exist a universal one 
that would suit all MPs. Interestingly, synergic stabilizing effects are observed 
with a point mutation in the third helix of hSmo and solubilization of the protein 
in F8-TAC, increasing the melting temperature by 13 °C with respect to that of the 
wild type (WT) in DDM. The authors note, however, the difficulty to compare sur-
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face plasmon resonance signals for the protein solubilized in different surfactant 
because of difference (dn/dc) for DDM and F-surfactants (Nehmé et al. 2010). An-
other interesting study is that of Cho et al., who have grafted fluorine-containing 
benzene derivatives onto a maltose-neopentyl glycol (MNG, presented in Sect. 4) 
scaffold. This F4-MNG molecule seems to be easily synthesized in high yields, 
and confers enhanced stability on Rhodobacter capsulatus supercomplexes com-
pared to conventional detergents and nonfluorinated MNG amphiphiles (Cho et al. 
2013). Furthermore, we have shown the stabilizing properties of F6DigluM (Abla 
et al. 2012) and derived molecules (Abla et al. in preparation) on our test protein, 
bacteriorhodopsin.

8.4.2 Cell-Free Synthesis

Cell-free synthesis is an alternative to the production of proteins. It couples, in the 
test tube, transcription and translation reactions, allowing to circumvent the toxic-
ity and/or the crowding of the membrane insertion machinery in vivo, which often 
leads to poor MP overexpression yields (Bernhard and Tozawa 2013). The use 
of different F-surfactants to accommodate and solubilize the newly synthesized 
protein was further investigated on different protein systems. One advantage of 
this technique is that it does not include a surfactant-exchange step for further bio-
chemical and biophysical characterization. (H2)F6-TAC, F8-TAC, and (H2)F6Diglu 
proved compatible with the cell-free synthesis machinery, and allowed the produc-
tion of soluble bacterial proteins as the leader peptidase and bacteriorhodopsin 
(Breyton et al. 2009; Park et al. 2010). Cell-free synthesis of the mitochondrial un-
coupling protein, i.e., a eukaryotic protein, was also investigated, screening a wide 
range of conventional and noncommercial surfactants. The best results, both in 
synthesis yield and solubilization of the protein, were obtained when the synthesis 
reaction was performed in the presence of the F-surfactant F8-TAC combined with 
small amounts of cardiolipin. This latter additive is an inner mitochondrial mem-
brane lipid, known to interact with and stabilize a structural homologue of this 
protein (Nury et al. 2005). The purified protein showed to be monomeric and cor-
rectly folded with a melting temperature as high as 60 °C, in yields up to 0.8 mg/
mL of reaction mixture, i.e., entirely compatible with structural studies (Blesneac 
et al. 2012). Success was also achieved with the adenosine diphosphate (ADP)/
adenosine triphosphate (ATP) carrier, in particular to obtain deuterated protein 
(Breyton et al. 2013b).
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8.4.3 Refolding of MPs

A very promising application of F-surfactants is the refolding of MPs. We have 
demonstrated the proof of concept on the refolding of the outer MP A (OmpA), 
a β-barrel protein, and bacteriorhodopsin, a seven-helix bundle protein that 
covalently binds a retinal molecule. Retinal is a convenient reporter of protein 
folding, as it displays a purple color when it is correctly inserted in the protein 
(maximum absorption spectrum 555–570 nm), and yellow when it is free in the 
surfactant micelle (maximum 380 nm). Refolding yields of up to 95 % were ob-
tained with F6-TAC (Fig. 8.9). The protein however is not monodisperse, as a 
sucrose gradient analysis shows that monomers, dimers, and higher molecular 
weight oligomers are present as well. We suspect that purple membrane patches 
are reconstituted. It is interesting to note that no refolding at all could be observed 
with the F8-TAC. Hemifluorinated anionic surfactants were also used to promote 
the refolding of the soluble protein bovine carbonic anhydrase. The rationale to 
use partially fluorinated surfactants was that they would have high enough af-
finity for hydrophobic residues exposed in an unfolded state to prevent protein 
aggregation, yet have a low enough affinity that they can be readily displayed 
by dialysis. Results show that up to 95 % refolding, after thermal or chemical 
denaturation, can be obtained with hemifluorinated anionic surfactants (Singh and 
Flowers 2010).

Fig. 8.9  Refolding of bacteriorhodopsin in the presence the F6-TAC or H2F6-TAC. Purple mem-
brane was denatured by addition of 5 % SDS, releasing retinal ( yellow). The preparation was then 
supplemented with either lipids ( PC), 15-mM octylthioglucoside ( OTG), no surfactant ( no det), or 
F6- or H2F6-TAC at the indicated concentration. Refolding is initiated by precipitating the dodecyl-
sulfate with K+ ions, followed by dialysis (Popot et al. 1987). It is indicated by the reappearance of 
the purple color. Spectrum analysis of the samples confirms the results and allows quantification 
of the extent of renaturation ( % below the tubes). (Lebaupain 2007)
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8.4.4  F-surfactants as “chaperones” for Protein 
Insertion in Membrane

Ladokhin’s group has been investigating the thermodynamics of membrane inser-
tion of model proteins with F-surfactants (F6- and F8- and H2F6-TAC) as “chap-
erones.” Indeed, their poor miscibility with membranes makes them particular-
ly useful for thermodynamic studies of membrane insertion under equilibrium 
conditions.

The first studies were performed using diphtheria toxin T-domain, which at neu-
tral pH exists as a soluble globular protein, and upon acidification is converted into 
a membrane-inserting form (see Posokhov et al. 2008 and references therein). The 
effects of sub-CMC concentrations of several surfactants on the thermal denatur-
ation of the T-domain was recently investigated, in order to identify compounds 
that would show the lowest perturbation on the unfolding of the soluble form of 
the T-domain. F-surfactants, especially F6-TAC, stand out as the best candidate for 
various thermodynamic studies of MPs (Kyrychenko et al. 2012b).

This general “chaperone” approach was further applied to measure, using F6-
TAC, the free energy of insertion of a single transmembrane helix, the fluores-
cently labeled WALP peptides. Fluorescence correlation spectroscopy was used 
to measure very precisely the fraction of peptide bound to the membrane, and 
thus to measure the free energy of membrane insertion of different peptides, 
WALP23 and WALP27, which differ only in the insertion of LALA in the hydro-
phobic core of the latter. Their comparison allowed to determine the partitioning 
free energy of this small sequence from the aqueous environment into the hy-
drocarbon core in the context of a continuous helical segment. This, in turn, al-
lowed	to	calculate	the	unfavorable	contribution	of	the	backbone	(ΔG = + 2.2 kcal/
mol), which very closely coincides with previous estimates (see the discussion 
in Kyrychenko et al. 2012a). Thus, the use of F-surfactants allowed a very thor-
ough thermodynamical study of membrane insertion of proteins under equilibri-
um conditions, that were otherwise forbidden by the insolubility of hydrophobic 
peptides/protein and the solubilization of the membrane when detergents were 
used to solubilized the peptides.

Quite different conclusions were found by Raychaudhury et al. (2011). In-
deed, they observed that F-surfactants (F6-Foscholine, F6H2maltoside, and F6-
TAC presented in Fig. 8.2) prevent protein insertion into preformed membranes 
rather than promoting it. Three pore-forming proteins were tested: staphylococcal 
α-hemolysin,	which	forms	a	pore	when	it	heptamerizes	in	the	membrane;	MspA,	
an octameric porin from Mycobacterium smegmatis; and Kcv, a tetrameric po-
tassium channel from the chlorella virus, all three proteins purified in sodium 
dodecyl sulfate (SDS). The tools to quantify insertion of the membrane were the 
leakage of a self-quenching dye sequestered in the liposome (macroscopic obser-
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vation), and patch-clamp measurements in planar lipid bilayers (single-channel 
recording). This “membrane insertion inhibitory ability” of F-surfactants was tak-
en as an advantage in view of patch-clamp measurements in planar lipid bilayer, 
which needs very few insertion events. The authors propose that the proteins are 
sequestered in the F-surfactant phase when these latter are added at concentra-
tions higher than their CMC. Transmission electron microscopy (TEM) images 
of F6-Foscholine are presented that show vesicle-like aggregates, in which the 
protein would be inserted and “sequestered.” Indeed, we have shown that F6H3 
maltoside forms large, probably cylindrical micelles and that protein–surfactant 
complexes are heterogeneous (Polidori et al. 2006). However, this is not true for 
F6-TAC, which forms small aggregates (Dupont et al. 2003), making this seques-
tering hypothesis weaker. The experimental setup between the experiments of 
Raychaudhuri et al. (2011) and the Ladokhin’s team differs: In the latter, the pro-
teins are solubilized in the F-surfactant prior to being mixed with the membrane, 
whereas the proteins are solubilized in SDS and the F-surfactant added after in 
the former case.

This work of Raychaudhuti et al. (2011) confirms previous observations 
(Rodnin et al. 2008 for F6-TAC) by showing that the three investigated F-
surfactants did not permeate membranes, neither by hemolitic assay, liposome 
leakage, nor patch-clamp measurements. F6Diglu however has been shown 
to induce leakage on liposomes in conditions where F6-TAC does not (Kyry-
chenko et al. 2012b).

8.4.5 Structure of MPs from Small-Angle Scattering

A very promising application of F-surfactants, demonstrated for F6DigluM, is 
their use for structural investigation of proteins within a MP complex using SANS. 
SANS combined to deuterium labeling of specific proteins within a multi-subunit/
protein complex and with variation of the D2O % in the experimental buffer, is a 
particularly powerful technique to monitor conformational changes undergone by 
each protein within the complex. Indeed, at a defined D2O % of the buffer (~ 45 % 
D2O), which is defined as the contrast match point, the scattering of hydrogenated 
proteins is cancelled, whereas that of deuterated proteins is highlighted. In a MP 
sample, an additional component needs to be considered: free micelles and bound 
detergent (Breyton et al. 2013b). We have shown that the contrast match point of 
micelles of F6-Diglu (Abla et al. 2008; Breyton et al. 2009) and F6DigluM (Abla 
et al. 2012; Breyton et al. 2013b) is very close to that of hydrogenated proteins. 
Thus, when an MP complex is solubilized in these compounds, both the surfactant 
contribution and that of hydrogenated proteins can be cancelled in the same buf-
fer conditions, allowing structural investigation of the deuterated protein within 
the complex. The feasibility of this approach has been experimentally validated 
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in the case of conformational changes occurring upon formation of the complex 
between pb5, the receptor-binding protein of phage T5, and its receptor FhuA, an 
E. coli outer-membrane protein. The structure of each partner in the context of the 
complex was determined and compared to its structure in solution (Fig. 8.10). We 
could show that upon formation of the complex, neither FhuA nor pb5 undergoes 
large conformational changes (Breyton et al. 2013a). This was an unexpected re-
sult that constrains the mode of transmission of the binding information to the rest 
of the phage.

8.4.6 Structure of MPs from Electron Microscopy

Another very interesting application of F-surfactants, based on their inability to 
mix with detergents, is their use to promote the concentration and orientation, and 
possibly the two-dimensional (2D) crystallization of MPs for imaging by electron 
microscopy. The proof of concept was made using partially fluorinated lipids (Le-
beau et al. 2001): The air–water interface is saturated with an F-surfactant, whose 
polar head bears a nitrilotriacetic (NTA) Ni2+-chelating group. The detergent-
solubilized His-tagged protein is then injected in the subphase. The F-surfactant 
monolayer at the air–water interface is not perturbed by the presence of the de-

Fig. 8.10  SANS contrast strategy to highlight specific proteins of the FhuA-pb5-detergent com-
plexes: deuterated proteins ( d protein) are represented in salmon pink. Hydrogenated proteins ( h 
protein) and the F6DigluM micelles are represented in cyan, as is the 46 % D2O buffer in which 
they are contrast matched
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tergent, even at concentrations over its CMC. His-tag binds to the Ni-NTA head 
group, and the protein is thus concentrated and oriented beneath the F-surfactant 
monolayer. The addition of detergent-solubilized lipids followed by that of Bio-
Beads in the subphase allows the protein to be further reconstituted in a bilayer 
that can form 2D crystals. The bilayer tethered to the monolayer is then trans-
ferred onto an electron microscopy grid and imaged. This technique was recently 
applied using a new F-surfactant (Dauvergne et al. 2008) for the investigation of a 
megadalton MP complex, the ATP-sensitive potassium channel regulatory sulfo-
nylurea receptor (Fotinou et al. 2013). Single-particle electron microscopy of the 
purified subunit tethered to the F-surfactant monolayer reveals that it assembles 
as a tetramer of four subunits surrounding a central hole. Homology modeling 
showed that this latter can accommodate the potassium channel tetramer (Fotinou 
et al. 2013).

8.4.7  Conclusion on the Biochemical Properties 
of Fluorinated Surfactants

F-surfactants stand up to their expectations, and have proven very useful for dif-
ferent types of applications, for which classical detergents fail. One application 
that we have not seriously investigated is the crystallization of MPs. Two options 
are available: Lipidic mesophase phase crystallization, where the surfactant-sol-
ubilized protein is added to a lipidic cubic or sponge phase, is the first one. The 
protein inserts in the membrane-like environment of the lipidic mesophase, which 
stabilizes sensitive proteins and leads to type I crystal packing (Caffrey 2009). In 
this crystal packing, crystal contacts are formed between both polar and nonpolar 
parts of the protein (Caffrey 2009). As the protein inserts in the mesophase, the sur-
factant is not present in the crystal. We have seen above that F-surfactants are sta-
bilizing toward fragile MPs, and a very convenient medium for MP insertion into 
a lipid bilayer. Lipid mesophase crystallization using F-surfactants-solubilized 
proteins would therefore be quite appropriate. The other—and more commonly 
used—alternative is the crystallization of the surfactant-protein complex, using the 
vapor-diffusion method. In this case, type II crystal packing, where crystal contacts 
are formed exclusively between the polar parts of the protein, itself being sur-
rounded by the surfactant belt, is generally favored (Ostermeier and Michel 1997). 
Thus, small micelle-forming detergents are considered as more favorable to pro-
mote crystal contacts (see Sect. 8.5). Unfortunately, these are also usually the more 
denaturing ones. The use of F-surfactants could be very interesting to investigate: 
because protein-protein and protein-lipid interactions are favored over protein-F-
surfactants ones; in vapor-diffusion crystallization conditions, type I crystals could 
be favored. Having more crystal contacts, type I crystals are usually better ordered 
and diffracts at higher resolution. The addition of lipids to MP-fluorinated surfac-
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tant complex could be necessary, or not, given that lipids sometimes co-purify with 
proteins (Palsdottir and Hunte 2004).

8.5  Sugar-Based Nonconventional Amphiphiles for MP 
Study: An Overview

8.5.1 Introduction to Table 8.4

To keep this section reasonable in length, we will focus on the molecules de-
veloped in the past 5 years and that bear a sugar head group. Indeed, these past 
years have witnessed an explosion in the development of new amphiphiles for 
the manipulation of MPs, and the large majority bears a sugar-based head group. 
This mainly stems from the large popularity of DDM among biochemists, as it is 
indeed one of the most stabilizing detergents in MP biochemistry and the most 
used one for MP crystallization. However, DDM is often not good enough for 
proteins that are highly dynamic, in particular GPCR that are in equilibrium be-
tween multiple conformations. These latter proteins are unstable, denaturing, and 
precipitate rapidly when extracted from the membrane and manipulated in de-
tergent. Thus emerged the need to develop alternative detergents/amphiphiles to 
manipulate more fragile proteins (see also reviews, Tate and Schertler 2009; Bill 
et al. 2011; Sonoda et al. 2011; Zhang et al. 2011; Kang et al. 2011). Tables 8.4 
and 8.5 presents the different classes of new amphiphiles, the rationale for their 
development and the structure of the lead compound. The main physical-chemical 
characterization of the micelle is also listed when available (CMC, Nagg, Rh, and Rg), 
together with the capacity of the amphiphile to solubilize biological membranes 
and stabilize MPs. When explored, success for specific applications is mentioned, 
in particular crystallization. In the following, please refer to Tables 8.4 and 8.5 for 
references and chemical formulas.

8.5.2 Rational for Developing Different Amphiphile Families

As regards the rationale of the development of new amphiphiles, we can distinguish 
different motivations, which are not exclusive to one another:

1. One of the hypotheses for the instability of solubilized MPs is the highly flex-
ible nature of the alkyl chain of the detergent. F-surfactants, cyclic-maltosides, 
steroid-based maltosides, and tripods addressed this issue by rendering the 
hydrophobic moiety of the molecule more rigid: This was attained either by 
substituting hydrogen to fluor atoms ( F-surfactants, see earlier sections), incor-
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porating cycles (phenyl and/or cyclohexyl, and steroids, producing cyclic-malto-
sides, facial amphiphiles, steroid-based di-maltosides, and tripods), branching 
the hydrophobic moiety with three short chains (tripods), or by anchoring the 
hydrophobic chain at both ends in the Bola-maltosides. Dodecyl-trehalose falls 
in this category if we consider the head group that has a greater rigidity that the 
maltoside group.

2. Another rationale is the mimic of lipids able to stabilize solubilised MPs. 
Maltoside-neopentyl glycols (MNG; and to a lesser extent glucoside deriva-
tives) indeed bear two hydrophobic chains of equal length, and the branched 
maltosides bear a long main chain and a shorter branch, mimicking the depar-
ture of a second alkyl chain. These latter molecules were designed to prevent 
water penetration into the micelle, increasing the hydrophobicity in the interior 
of the micelle, thereby stabilizing the protein–detergent complex (PDC). The 
design of Bola-maltosides was inspired by the lipids found in the membranes of 
extremophyles. In the native membrane, cholesterol interacts with many eukary-
otic proteins, including GPCRs, and greatly stabilizes them in mixed detergent 
micelles. However, cholesterol and its analogue cholesteryl hemisuccinate are 
poorly soluble and increase the size of the detergent-mixed micelles. Mim-
icking cholesterol was the rationale for the development of the steroid-based 
amphiphiles, which share with cholesterol the steroid moiety. This is the case of 
CHOBIMALT, the steroid di-maltosides and the facial-amphiphiles presented in 
Table 8.4.

3. When the ultimate goal is the crystallization of the PDC, the aim is to reduce 
the size of the micelle. Indeed, the smaller the detergent belt around the hydro-
phobic domain of the protein, the more the possibilities of crystal contacts 
between the hydrophilic parts of the protein. Shortening the alkyl chain length 
of the detergent can straightforwardly reduce the micelle size, but corresponds 
to more denaturing detergent. Branching multiple hydrophobic short tails 
or rigidefication of the molecule are issues to obtain small, nondenaturing 
micelles. This motivated the development of the glucoside neopentyl glycol 
(GNG) with two short alkyl chains. Dodecyl-trehalose has, in addition to an 
alkyl chain, a rigid head group—and different possibilities of coupling them. 
The presence of a small, branched chain in branched maltosides allows the 
main chain to be shorter while keeping the overall hydrophobicity of the mol-
ecule. Tripods with two short alkyl chains (four carbons) and a third phenyl 
one are expected to form small micelles. Finally, the facial amphiphiles, which 
have much smaller aggregation number than conventional detergents, were 
also designed with the aim of forming smaller PDC. In all cases, the strategy 
proved successful, and fragile MPs were stabilized, as well as or, more often 
much more than in DDM or other conventional detergents. As for conventional 
detergents, it is noted however that proteins are in general more stable with 
longer alkyl chains: MNG is better than GNG, which is still as good as or bet-
ter than DDM. When tested, these new amphiphiles also stabilize MPs when 
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Family
Compound

Example

F- and HF- 
surfactants

Neopentyl-
maltosides

MNG 

Neopentyl-
glucosides 

GNG 

Branched-
maltosides 

Cyclic 
maltosides 

Cholesterol-
based 
detergent 

Table 8.5 Sugar-based non-conventional amphiphiles for membrane protein study: names and 
chemical formulae.

         



242 G. Durand et al.

Family
Compound

Example

Steroid-based 
di-maltoside 

Steroid-based 
facial 
maltosides 
and pho-
scholines 

Facial 
maltosides 

Bola-amphi-
philes 

Tripods 

Table 8.5 (continued)
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Family
Compound

Example

Dodecyl-
trehaloses 

DDM (for a 
comparison)

Table 8.5 (continued)

they are at concentrations well above their CMC (Breyton et al. 2004; Chae et al. 
2010c; Hovers et al. 2011; Chae et al. 2012). This is not the case for conven-
tional detergents (e.g., Breyton et al. 1997). In some cases, the efficiency of the 
amphiphile proved enhanced when used in mixed micelles with conventional 
detergents, as for CHOBIMALT and Bola-maltosides (Li et al. 2009; Howell 
et al. 2010).

8.5.3 The Importance of the Variation Around the Theme

For each strategy, several molecules are synthesized and tested. Indeed, even if 
one can have guesses at the general physical-chemical trend of a designed mol-
ecule, predicting accurately its behavior is more difficult. Furthermore, biochemis-
try of MPs is still a trial-and-error science. Subtle modifications in the amphiphile 
can affect protein stability and crystal quality: the sodium-proton antiporter NhaA 
forms	well-diffracting	crystals	in	α-DDM,	when	they	are	of	poor	quality	in	β-DDM	
(Screpanti et al. 2006). In addition, what is best for one protein is not necessarily 
what is best for the next, as each protein behaves its own way.

•	 In	the	F-surfactant series, a number of parameters were varied, that had inter-
esting effects on the physical chemistry of the aggregates (see Sect. 8.3), as in 
biochemistry (see Sect. 8.4).

•	 In	the	neopentyl	glycol	series,	the	length	of	the	alkyl	chain	(C5-C10) and of the 
head group (maltose or glucose) was varied, as the chemical nature of the link-
er between the hydrophilic and hydrophobic moieties (amine, MNG-1, ether, 
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MNG-2, or direct C–C linkage, MNG-3; Chae et al. 2010c). This latter param-
eter, for example, had an effect on the CMC of the different compounds, but 
also on their capacity to solubilize membranes and to stabilize MPs: MNG-1 
was found less efficient at solubilizing membranes than DDM, whereas MNG-
2 and 3 were as efficient (Chae et al. 2013b). This could correlate with the 
CMC of MNG-1 being twice that of MNG-2 and MNG-3. As regards the GNG 
series, the CMC of GNG-1 and 3 is one order of magnitude higher than that 
of MNG derivatives, while that of GNG-2 is in the same range. GNGs were 
generally stabilizing; however, the Leucin transporter was less stable in any 
of them when compared to either MNGs or DDM. As a rule, within each se-
ries, MNG-3 and GNG-2 proved more stabilizing toward proteins tested (see 
Table 8.4). It is interesting that both molecules form relatively large aggregates 
of Rh ~ 7–10 nm while for the others, smaller aggregates of Rh ~ 2.5–3.5 nm 
were observed.

•	 In	the	case	of	branched	maltosides,	different	length	of	the	main	chain,	with	six	to	
nine carbons, was investigated, in combination with the shorter chain with one 
to three carbons. Regarding the CMC, each carbon increment on the short branch 
is equivalent to a half-carbon increment on the main chain. The addition of a 
methyl branch reduces the micelle size, the presence of an ethyl branch increases 
it slightly, and the branching of a propyl group induces the formation of larger 
aggregates, the effect being more pronounced on the longer-chained maltosides. 
The effect of the addition of a methyl group either on the sixth or tenth carbon of 
the main chain was also investigated. In the latter, micelle size was not affected, 
whereas in the former, it increased from Rh ~ 3 to 4–6 nm. With regard to bio-
chemistry, different members of this family indeed stabilized different proteins 
in their membrane conformation/oligomeric state (Hong et al. 2010).

•	 In	the	cyclic-maltoside	family,	different	combinations	of	phenyl	and	cyclohexyl	
groups were grafted onto a maltoside head group. Whereas the number of car-
bon atoms was identical in each molecule, phenyl-containing molecules exhib-
its higher CMCs, and the bi-cyclohexyl group promotes a micelle of smaller 
curvature, with the radius of the hydrophobic core of the micelles estimated to 
1.12 nm, i.e., shorter than that of DDM (1.37 nm). Interestingly, its CMC was 
also significantly lower than DDM, suggesting that cycloalkanes lead to more 
hydrophobic and shorter tails than aliphatic alkanes with the same number of 
carbon atoms. Whereas the bi-cyclohexyl molecule (PCC-Malt) seems to be the 
favorite of the majority of the proteins tested, one of them is more stable with 
cyclic maltosides having a combination of cyclohexyl and phenyl groups (Hov-
ers et al. 2011).

•	 In	 the	 steroid-based	 di-maltosides,	 two	 steroid-based	 lipophilic	 groups	 were	
investigated, leading to glyco-diosgenin (GDN) and glyco-lithocholate (GLC), 
the latter being grafted to the di-maltoside head group via amine, ether, or C–C 
linkage. As for the MNG family, the nature of the linker in the GLC series influ-
ences slightly the hydrophobicity of the molecules, and their CMC, the amide 
derivative being the more polar compound. Both GLC and GDN form small 
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micelles of Rh ~ 3–4 nm, those of the GLC series being slightly smaller. How-
ever, for all proteins tested, GDN proved superior to GLD and DDM (Chae 
et al. 2012). CHOBIMALT is another steroid-based surfactant with two in-series 
maltosides as head group in contrast to the GDN and GLC series whose polar 
head is branched. The steroid moiety also differs. CHOBIMALT shows a choles-
terol-like behavior, with preaggregation below its CMC.

•	 In	the	steroid-facial	maltoside	family,	the	cholate	molecule	was	grafted	with	dif-
ferent sugars (glucosides or maltosides) or phosphocholine. The identity, num-
ber, and position of the polar groups significantly affect the detergent properties 
and their capacity to stabilize MPs (Lee et al. 2013).

•	 In	the	tripod	family,	the	location	of	the	branching	point,	whether	in	the	hydro-
philic or hydrophobic part of the molecule, and the nature of the phenyl tail, by 
introducing different alkyl substituents at the para position, were modulated. 
The addition of two carbons per alkyl chain results in a ~ 6-times drop of the 
CMC and a doubling of the Rh, and the addition of a tert-butyl group to the aro-
matic ring also induced a 9-times drop of the CMC and the formation of larger 
aggregates (Chae et al. 2013a). Sugar-based tripods exhibit good water solubil-
ity of up to ~ 20 % (w/v) which is significantly higher than that of the N-oxide 
derivatives.

•	 In	the	dodecyl-trehalose	family,	the	grafting	position	of	the	dodecyl	chain	onto	
the trehalose head group was shown to influence the physical-chemical prop-
erties of the resulting detergent. The differences observed in the CMC of the 
derivatives were not correlated with the hydrophobicity parameter, indicating 
that the position of the free hydroxyl groups and thus interaction between polar 
head groups play also a role in micellization. This was further confirmed by 
the size of the micelles formed by these derivatives, which ranged from small 
micelles (2-DDT, Rh = 2.9 nm) to large and polydisperse aggregates (4-DDT, Rh 
~ 6 nm). Interestingly, of the three proteins tested, two were more stable with 
one member of the family, while the third preferred another one (Tao et al. 
2012).

8.6 Conclusion

The Graal of “the” universal amphiphile for stabilizing and crystallizing MPs is 
clearly out of reach. It is unfortunate that no universal amphiphile suits every MP. 
Rather, each new family of amphiphile is another tool in the toolbox of the bio-
chemist. Depending on the question asked, on the technique tackled, and on the 
protein handled, one molecule will be more appropriate than another one. In this 
context, the availability of the molecules is an important issue for the biochemist. 
As indicated in Table 8.4, some of these amphiphiles are commercially available, 
whereas others are not, making their accessibility to the community more difficult. 
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As regards F-surfactants, we are currently working on the scale-up synthesis of the 
most promising agents to make them available to the community of biochemists and 
biophysicists. Among the particular applications for which resorting to F-surfac-
tants looks quite promising, one should cite the study of fragile complexes, struc-
tural investigation using SANS, cell-free synthesis, as well as the delivery of MPs 
to preexisting membranes.
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9.1  The Objectives: Why Make Artificial Membranes?

First, it is necessary to understand why biochemists wish to reconstitute membrane 
proteins into lipid vesicles and nonnative systems, and indeed there are several dif-
ferent reasons why this path could be taken. It is important to realize that there can 
be multiple objectives, as the shortcomings of a particular method for one objective 
might be an advantage for another. Historically, reconstitution has been aimed at 
both structural and functional studies. Structural studies can include not only the 
obvious determination of structure but also more subtle aspects of structure and the 
interplay of environment and structure, or the dynamics of the structure. Similarly, 
there are different aspects of function that can be targeted, many of which are acces-
sible only in reconstituted systems.

Structural studies, such as high-resolution three-dimensional (3D) structural de-
termination, can be conducted using 2D crystals formed in lipid membranes by 
using electron diffraction (e.g., Wang and Kühlbrandt 1992); however, these struc-
tures rarely compete with the structures obtained from X-ray diffraction (XRD) of 
3D crystals. However, this approach can be particularly rewarding when the or-
ganization of lipids around a membrane protein is of interest. For example, initial 
studies of aquaporins by X-ray crystallography did not find any associated lipids 
(Murata et al. 2000); however, 2D crystals of aquaporin can be formed in several 
different lipids, and indeed in the structure obtained by electron diffraction (Gonen 
et al. 2005), many lipids were resolved in the crystal structure, including a few that 
were not in direct contact with the protein. Reconstitution for such structural stud-
ies, which can provide high quality 3D structures and information on the immediate 
environment, this is one possible reason to make artificial membranes. The objec-
tive is high protein density, and so reconstitutions are typically at lipid-to-protein 
ratio of less than 0.5 mg/mg.

For functional studies, reconstitution is often necessary because membrane pro-
teins have transport activities. So ion channels are typically reconstituted into lipid 
bilayers for electrophysiological or transport measurements; for example, the KcsA 
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prokaryotic potassium channel was reconstituted at a lipid-to-protein ratio of about 
1,000 mg/mg for Rb2+ transport measurements (Heginbotham et al. 1998). This ap-
proach allows detailed functional measurements. Similarly, transporters and pumps 
need to be incorporated into vesicles to measure transfer in and out of the vesicle, 
and if giant vesicles are used, even patch clamp measurements (Doeven et al. 2005). 
These functional studies on isolated systems in native-like environments can pro-
vide detailed information on mechanism and function, but rely on reconstitution 
into artificial membranes.

In general, the different reconstitution schemes aim to obtain reconstitution of 
a purified component into an environment as close to native as possible. However, 
there are constraints on this degree of nativeness; for example, for crystallization, 
it is necessary that the proteins are driven to organize themselves into 2D, and 
therefore, as for 3D crystallization, it is necessary to work at high concentrations 
and cause precipitation. Working at high concentrations with purified components 
means that the reconstitution yield is quite critical. At the other end of the scale, 
single-channel physiological methods require single channels and thus demand 
working at very low concentrations, and yield is thus much less critical. Equally, the 
lipid mixtures that are used are frequently much less complex and rich than the na-
tive membranes, varying from a single phospholipid to natural polar lipid extracts.

9.2  Current Reconstitution Methods

9.2.1  The Standard Methods

Reconstitution methods have been around for many years now and there is little 
mystery in the standard protocols. There are many published protocols that lead 
to different objectives, 2D crystallization, liposome formation, and single channel 
measurements. Figure 9.1 illustrates a typical reconstitution protocol based on de-
tergent removal to form large unilamellar vesicles (LUVs). In the first few steps, 
multilamellar phospholipid vesicles are formed by hydration of a lipid film; during 
these steps, the organic solvent (typically chloroform–methanol) is removed. This 
step is important to avoid residual solvent that can lead to poorly sealed vesicles. 
After solvent removal and lipid dispersion in the aqueous buffer, the lipid mix-
ture and the membrane protein of interest can be dissolved by detergent addition 
to obtain a homogeneous dispersion in the buffer. This aqueous dispersion is then 
driven to form proteoliposomes by detergent removal, typically by adsorption to 
polystyrene beads (Rigaud et al. 1997), or more classically, by dialysis. Finally, the 
proteoliposomes formed are purified by differential sedimentation, and/or flotation. 
This “standard” protocol leaves plenty of room for changing the lipids present, the 
detergents used, the protein added, and the buffers. However, as mentioned below, 
homogeneity can be a problem, and it is important that the lipids used be miscible 
and soluble in the detergent; furthermore, the protocol should be performed above 
the phase transition temperatures of the lipid mixture.
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9.2.2  Variations on a Theme: Supported Lipid Bilayers and Giant 
Unilamellar Vesicles

Beyond the standard and frequently followed methods, there are extensions to the 
liposome reconstitution that have been used to generate either supported lipid bilay-
ers (SLBs) or giant unilamellar vesicles (GUVs).

SLBs have become popular with the development of surface measurements, par-
ticularly atomic force microscopy (AFM; Levy and Milhiet 2013). With bilayers 
being formed on hard surfaces, for the membrane protein studies, the fusion of 
liposomes that rupture during adhesion to the surface is usually the pathway that 
is followed to produce these objects. This type of bilayer has the disadvantage that 
the interaction between one lipid monolayer and the support is very strong, possibly 

Fig. 9.1  Flow chart of a typical protocol for proteoliposome formation showing the main steps 
and cartoons of the objects present at different moments in the protocol
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perturbing the physicochemical properties. Thus, several groups have taken to pro-
ducing tethered bilayers in which the lipids are attached to the support, leaving an 
aqueous space between the membrane and the support (Sumino et al. 2011). This is 
achieved by attaching the proteins and/or lipids to the surface with spacers.

An interesting development in this context is the advent of new supports con-
taining holes and electrical contacts, and it is now becoming possible to use sup-
ported bilayers for functional measurements followed optically, electrically, and/or 
by AFM (Gonçalves et al. 2006). This approach allows transmembrane transport, 
for example, of protons, to be measured optically, while simultaneously observing 
the membrane structure using AFM.

Another direction that has been pursued over recent years is the formation of 
GUV-containing proteins. These vesicles provide the possibility of making mea-
surements using conventional optical microscopes and even coupling this to micro-
manipulation (Campillo et al. 2013). The majority of protocols reported for mak-
ing giant vesicle-containing proteins proceed by drying proteoliposomes and then 
making giant vesicles by swelling or electro-formation on indium tin oxide (ITO) 
electrodes.

9.2.3  Problems with Standard Protocols

Two major problems have been identified with the currently popular methods that 
can render the resulting reconstituted systems difficult to use, or imperfectly mi-
metic of the natural system, which are: asymmetry and heterogeneity. We treat these 
problems individually subsequently.

9.2.3.1  Asymmetry

Native membranes are very asymmetric. Most proteins have a specific orientation in 
the membrane, and the lipids on the two leaflets of the membrane are usually differ-
ent. In a few cases, proteins can be inserted into the membrane in both orientations, or 
be engineered to be inserted in both orientations (Rapp et al. 2007); however, this is 
exceptional. The membrane lipids are also asymmetric, and this asymmetry is main-
tained actively by a series of flippases and metabolic enzymes. However, the standard 
reconstitution protocol presented above typically produces symmetric membranes, 
i.e., with equal lipid composition in the two leaflets and proteins randomly oriented 
in the bilayer, with 50 % of the proteins having each of the two possible orientations. 
This is clearly unnatural, sometimes useful, but often a problem.

9.2.3.2  Asymmetric Use

Even if the normal protocols are unable to yield membranes with asymmetrically 
inserted proteins, it is possible to use the proteins asymmetrically. This is typically 
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achieved by the provision of the substrate only to one side, typically the outside, 
of the reconstituted vesicles. For example, in studies of adenosine triphosphate 
(ATP)-binding cassette transporters, which use ATP as a substrate to pump vari-
ous chemicals across the membrane, it is possible to add ATP to the outside of the 
reconstituted vesicles and measure net transport (Hofacker et al. 2007; Geertsma 
et al. 2008). This is possible since, though the membrane includes proteins with 
both orientations, only those proteins in which the ATP-binding site is exposed on 
the outside of the vesicle are active.

9.2.3.3  Heterogeneity

Ideally, a reconstituted membrane should be homogeneous, i.e., all parts of the 
membrane should be the same, and more importantly, different membrane frag-
ments should be similar. While it is not possible to have all liposomes to contain the 
same number of molecules of each constituent, the aim is usually to have a relative-
ly narrow distribution. Unfortunately, this is far from general; indeed, in the major-
ity of cases that have been studied, the composition is often rather heterogeneous.

For example, in a work on light-harvesting complexes reconstituted into GUVs, 
we have observed lipid-to-protein ratios varying from 50 to 5,000 in different lipo-
somes from the same preparation. In the same study, we also observed differences 
between two different proteins (core-complexes and light-harvesting complexes) 
present at a 1:1 ratio varying from 0.05 to 20 from liposome to liposome.

It should be emphasized that this heterogeneity can often apply to both the lipids 
and the proteins. So if complex lipid mixtures are used, it is far from certain that 
different lipids are present in the same proportion in various liposomes. This has 
been examined, for example, by the dispersion of phase transition temperatures 
from vesicle to vesicle in a preparation, where dispersions of 15° for this parameter 
can be observed (Baykal-Caglar et al. 2012). Thus, in principle, each liposome can 
have a completely different composition.

This heterogeneity is unfortunate for several reasons and illustrates that the 
current reconstitution methods are more art than science in that the system is in-
completely mastered. First, it is often assumed that the distribution is narrow and 
the results are analyzed with this assumption—this, however, can considerably 
bias the interpretation. An example of this difficulty, albeit in a natural proteolipo-
some system rather than a reconstituted system, is illustrated by the discussions 
of the interpretation of kinetic data on chromatophores (photosynthetic vesicles) 
of the bacterium Rhodobacter sphaeroides (Crofts et al. 1998; Joliot et al. 1989; 
Lavergne et al. 1989), where two different interpretations of the data were pro-
posed—one claiming specific protein associations and the other assigning the 
same results to a consequence of heterogeneity between vesicles. Second, this 
can often adversely affect the yield, that is, a certain fraction of the reconstituted 
system may be too lipid-rich or too protein-rich to meet the selection criteria for 
use or usefulness.
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Several approaches have been suggested to alleviate problems of heterogene-
ity. Lipid heterogeneity appears to arise, at least in certain circumstances, from 
phase separations during solvent removal and/or detergent removal (not all lipids 
are equally soluble in all detergents). To reduce this, various suggestions have been 
made; an interesting recent proposal for the formation of GUVs is to form them 
from a damp lipid film (Baykal-Caglar 2012). In this protocol, the lipids are first 
made into small liposomes, using the rapid-solvent exchange protocol; these are 
then deposited on ITO slides and dried to a controlled humidity (55 %) for over 
22–25 h before the process of electro-formation as normal. The results presented 
show a considerable reduction in GUV-to-GUV heterogeneity.

Conceptually, a different approach to heterogeneity is to profit from it and mea-
sure liposomes individually, evaluating their composition and properties. This is 
feasible with GUVs, which are large enough to be visible, and individuals under mi-
croscopes are auscultated by different spectroscopic techniques, including marker 
fluorescence, intrinsic fluorescence, Raman spectroscopy, infrared absorption spec-
troscopy, coherent anti-Stokes Raman spectroscopy (CARS), or indeed any other 
spectroscopy adapted for imaging.

9.3  Recent Developments

9.3.1  Creating Lipid Asymmetry

To address the problems of lipid symmetry in vesicles, several methods have been 
developed to generate lipid asymmetry in initially symmetric vesicles, or more re-
cently and excitingly, to form asymmetric vesicles.

Perhaps it should be noted here that lipid asymmetry is not infinitely stable, and 
indeed certain lipids are able to reorientate in the membrane relatively rapidly, for 
example, sterol flip-flop from one side of the membrane to the other takes place 
over a period of 1–2 h (Smith and Green 1974). Other lipids typically take many 
hours to exchange between the two leaflets, though this can be drastically increased 
by the presence of detergents (Pantaler et al. 2000) or certain proteins (scramblases; 
Bassé et al. 1996) in a lipid-dependent manner (Contreras et al. 2010). In natural 
membranes, asymmetry is therefore actively maintained, thanks to the asymmetric 
synthesis and degradation and a series of energy-dependent flippases dedicated to 
the reorientation of certain lipids (Poulsen et al. 2008). Clearly, the reconstitution of 
such a complex machinery is well beyond our current abilities.

9.3.1.1  Cyclodextrin Use

For	 several	 years,	methyl-β-cyclodextrin	 (MBCD)	 has	 been	 used	 to	modify	 the	
cholesterol content of membranes (Kilsdonk et al. 1995), initially native biological 
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membranes and later artificial membranes. This molecule is able to bind cholesterol 
inside its barrel-like structure, and so if added to the membrane, will selectively ex-
tract cholesterol from the membrane; conversely, if preloaded with cholesterol and 
then added to the membrane, it will be able to deliver the cholesterol to the mem-
brane. Recently, it has been shown that the same molecule can be used to modify 
and tune the lipid content of the outer leaflet of a membrane beyond just altering the 
cholesterol content, considerably altering the content of different polar lipids in the 
outer leaflet of liposomes (Cheng et al. 2009).

In the novel protocol developed by Cheng et al. 2009, MBCD is charged with 
one type of lipid (sphingomyelin) and allowed to interact with preformed lipo-
somes made from glycerophospholipids before being removed. This protocol was 
developed to prepare small unilamellar vesicles (SUVs) in which the outer leaflet 
was mainly sphingomyelin mixed with 1-palmitoyl-2-oleoyl-phosphatidyl cho-
line (POPC) and the inner leaflet di-oleyl-phosphatidyl choline (DOPC), POPC, 
palmitoyl-oleoyl-phosphatidyl serine (POPS), and palmitoyl-oleoyl-phosphatidyl 
ethanolamine (POPE). That is a membrane with both asymmetric acyl-chains and 
asymmetric head groups. In a second step, cholesterol was introduced into the 
outer leaflet of these vesicles. Briefly, MBCD was charged with sphingomyelin by 
incubating at high concentration with multilamellar liposomes; this caused partial 
solubilization of the liposomes. To this suspension of lipids and MBCD was added 
a suspension of SUV-containing unsaturated glycerophospholipids. The MBCD 
catalyzes the exchange of sphingomyelin into the SUVs; the small vesicles with 
a modified outer leaflet were then recovered by centrifugation and size exclusion 
chromatography. In a second MBCD exchange step, cholesterol could be added 
complexed to MBCD and inserted into the vesicles. This protocol has now been 
extended and adapted to large (Cheng and London 2011) or giant liposomes (Chi-
antia et al. 2011).

The mechanism and energetics of cholesterol exchange have been examined by 
molecular dynamics	simulations;	these	show	how	the	dimers	of	β-cyclodextrins	are	
able to adhere to the membrane surface with relatively high affinity. Bound dimers 
are then able to exchange lipids between the outer leaflet of the membrane and the 
interior of the cylindrical structure (López et al. 2013). This exchange appears to be 
controlled by both kinetic and energetic barriers.

Clearly, the use of this method to develop complex asymmetries is unrealistic; 
however, modification of the composition in one or two lipids is feasible, especially 
with the knowledge of the affinity of MBCD for different lipids. Unfortunately, 
there currently are little data on the selectivity of MBCD for different lipids.

9.3.1.2  Enzyme Use

An alternative approach has been to asymmetrically add purified enzymes to an 
initially symmetric membrane to selectively modify the lipids of the outer leaflet. 
This has been done with several different enzymes, for example, cholesterol oxi-
dase (Ali et al. 2007) or phospholipase (Mouritsen 2011). The main disadvantage of 
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this approach is that the number of different reactions available and the asymmetries 
that can thus be developed are rather limited. However, the method has one impor-
tant advantage over the use of MBCD in that the reactions can essentially go to 
completion, and thus it is possible to generate very highly asymmetric membranes.

9.3.1.3  Blowing Bubbles

An interesting new method for the generation of highly asymmetric lipid vesicles 
was recently proposed (Richmond et al. 2011). In this method, giant lipid vesicles 
are blown from a lipid film formed between two aqueous droplets. Initially, the 
aqueous droplets are in oil surrounded by a monolayer of lipids, either dissolved 
in the oil or delivered into the aqueous droplet as SUVs. Later, two monolayer-
delimited aqueous droplets are brought into contact, along the lines developed 
by Bayley and coworkers for studying channels (Hwang et al. 2008). The two 
aqueous droplets are consequently separated by a bilayer, with one monolayer 
originating from each of the two original aqueous droplets, thus being potentially 
highly asymmetric. In the final step of formation, a micro-fluidic jet generated 
by the nozzle of an ink-jet printer deforms the bilayer to generate a giant vesicle.

This method, though technologically challenging, provides a clear route to 
highly asymmetric membranes, with asymmetric protein insertion and asymmetric 
content. It would seem unlikely, however, that the method is able to provide large 
samples easily, and there remains the difficulty of the inclusion of oil lenses in the 
resulting membranes. To date, it has been used for monotopic membrane proteins; 
however, the directional insertion of polytopic membrane proteins will remain chal-
lenging.

Perhaps one of the major interests of this approach is that it follows the path of 
sample engineering, in that each individual vesicle is manufactured in a more or 
less controlled manner. This can be opposed to the majority of the other vesicle-
preparation methods which rely essentially on the self-assembly properties of the 
membrane components.

9.3.2  Protein Insertion into Preformed Vesicles

The two methods presented above address the problem of lipid asymmetry, con-
centrating on obtaining liposomes with controlled and asymmetric membranes. 
However, a major interest in forming artificial membranes is to study proteins 
in these membranes and often proteins inserted asymmetrically into the mem-
branes. This remains challenging. Two main methods exist; first is the fusion 
of liposomes either with native membranes or with other liposomes containing 
asymmetrically inserted proteins, and second is the direct asymmetric insertion of 
proteins into liposomes.
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9.3.2.1  Fusion

One possibility is to fuse liposomes with fragments of native membranes or asym-
metric liposomes. This relies on obtaining oriented membrane vesicles containing 
the protein of interest. This has been achieved with certain bioenergetic systems, 
such as chromatophores from R. sphaeroides, or inverted inner membrane vesicles 
from Escherichia coli cells. Fusion between liposomes and these native membranes 
can then be driven by various methods. Freeze–thaw sonication (Pennoyer et al. 
1985), calcium-induced fusion (Theiler and Niederman 1991), or fusion with de-
tergent-destabilized vesicles (Rigaud et al. 1995) have all been reported. However, 
these methods are limited in that the proteins are not purified and only certain sys-
tems seem amenable.

9.3.2.2  Direct Asymmetric Insertion

The key to asymmetric insertion is protein insertion during detergent-mediated re-
constitution. During early experiments, it was observed that this could give rise to 
highly asymmetric insertion (Helenius et al. 1981); this has since been much studied 
and the mechanisms are relatively well established. In this approach, liposomes 
destabilized by detergents are mixed with solubilized membrane proteins under 
conditions that avoid complete solubilization of the liposomes. The detergent is 
then removed and the proteins are inserted into the membrane from the outer leaflet 
in the kinetically most favorable orientation. That is, the orientation is determined 
by the energy necessary to move the hydrophilic portion of the protein through the 
membrane, and thus the largest, most hydrophilic part of the membrane protein will 
end up outside the vesicle. The protocol for this method is illustrated in Fig. 9.2, 
derived from the work of Rigaud and coworkers (Rigaud and Levy 2003, Geertsma 
et al. 2008).

The first part of the procedure is the preparation of liposomes. While different 
types and compositions of liposomes can be used, the procedure is typically per-
formed using LUVs. It appears important that the diameter is greater than about 
150 nm to avoid liposome fusion during the second step; it also appears to be im-
portant that the sample is as homogeneous as possible (see note on heterogeneity 
above). In a typical procedure, for the preparation of LUVs, purified lipids are dis-
persed in water as multilamellar vesicles (MLVs), as described in Fig. 9.1, and then a 
homogeneous LUV suspension is formed by extrusion through polycarbonate filters.

In the second step in the procedure, the liposomes (typically 1–10 mg/ml of lipid) 
are titrated with detergent in order to destabilize the lipid bilayer. The objective is to 
saturate the lipid bilayer with detergent. The progress can be conveniently followed 
by following absorption changes (in a spectrophotometer) or light-scattering chang-
es (in a fluorimeter) as detergent is added, and tables (Rigaud and Lévy 2003) show-
ing typical concentrations for different detergents and empirical approach should 
be used. It appears that the degree of asymmetry obtained during insertion depends 
on the amount of solubilization; the closer the system is to Rsat (see Fig. 9.2), the 
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higher the asymmetry of insertion, while if the system is totally solubilized (above 
Rsol), then insertion is symmetric. However, lower detergent concentrations can also 
adversely affect the yield of incorporation into the proteoliposomes. Thus, this titra-
tion step is critical for the final results obtained. The lipid–detergent system also 
takes some time to equilibrate; therefore, it should be allowed to equilibrate for at 
least an hour before moving on. The third step is to add the protein; here, there are 
several factors that should be borne in mind. First, for reproducibility, a homoge-
neous monodisperse protein solution should be used. Second, the amount of excess 
detergent brought to the mixture should be kept to a minimum, since this would 
perturb the careful titration performed in the second step; so practically, this implies 
using relatively concentrated protein solutions. Third, the reconstitution again takes 

Fig. 9.2  Protocol for the asymmetric insertion of proteins into preformed liposomes, showing the 
two main steps. The graph shows the titration of liposomes with detergent and the positions of Rsat 
and Rsol, the detergent concentrations necessary to saturate the liposome with detergent, and to 
solubilize the liposome, respectively. For optimum yield and orientation, the detergent concentra-
tion for reconstitution needs to be above but close to Rsat (“Target” on figure). Sometimes, if care is 
not taken, the purified protein can contain a considerable quantity of extra detergent that can make 
optimization of the procedure difficult
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time and so the solution should be mixed and allowed to equilibrate typically for 
an hour. The final step is detergent removal; though several protocols can be used, 
removal by adsorption to polystyrene beads (Bio-Beads SM-2) is both efficient and 
rapid. In a typical protocol, methanol-washed, water-rinsed Bio-Beads are added 
directly to the detergent–protein–lipid solution at a ratio of 10 mg of beads per 1 mg 
of detergent for detergent removal. This is stirred for an hour before a second ali-
quot of beads is added, and then an hour later, a final aliquot of Bio-Beads is added, 
and the solution is allowed to equilibrate for an additional 2 h. Some particularly hy-
drophilic detergents need extra additions of Bio-Beads to be completely removed. 
The Bio-Beads are added in several stages in order to control the rate of detergent 
removal, which affects the final yield of proteoliposomes.

In a recent development of this method, Dezi and coworkers (Dezi et al. 2013) 
have adapted this method to allow the asymmetric incorporation of proteins into gi-
ant vesicles. This is important, since as mentioned above, heterogeneity is a point of 
concern and the use of visible objects allows the heterogeneity to be controlled and 
vesicles to be assessed individually. Furthermore, many experiments require being 
able to visualize the vesicles; this is the case with many of the example measure-
ments made by Dezi et al. (2013).

To achieve oriented insertion of proteins into GUVs, the giant vesicles were 
made by electro-formation in the presence of sub-solubilizing concentrations of 
detergent. The concentrations used are above the critical micelle concentration for 
the detergent, thus assuring that there is sufficient detergent in the aqueous phase to 
maintain protein solubility and sufficient detergent in the membrane to aid oriented 
insertion. The giant vesicles that were thus formed were then incubated with a small 
volume of protein solution for several hours before detergent removal. Detergent 
was then removed by adding a few milligrams (a large excess) of either Bio-Beads 
or MBCD.

This method was demonstrated to allow successful oriented insertion of several 
membrane proteins, including the E. coli outer membrane proteins, FhuA and bacte-
riorhodopsin, into the GUVs. It also could be used to induce fusion of small native 
membrane vesicles with GUVs.

These direct insertion methods manage to obtain relatively high protein densi-
ties with good orientation. For example, with bacteriorhodopsin densities of about 
2,000 µm−2 are reported, which correspond to a lipid-to-protein mole ratio of about 
2,000, and even with this protein, the orientation appears almost completely asym-
metric despite the small size of the hydrophilic domains. However, there is little 
quantitative information on the reconstitution yields of the proteins, which is ex-
pected to depend on the rate of detergent removal, with high yield being favored 
by slow removal; however, such information seems to be largely lacking from the 
literature.

Though these methods are relatively easy and effective, it is important to point 
out that it is the protein that determines the orientation and not the experimenter. 
Apparently, in each case, the larger, more hydrophilic part of the protein is left on 
the outside of the vesicle. Thus, for systems involving multiple proteins, it is hard to 
ensure that they all have the correct topology.
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9.4  Conclusions

In this review, we have given an overview of several recent protocols for reconstitu-
tion of membrane proteins into a lipid environment. Many of these protocols require 
attention to detail for efficient implementation. Furthermore, reconstituted samples 
need careful analysis not only of average characteristics but also of heterogeneity 
and dispersion to ensure correct interpretation of results. For example, the phase 
diagrams of multiple lipid and detergent mixtures are particularly rich and varied, 
and this can easily result in unexpected demixing of components with a consequent 
heterogeneity in the final sample.

Reconstitution of membrane proteins into artificial membranes is now a rela-
tively standard protocol for the assembly of unoriented systems into simple lipid 
mixtures. For several types of study, this is sufficient to obtain structural and 
functional information. However, for other purposes, it is useful to have more 
asymmetric and complex systems, possibly containing multiple lipids and mul-
tiple proteins. Much progress has been made recently on fabricating such asym-
metric systems, allowing the formation of liposomes with asymmetrically distrib-
uted lipids and oriented membrane proteins. However, there is a long way to go 
before truly biomimetic systems can be constructed bottom up. The major current 
difficulty is studying multiple oriented proteins in such systems, as we do not 
yet have reliable and easily applicable protocols to impose the orientation during 
reconstitution.
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10.1  Introduction

Membrane proteins are physiologically embedded in a lipid bilayer. Detergents 
are used to extract them from the membrane to allow their purification and char-
acterization. Protein association state and sample homogeneity, together with the 
size of the membrane protein–detergent complex, have to be determined in view of 
functional and structural studies. Detergents are characterized by their critical mi-
celle concentration (cmc) above which detergent monomers auto-assemble to form 
small, compact aggregates of aggregation number Nagg. Above the cmc, detergent 
will bind to the hydrophobic transmembrane domain of the proteins, thereby solu-
bilizing them. The simplest sample of a membrane protein therefore comprises the 
protein–detergent complex and free detergent micelle, in addition to monomers of 
detergent. Protein and detergent will be labeled with subscript p and d below. The 
“real” sample is often more complex (Fig. 10.1). The membrane protein is possibly 
glycosylated to an extent often not well defined. Lipids, which often are essential 
for stability and/or function, and/or hydrophobic cofactors may be solubilized in 
the free micelles or specifically bound to the membrane protein. In the following 
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sections, we will consider a two-component protein–detergent complex, glycosyl-
ation and lipid binding being possibly integrated in the analysis (see, e.g., Dach 
et al. 2012).

Analytical ultracentrifugation (AUC) sedimentation velocity (SV) and size-
exclusion chromatography coupled with static and dynamic light scattering, ab-
sorbance, and refractive index detection (SEC/MALS) are two techniques that 
combine separation and analysis, in an absolute manner, of the mass and size of 
macromolecules in solution. We present here how they can be applied to the study 
of solubilized membrane proteins to determine the presence of aggregates, the asso-
ciation state of the protein, an often controversial question, and the amount of bound 
surfactants. AUC also allows the characterization of the auto-associative properties 
of detergent or surfactant themselves, which can form aggregates of varying geom-
etry, as rods (see Breyton et al. 2009).

We will pay attention here to the complementarity and differences between these 
two techniques, since they provide nearly the same information without too much 
details: Over the years, detailed protocols or specific methods have been published. 
For AUC, see, e.g., Lebowitz et al. (2002); le Maire et al. (2008); Ebel (2011); Le 
Roy et al. (2013). For SEC/MALS, see, e.g., Hayashi et al. (1989); Slotboom et al. 
(2008). Table 10.1 presents a comparison of some features related to the experimen-
tal requirements, and Table 10.2 presents a comparison of some features related to 
their analysis.

This chapter describes and compares the two techniques, for the case of a sam-
ple consisting of a membrane protein solubilized with detergent. The example of the 

Fig. 10.1  Drawing of the protein sample solubilized in detergent. Black lines delimit the mem-
brane protein, which may consists of several similar or no subunits. Gray lines represent glycosyl-
ation. Lipids are represented with a red hydrophilic head and yellow hydrophobic tails. Detergent 
molecules are represented with a dark blue hydrophilic head and a light blue hydrophobic tail
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AUC SV SEC/MALS
Molecular parameters for 

species separation
s, i.e., Mb/RH RH

Experimental parameter for 
optimizing separation

Angular velocity; solvent 
density

Type of chromatographic 
column

Minimal equipment Analytical ultracentrifuge 
(AUC) equipped with UV 
and interference detectors 
(A/J), with rotor and cells

HPLC; SEC column; LS, RI, 
and UV online detectors

Equipment, optional Fluorescence detector for 
AUC; density-meter; 
viscosity-meter

DLS detector; thermostated 
sample changer; column 
oven; thermostated collector 
of eluted fractions

Software for data acquisition From the equipment supplier From the SEC/LS supplier
Duration of the experiment Typically overnight One hour per sample, after 

one night of column 
equilibration

Easiness of the setup of the 
experiment

Requires training Easy

Caution regarding 
instrumentation

Instructions of the supplier to 
be followed

Take care of the column and 
avoid release of particles 
from the matrix in the 
detectors by centrifugation 
or filtration of the samples, 
using a constant flow rate

Caution regarding analysis Temperature equilibration 
before the experiment; 
absorbance of interest below 
1.2 in the cell

Choice of the appropriate col-
umn for a good separation; 
perfect equilibration with 
the eluant

Number of samples per 
experiment

With eight-hole/four-hole 
rotors: 7/3 samples with A/J 
detection and 14/6 samples 
for fluorescence detection

Different samples may be 
stored in a sample changer, 
and loaded automatically 
every 40–60 min

Sample volume 60 µL for l = 1.5 mm; 120 µL 
for l = 3 mm; 450 µL for 
l = 12 mm

20–200 µL

Sample concentration Absorbance (typically 280 nm) 
in the AUC: 0.1–1.2; 
Interference: conc. > 0.1 mg/
mL; fluorescencea: conc. of 
1 pM–14 µM

Typically 2 mg/mL

Solvent volume Some mLs with and without 
detergent

1 L without detergent; 200 mL 
with detergent

Solvent requirement > 100 mM salt recommended; 
limited absorbance

> 100 mM salt recommended; 
pH compatibility with col-
umn; limited absorbance

Versatility of solvent 
composition

Large Large but each solvent requires 
≈	1	day	equilibration

Sample dilution during the 
experiment

No Yes

Table 10.1  AUC SV and SEC/MALS experimental requirements
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Escherichia coli outer-membrane ferrichrome transporter (FhuA) is described in more 
details. Note that the characterization by AUC and other techniques of FhuA solu-
bilized	in	n-dodecyl-β-D-maltopyranoside	(DDM)	was	described	in	Boulanger	et	al.	
1996.

10.2  AUC and SEC/MALS Are Separative Techniques

10.2.1  AUC

Macromolecules subjected to a large centrifugal field—up to 300,000 g in the com-
mercially available analytical ultracentrifuge—will redistribute in solution. Particle dis-
tribution is measured at different times. The two very usual types of experiment are SV 
and sedimentation equilibrium (SE). SE uses a relatively low centrifugal field, and equi-
librium condition is obtained after typically 24 h. The resulting concentration profiles, 
measured as a function of the radial position, in SE, do not depend on the shape of the 
species in solution—analysis is mathematically very simple and yields signal-average 
buoyant molar mass ( Mb, defined below)—which are interpreted in terms of thermody-
namic association models. However, the samples have to be extremely well defined and 
stable (duration of the experiments is typically some days). While extremely useful for 
specific studies or to ascertain specific results, it will not be described more here. We 
will focus on SV, which is much more versatile.

SV experiments are performed at high centrifugal fields. SV profiles, measuring 
a signal related to concentration as a function of the radial distance, are measured 
at different times, for example every 10 min. The experiment duration is typically 
a couple of hours. Different types of macromolecules sediment at different speeds. 
This allows the study of complexes and heterogeneous and/or interacting systems. 
The different detections (absorbance and interference, or fluorescence) provide a 
complementary means to investigate multicomponent systems (the sample of mem-
brane protein), since the different components (detergent, protein) will be detected 
independently. Some experimental requirements are presented in Table 10.1.

AUC SV SEC/MALS
Possibility of combination of 

detectors
UV:	3	λs	in	the	range	230–

700 nm can be combined 
with interference. Fluores-
cence detection cannot be 
combined

3	λs	from	the	UV	detector	can	
be combined with RI and 
DLS

Temperature range 4–40 °Cb 4–30 °C
a Fluorescein-probe measured with Aviv fluorescence detector
b For recent models equipped with a turbo pump; previously: 4–20 °C

Table 10.1 (continued)
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AUC SV SEC/MALS
Software for analysis Packages are freely available on the 

web
From the equipment supplier

Easiness of data 
analysis

Homogeneity: easy; composition: 
may be tricky

Easy

Limit Analysis with floating detergent is 
difficulta; analysis with interfer-
ence with complex solvent (e.g., 
with glycerol) may be difficultb

Poor separation of the different 
species; possible interaction 
with the SEC matrix; solvent 
exchange to the elution 
solvent; possible delipidation; 
dilution leading to the dis-
sociation of complexes

Parameters required 
for analysis

Solvent: ρ, η; protein, detergent: 
E0.1%, 280,	∂n/∂c

Solvent: ρ, η; protein, detergent: 
E0.1%, 280,	∂n/∂c

Other optional 
or required 
parameters

Detergent: M, Nagg, cmc. Protein: RH, 
M, glycosylation, bound lipids

Detergent: M, Nagg, cmc. Protein: 
M, glycosylation, bound lipids

Raw data A set of SV profiles obtained at dif-
ferent times of centrifugation for 
each of the detection

Superposition of the elution 
profiles obtained with the dif-
ferent detectors

Transformed data For the set of SV profiles, for each 
optics: c( s)

Evidence of 
aggregates

More or less easy depending of their 
size/amount

Very easy

Evidence of free 
detergent micelle

Easy if the micelle sediments, i.e., 
depends on v d

Easy if the micelle is separated 
from the protein–detergent 
complex

Results from signal 
intensities

For a selected peak in the c( s) analy-
sis; Bd; c (mg/mL)

At each volume of elution: Bd; 
Mp; Mpd under the elution 
peak: amount (g) and mean Bd; 
Mp, Mpd

Evidence of interact-
ing systems

From the superposition of c( s) at 
various conc.: s is constant for 
each noninteracting systems, 
mean s increases with conc. for 
interacting systems

From the plot of the Mp; Mpd 
versus the elution time: values 
validate the analysis in terms 
of species

Note the complex may dissociate 
during elution

Molar mass 
determination

For a homogeneous sample, analysis 
in noninteracting species provides 
Mb and s. Mb is related to the Mp 
and Bd; for a heterogeneous sample 
of noninteracting species, the 
s-value is analyzed in combination, 
with other knowledge: Bd, RH, Mb, 
from AUC or other techniques

See results from the signal 
intensities

The table refers to a protein–detergent complex. For the case of glycosylated protein and/or for 
bound lipid or other ligand, the additional components have to be considered in the protein or 
detergent part. Symbols are defined in the text
a LDAO is an example of a detergent that floats
b The sedimentation of glycerol is detected in interference, and we use boundary-forming center-
pieces to allow a perfect subtraction of solvent contributions to sedimentation (Le Roy et al. 2013)

Table 10.2  Comparison of AUC SV and SEC/MALS data analysis
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10.2.2  SEC/MALS

Size exclusion chromatography (SEC) is a common, simple, robust, and rapid labo-
ratory technique allowing the separation of particles according to their hydrody-
namic radii, RH. The RH of the protein–detergent complex can be easily estimated by 
SEC by comparison with globular water-soluble protein standards. The resolution 
is in principle lower as compared to SV, since the latter separates particles of same 
density and shape as M2/3 (see the equations below) and SEC as M1/3, with M the 
molar mass. Molar masses of membrane proteins can be estimated upon elution in 
a rigorous way, as well as the amount of bound detergent, when SEC is coupled 
“online” with MALS, refractive index (RI), and UV detections. Coupling SEC with 
dynamic light scattering (DLS) provides estimates of RH without calibration. We 
here name SEC/MALS, the assembly of SEC and of these detectors.

10.3  Detection in AUC and SEC/MALS

10.3.1  Absorbance in AUC and SEC/MALS

Absorbance, A, is related to optical path length, l (cm), and macromolecule con-
centration, c (mg/mL), via the macromolecule extinction coefficient, E0.1% ((mg/
mL)−1cm−1):
 (10.1)

10.3.2  Interference in AUC and Estimate of Bound Detergent

Interference detection measures the variation of the concentration of the particles, in 
fringe	shifts,	ΔJ.ΔJ is related to c	(g/mL)	via	the	refractive	index	increment,	∂n/∂c 
(mL/g), with λ being the wavelength (cm) of the laser light:

 (10.2)

For a protein–detergent complex comprising the protein at concentration cp and 
bound detergent in amount Bd (g/g), if protein and detergent are characterized by 
different E0.1%	over	∂n/∂c ratios, combining A	 and	ΔJ allows determining cp and 
Bd, from the knowledge of E0.1%	and	(∂n/∂c) for both the protein and the detergent.

10.3.3  Refractive Index in SEC/MALS and Estimate of Bound 
Detergent

The	difference,	Δn, in refractive index between the solution and the elution buffer 
is related to c (g/mL):

 (10.3)

A E lc= 0 1. % .

[( ) ] .J n c lcλ∆ = ∂ ∂

( ) .n n c c∆ = ∂ ∂
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For a protein–detergent complex, similarly to above, combining A	and	Δn allows 
determining cp, and Bd, from the knowledge of E0.1%	and	∂n/∂c for both the protein 
and the detergent.

10.3.4  Fluorescence in AUC

Fluorescence detection (wavelength of excitation 488 nm; of emission 535 ± 30 nm) 
in AUC has also been available over a couple of years (Aviv Biomedical, Lake-
wood, NJ, USA). The signal is proportional (in arbitrary units) to the amount of 
fluorescent probes, but not quantitative, since fluorescence intensity is amplified 
differently for each cell in the ultracentrifuge.

10.3.5  Light Scattering in SEC/MALS

According to the Rayleigh–Debye–Gans model, the intensity, I, of the light scat-
tered (LS) by the solution is directly proportional to the concentration c (g/ml), the 
molar mass M (g/mol),	and	the	square	of	the	RI	increment	∂n/∂c of the macromol-
ecule in solution:

 (10.4)

with

 (10.5)

where k depends on the refractive index n0	of	the	solvent	of	the	wavelength	λ	of	the	
laser, NA being Avogadro’s number. For heterogeneous protein samples, with c the 
total concentration, the weight-average molar mass is obtained. For macromolecu-
lar sizes > 20 nm, the scattered intensity decreases with the diffusion angle θ and M 
is obtained by extrapolation of I at angle 0. This is why light-scattering intensity is 
measured at different angles (MALS stands for multi-angle laser scattering).

The scattered intensity of a mixture of species is dominated by the signal of the 
larger species, because the intensity is proportional to the product of the concentra-
tions and molar masses. Even a very small amount of large aggregates avoids the 
interpretation of static light scattering and DLS. The combination of SEC with LS 
allows the analysis of a homogeneous eluate without contaminating aggregates.

10.3.5.1  Static Light Scattering and Measure of Molar Masses 
in SEC/MALS

MALS analyzes the time-averaged (1 s) scattered light intensity, I, and allows de-
termining molar mass M if the concentration c is known (Eq. 10.4) (and radius of 
gyration if Rg > 20 nm, not developed here).

I kcM n c= ∂ ∂( / ) ,2

2 4
0 A4 / ,k n Nπ λ=
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In SEC/MALS, the concentration of soluble proteins is determined online, from 
the RI detector (Eq. 10.3). It is thus possible to determine M from the intensity of the 
scattered light (Eq. 10.4). For a membrane protein, the concentrations of protein and 
detergent, within the membrane protein complex, i.e., cp and Bd, are estimated from 
the UV and RI signals and combined to the MALS signal to estimate the protein 
molar mass, Mp, the mass of bound detergent, and the mass of the protein–detergent 
complex.

10.3.5.2  Dynamic Light Scattering

DLS analyzes the fluctuations of the scattered light intensity, I, as a function of time 
in terms of shape of macromolecule (see Sect. 10.4.7).

10.4  Theoretical Background for AUC and SEC/MALS

10.4.1  Sedimentation Velocity Theoretical Background

The sedimentation is related, for each solute, to the sedimentation coefficient, s, 
which translates the velocity of the particle, v, in response to the centrifugal field, 
ω2r ( s = v/ω2r, where ω is the angular velocity, r the radial position), and to the 
diffusion coefficient, D, which translates the capacity of the particle to diffuse in 
response to concentration gradient. For particles in interaction, it is necessary to in-
troduce parameters translating the fact that some of the particles “disappear” while 
others “appear” (kinetic constant of association/dissociation, equilibrium constant). 
Lamm’s equation describes the evolution of the concentration, c, of one type of 
ideal particles (without interaction) as a function of time, t, and the radial position, r

 (10.6)

10.4.2  Analysis of SV in Terms of Noninteracting Species (NIS)

The position and shape of the boundary, for an ideal solution of noninteracting spe-
cies, are related to their sedimentation, s, and diffusion, D, coefficients. Analysis 
of the set of sedimentation profiles can be realized globally, thanks to numerical 
solutions of the Lamm equation. When the solution contains a limited number (up 
to three) of different independent (noninteracting) species, analysis in term of s and 
D can be done by least-squares boundary modeling of sedimentation velocity data. 
However, it is important to assess the hypothesis of the number of species and their 
noninteractivity, using the c( s) analysis presented below for different samples at 
different concentrations. Indeed, a boundary may represent the sedimentation of, 
e.g., two types of particles that sediment only slightly differently. If there is a rapid 
equilibrium of association between the species in the sample, the boundary is then a 

2( / ) 1/  ( / ) / .c t r r cs r D c r rω∂ ∂ = - ∂ - ∂ ∂ ∂
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reaction boundary, which moves at a velocity intermediate between s of the smaller 
species and s of the larger complex, and whose shape may be simple or complex 
(Schuck 2010a, b; Zhao et al. 2011). For concentrated solutions (> mg/mL), nonide-
ality due to excluded volume effects changes the velocity and shape of the boundary 
(Solovyova et al. 2001; Salvay et al. 2010). In these cases, the estimate of s, and D 
from boundary spreading, will be obviously wrong.

10.4.3  Analysis of SV in c(s)

The c( s) method proposed in 2000 (Schuck 2000) has constituted a major advance 
for the analysis of SV experiments. The sample is described as an assembly of non-
interacting particles, e.g., N = 200 particles, defined by their minimum and maxi-
mum s values. These particles are assumed to have the same density and shape 
(same partial specific volume v  and frictional ratio f/fmin), which provides a way to 
link an approximate D-value to each s-value, and thus efficiently account for diffu-
sion broadening of the SV profiles ( f/fmin can be fitted, which compensates for the 
possibly erroneous value of v ). It results in a high-resolution continuous distribu-
tion of sedimentation coefficients, c( s). Detergent micelles and protein–detergent 
complex boundaries are most often separated.

10.4.4  The Sedimentation Coefficient and Buoyant Molar Mass

For one noninteracting species behaving ideally, the sedimentation coefficient, s, 
depends on the particle buoyant molecular weight, Mb, and the hydrodynamic ra-
dius RH. s also depends on the solvent density and viscosity, ρ and η, respectively. 
The Svedberg’s equation

 (10.7)

with R being the gas constant and T the temperature, can be written as:

 (10.8)

with

 (10.9)

When different species are sedimenting, including the case of equilibrium, mean 
s-values are measured that represent weight-average values. The species concentra-
tions in weight/volume unit are weighted by their “extinction coefficient,” and thus 
the mean s may differ for data obtained using interference and absorbance, in the 
case of multicomponent systems, e.g., samples of membrane proteins.

s D M RT/ / ,= b

b A   H/ ( 6 ),s M N Rπη=

b (1 ).M M v ρ= -
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For a protein–detergent complex, Mb can be written, with p and d the subscripts 
for protein and detergent, respectively, and Bd the amount of bound detergent (g/g):

Detergent can float or sediment. Numerical values of v  d can be found in le Maire 
et al. (2000); Ebel et al. (2007); le Maire et al. (2008); Ebel (2011).

10.4.5  The Diffusion Coefficient, Hydrodynamic Radius, 
and Frictional Ratio

For one noninteracting particle, the Einstein–Stokes relation relates D and RH:

 (10.10)

The frictional ratio f/fmin is the ratio of RH to the radius, Rmin, of the anhydrous vol-
ume. For globular, compact particles, a typical value for f/fmin is 1.25 (Manon and 
Ebel 2010; Salvay et al. 2012).

10.4.6  Static Light-Scattering Intensity

See above subsection 10.3.5.1.

10.4.7  Dynamic Light Scattering

From the time, t, and fluctuations of the scattered light intensity, I( t), the auto-
correlation function g(2)( τ ), with τ  a time interval, is

 (10.11)

For a homogeneous solution

 (10.12)

where β is a geometrical factor, and, θ the scattering angle:

 (10.13)

b p p d p(1 ) (1 ).M M v B vρ ρ= - + -

H/ 6  .AD RT N Rπ η=

( ) ( ) ( )2 2( ) ( ) / .g I t I t I tτ τ= < + > < >

( ) ( )2 21 exp ( 2  ),g D qτ β τ= + -

0 (4 / ) sin( / 2).q nπ λ θ=
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DLS coupled with SEC allows the determination of the diffusion coefficient D, 
and thus hydrodynamic radius RH (Eq. 10.10), according to the quite simple equa-
tion (10.12), because the eluate is monodispersed. This is in contrast to the analysis 
usually made in terms of size distribution when measurements are performed in 
a batch mode. In the case of a solubilized membrane protein, free detergent mi-
celle and protein–detergent complex should, however, contribute. The analysis is 
thus relevant only if the free detergent signal measured in the buffer is negligible 
compared to the detergent–protein complex.

10.5  Steps for AUC and SEC/MALS analysis

Table 10.2 compares some features concerning AUC SV and SEC/MALS data anal-
ysis. Some complementary details are given below.

10.5.1  Steps for AUC Analysis

10.5.1.1  From the Superposition of the c(s)

The analysis of the c( s) (see Sect. 10.4.3) and the superposition of the c( s) ob-
tained using different optics, or from different samples, with different experimen-
tal  parameters, e.g., protein or detergent concentration and buffer composition, 
allow to:

1. Characterize sample homogeneity by the number of peaks in the c( s)
2. Evaluate if there are association equilibriums, from the comparison of the c( s) 

for samples at different protein concentrations, since a complex sediments faster 
than the dissociated component (see, e.g., Josse et al. 2002)

3. Determine s easily for a protein–detergent complex that is not involved in an 
association equilibrium

4. Decide for a homogeneous protein–detergent complex that is not involved in an 
association equilibrium, an analysis in term of noninteracting species (see below)

5. Determine a mean s-value: This allows to estimate the dissociation equilibrium 
constant if proteins are involved in such an equilibrium (see, e.g., Echalier et al. 
2013, for a soluble protein)

6. Estimate the amount of bound detergent within the protein–detergent complex 
from the integration of the c( s) peak from data acquired in absorbance and 
interference

7. Estimate the amount of free detergent micelles from the integration of the c( s) 
signals in fringe (reference channel being filled with buffer without detergent; 
Salvay and Ebel 2006)

10 Analytical Ultracentrifugation and Size-Exclusion Chromatography …
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8. Interpret the value of s, using estimates of the bound detergent and the protein–
detergent complex hydrodynamic radius, or assuming a reasonable shape (i.e., f/
fmin value) for the complex.

10.5.1.2  Noninteracting Species Analysis

An analysis in terms of noninteracting species, leading to independent determina-
tion of s and D, and thus Mb and RH, can also be made for a system containing a 
limited number of rather different noninteracting species, e.g., micelle and protein–
detergent complex (see Sect. 10.4.2).

10.5.1.3  Complementary Analysis

A large variety of complementary analysis, not detailed here, are possible, including:

•	 Varying	the	solvent	density	by	exchanging	the	solvent	with	a	solvent	containing	
D2O will change the buoyant properties of the protein–detergent complex and 
help to define the association state of membrane proteins within the complex 
(Nury et al. 2008; Le Roy et al. 2013).

•	 Datasets	 obtained	with	 different	 optical	 systems	 (e.g.,	 absorbance	 interference)	
may be analyzed globally to derive the relative concentration (in micromolar units) 
of detergent and protein in the c( s) analysis (Balbo et al. 2005; Salvay et al. 2007).

•	 Complex	SV	simulation	for	interacting	systems	with	defined	kinetics	and	equi-
librium association constants, taking into account different extinction coeffi-
cients can be made and used for complex data analysis of interacting systems, 
from datasets obtained at different concentrations, with different optical systems 
(Schuck 2010a, c; Zhao et al. 2011). This has not yet been applied to protein–de-
tergent interacting complexes.

•	 The	highly	specific	and	sensitive	fluorescent	detection	allows	to	specifically	follow	
complex formation of green fluorescent protein (GFP)-fused or fluorescein isothio-
cyanate (FITC)-labeled proteins with unlabeled, possibly membrane protein, part-
ners, even in very complex mixtures of unlabeled proteins (under investigation).

10.5.1.4  Systems that Are Difficult to Analyze

Systems difficult to analyze are, concerning the analysis in c( s):

•	 When	the	detergent	floats	(e.g.,	protein	solubilized	in	lauryldimethylamine	N-
oxide (LDAO), which has a partial specific volume above the solvent density), 
c( s) cannot be obtained

•	 When	 the	 solvent	 is	 complex,	 i.e.,	 comprises	 solvent	 components,	 their	
sedimentions are detected in interference
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•	 When	the	solvent	or	the	detergent,	such	as	Triton	X-100,	absorbs	strongly	light	
at 280 nm (Nury et al. 2008)

•	 When	the	shape	and	partial	specific	volume	of	the	different	species	in	the	sample	
differ strongly

•	 When	concentrations	are	larger	than	2	mg/mL	(repulsive	interactions	affect	the	
shape of the boundaries), and the sample heterogeneous.

The analysis in terms of Mp and Bd is difficult:

•	 When	the	protein	has	an	unknown	glycosylation	level	or	lipid	content
•	 For	distinguishing	close	number	of	subunits:	monomers	and	dimers	are	much	

more easily distinguished than tetramers and pentamers
•	 When	extinction	coefficients	are	ill	defined,	Bd from absorbance and interference 

optics are ill defined
•	 When	association	constant	is	weak,	and	concentrations	cannot	be	explored	above	

and below the dissociation constant, Kd
•	 Concentrations	above	2	mg/mL	are	associated	with	weak	repulsive	interparticle	

interaction, inducing in particular a decrease of the sedimentation coefficient 
when compared with the diluted system. Homogeneous systems are easily ana-
lyzed (Solovyova et al. 2001; Salvay et al. 2010). For interacting systems, weak 
interparticle interaction may mask complex formation (Irimia et al. 2003).

10.5.2  Steps for SEC/MALS Analysis

10.5.2.1  From the Superposition of the Chromatograms

The analysis is easy.

10.5.2.2  Systems that Are Difficult or Impossible to Analyze

•	 Detergent	micelle	 and	protein–detergent	 complexes	 should	be	well	 separated.	
This is not the case, for example, of small proteins, because their size is similar 
to that of the micelles.

•	 Separation	 between	 the	 different	 protein–detergent	 complexes	 has	 to	 be	 effi-
cient.

•	 Analysis	 in	 a	 two-component	mode:	Proteins	with	 an	unknown	glycosylation	
level or lipid content are more difficult to analyze (as in SV).

•	 Distinguishing	 close	 number	 of	 subunits	 is	 hard:	 Monomers	 and	 dimers	 are	
much more easily distinguished than tetramers and pentamers (as in SV).

•	 When	extinction	coefficients	are	ill	defined,	Bd from absorbance and RI optics 
are ill defined (as in SV): An approximate molar mass for the complex is how-
ever obtained from RI and LS detectors (and not absorbance), considering a 
mean	∂n/∂c value.

10 Analytical Ultracentrifugation and Size-Exclusion Chromatography …
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10.6  Example of a Membrane Protein, FhuA
10.6.1  AUC: FhuA in F6-DigluM

10.6.1.1  Aim of the Experiment

Our aim was to investigate the homogeneity of FhuA after a surfactant exchange 
step to a fluorinated surfactant F6-DigluM (Abla et al. 2012).

10.6.1.2  Sample, AUC Experiment, and Parameters for the Analysis

One-milliliter FhuA (0.2 mg/mL) in 20 mM Tris–HCl pH 8 (buffer A) with 0.05 % 
LDAO (Flayhan et al. 2012) was loaded onto a 150-µL nickel–nitrilotriacetic acid 
(NiNTA) home-packed column (Qiagen resin) equilibrated in the sample buffer. Sur-
factant exchange was performed by washing the column with 2 mM F6-DigluM in 
buffer A, and the protein was eluted with 1 mL buffer A with 4 mM F6-DigluM and 
200 mM Imidazol, in two fractions of 0.5 mL. The absorbance at 280 nm of the frac-
tion we used was 0.3, estimated with a reference buffer containing 100 mM Imidazol 
(200 mM provided negative values of absorbance, the solvent concentration is thus 
in between that of the washing and elution buffers). The reference solvent in AUC 
was thus chosen as buffer A with 100 mM Imidazol, without F6-DigluM. Indeed, the 
reference channel is filled in general with solvent without detergent (see, however, 
e.g., Dach et al. 2012; Le Roy et al. 2013, for a study and a protocol using reference 
solvent containing detergent). The FhuA sample was used for SV experiments con-
ducted in an XLI analytical ultracentrifuge (Beckman, Palo Alto, CA, USA), using 
an ANTi-60 rotor, at 42,000 rpm and 20 °C overnight, using double-channel center 
pieces (Nanolytics, Potsdam, Germany) of 12 mm optical path length (loaded vol-
ume: 420 µL) equipped with sapphire windows. The parameters that were used for 
the analysis are tabulated in Table 10.3. The parameters characterizing usual solvents 
can be determined from tabulated data with the program SEDNTERP (available free 
at: http://sednterp.unh.edu/), those for the protein from amino acid composition with 
the same program and SEDFIT (available free at: http://www.analyticalultracentrifu-
gation.com).	The	latter	also	allows	the	calculation	of	∂n/∂c;	∂n/∂c = 0.187 mL/g is 
typical of membrane proteins (Hayashi et al. 1989). For detergents, values have to 
be measured or obtained from literature or technical notices (see e.g. http://www.
anatrace.com). Some values have been tabulated in le Maire et al. 2000.

10.6.1.3  c(s) Analysis

Data analysis were done with the program SEDFIT (available free at: http://www.
analyticalultracentrifugation.com). Figure 10.2 and Table 10.4 show the analysis in 
terms of c( s) analysis. In principle, the comparison of the c( s) obtained at different 
protein and/or detergent concentrations has to be made (see Salvay et al. 2007 for 
a protocol) to get confidence in the details of the c( s) distribution, and to check the 
absence of auto-association equilibrium (see Josse et al. 2002 for an example).

http://sednterp.unh.edu/
http://www.analyticalultracentrifugation.com
http://www.analyticalultracentrifugation.com
http://www.anatrace.com
http://www.anatrace.com
http://www.analyticalultracentrifugation.com
http://www.analyticalultracentrifugation.com
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The data at 280 nm (Fig. 10.2a, c) show one main boundary at 12.5 ± 0.2 S cor-
responding to the sedimentation of the protein–detergent complex. Homogeneity 
is the first result of such analysis. The data from interference (Fig. 10.2b, c) show 
in addition the sedimentation of the surfactant micelles, at an s-value of 6.1 S from 
interference, close to that 6.4 ± 0.1 S reported in H2O (Abla et al. 2012). From the 
fringe shift number of this boundary, we determine a micelle concentration of 
2.15 mM, to which has to be added the cmc to obtain experimentally the value for 
the total free surfactant concentration of about 2.5 mM, which is that expected from 
our sample preparation protocol. For the protein–detergent complex boundary, the 
ratio of the signals (absorbance and interference) is used to determine the amount 
of bound surfactant. This precision of this determination depends on the accuracy 
of the extinction coefficients for the detergent, which are sometimes ill defined (ad-
sorption of absorbing hydrophobic impurities or bound ligands). We have used here 
for the surfactant, the experimental extinction coefficient of 0.01 (mg/mL)−1 cm−1 
determined from the integration of the c( s) contribution of the free micelles to de-
rive 143 ± 10 mol/mol bound surfactant. Assuming this value and a monomeric 
FhuA, we can determine a frictional ratio of ca. 1.4 for the protein–detergent com-
plex, which is slightly larger than 1.25, expected for a globular compact assembly. 
With only these data, it is hard to certify the anisotropy of the shape of the com-
plex. Furthermore, if we analyze the experimental value of s, considering a globu-
lar compact shape ( f/fmin = 1.25)—which is likely, since FhuA does not bear large 
extra-membrane domains—we have a second evaluation of the bound surfactant of 
117 ± 3 mol/mol, which is not very far from that determined above from the integra-
tion of the related peak in the c( s) obtained from absorbance and interference. In the 
absence of other data, we have to consider the two sets of values as possible.

Because the sedimentation of FhuA observed at 280 nm shows essentially a 
main species, we attempted an analysis considering the model of one interacting 

Table 10.3  Parameters for SV analysis

Buffera ρ g/mL 1.000
η mPa s 1.003

FhuAb Md Da 79,971
v mL/g 0.724
E0.%1, 280 cm−1(mg/mL)−1 1.297
∂n/∂c mL/g 0.190

F6-DigluMc Md Da 863.6
v mL/g 0.585
E0.%1, 280 cm−1(mg/mL)−1 n.d.
∂n/∂c mL/g 0.091
cmcd mM 0.38–0.48
Nagg

d 51–54
a Values are measured at 20 °C
b  From the amino acid sequence, using the program SEDFIT; we neglect the possible bound 

polyliposaccharide
c From Abla et al. (2012)
d Optionally required
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species to determine s and Mb (technically, this is done by setting in the analysis 
program, v  = 0.75 mL/g and ρ	=	1	g/mL,	which	provides	a	buoyant	factor	(1	−	v
ρ) = 0.25, thus Mb = Mapp/4, with Mapp, the output apparent molar mass from the fit). 
The fit (not shown) is as good as the c( s) analysis (Fig. 10.2a), and leads to the 
same s-value (12.7 S), but the numerical analysis leads clearly to an improbable 
solution, i.e., the derived Mb is 49.5 kDa. The contribution from FhuA is 22.1 kDa, 
the remaining attributed to F6-DigluM would be the difference, and would lead to 
the calculation of 80 mol/mol bound F6-DigluM, which is not compatible with the 
s-value (i.e., it would correspond to a frictional ratio of 1.0, which is too low). This 
illustrates the fact that the analysis in term of noninteracting species requires strict 
sample homogeneity.

Fig. 10.2  Sedimentation 
velocity analysis of FhuA 
in F6-DigluM. Superposi-
tion of 20 experimental and 
fitted sedimentation velocity 
profiles ( top sub-panels) 
obtained during 3.5 h at 
42,000 rpm and 20 °C, in 
12 mm optical path length 
centerpieces, at 280 nm (a) 
and with interference optics 
(b), and their differences 
( bottom sub-panels). Super-
position of the sedimenta-
tion coefficient distributions 
c( s) (c) from the absorbance 
( green line) and interference 
( black line)	data.	ΔJ is in 
fringe shift displacement unit
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10.6.2  SEC/MALS: Fhua in LDAO

10.6.2.1  Aim of the Experiment

Our aim was to quantify the amount of bound detergents LDAO to FhuA and test 
the possibilities of the DLS detector for membrane proteins.

10.6.2.2  Sample, SEC/MALS Experiment, and Parameters for the Analysis

Thirty microliters of FhuA at 3 mg/mL was injected at 0.5 mL/min, with a high-
performance liquid chromatography (HPLC) system LC20AD with a thermostated 
at 15 °C sample changer (Shimadzu France), onto a Superdex 200 10/300 GL col-
umn (GE Healthcare) at 20 °C (oven Wynsep, Ste Foy d’Aigrefeuille, France) with 
a solvent, 20 mM Tris–HCl pH 8, 0.15 M NaCl, containing 0.05 % LDAO. Elution 
profiles were followed online at 280 nm (SPD-M20A Shimadzu) and RI, static and 
dynamic light scattering (Optilab rEX, miniDAWN TREOS and Dynapro Nanostar, 
Wyatt Technology, Santa Barbara, CA, USA) were measured using a laser emitting 
at 658 nm. Data were analyzed using the protein conjugate template of the ASTRA 
software V 5.3.4.18. Input values were, for the sample, those of water; for FhuA, 
E0.%1, 280	and	∂n/∂c given in Table 10.3; and for LDAO, E0.%1, 280 = 0.02 mL/(g/cm) 
and	∂n/∂c = 0.138–0.148 mL/g (Strop and Brunger 2005). We considered as default 

Table 10.4  Results from the c( s) analysis
Species Parameter Value Line number
F6-DigluM micelle s (S) from A280 6.5 (1)

s	(S)	from	ΔJ 6.1 (2)
A280, 1 cm 0.02 (3)
ΔJ, 1 cm 2.58 (4)
c (mg/ml) from line (4) 1.86 (5)
c (mM) from line (4) 2.15 (6)
E0.1%, 280 nm ((mg/mL)−1 cm−1) from 

lines (3), (5)
0.01 (7)

FhuA complexa s (S) from A280 12.7 (8)
s (S) from J 12.4 (9)
s (S) consensus 12.5 ± 0.2 (10)
A280, 1 cm 0.30 (11)
ΔJ, 1 cm 1.11 (12)
ΔJ/A280 from lines (11), (12) 3.7 ± 0.1 (13)
Bd (g/g) from line (13) 1.55 ± 0.1 (14)
Bd (mol/mol) from line (14) 143 ± 10 (15)
f/fmin from lines (10), (13) 1.38 ± 0.07 (16)
Bd (g/g) from line (10) assuming 

f/fmin = 1.25
1.26 ± 0.04 (17)

Bd (mol/mol) from line (17) 117 ± 3 (18)
a The analysis considers FhuA as a monomer without associated lipids
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value the second virial coefficient of 2 × 10-4 mol mL/g2. Other optional informa-
tion concerning LDAO, not relevant on the present analysis are: M = 229.41 g/mol, 
v  = 1.128–1.134 mL/g (le Maire et al. 2000), cmc ~ 0.14 mM in 0.1 M NaCl and 
1–2.2 mM in H2O (le Maire et al. 2000), and Nagg = 69–76 (le Maire et al. 2000).

10.6.2.3  Result of the Analysis

Figure 10.3 and Table 10.5 show the analysis and results. The chromatograms from 
the three detectors show essentially the same features. We do not observe here a 
large peak in the void volume of the column (7.6 mL), which indicates an insignifi-
cant amount of aggregates. LS (red line) indeed emphasizes the presence of large 
aggregates, easily detected even if they are present in minor amounts (see, e.g., Ebel 
2011; Dach et al. 2012). FhuA main complex is eluted at 12.4 mL as the dominant 
species.	Detergent	micelles	at	≈	15	mL	are	not	detected	very	well,	indicating	that	the	
detergent was at the same concentration in the sample and elution buffer. The total 
volume	of	the	column	at	≈	22.5	mL	is	indicated	by	negative	(as	here)	or	positive	
contributions arising from minor differences in buffer composition.

From the analysis, considering the whole peaks for the aggregates and the main 
FhuA complex, we obtain an estimate of the mass recovered upon elution, and thus 
the percentage of each type of species. It confirms the very minor proportion of 
aggregate of this sample (0.003 %). The recovered concentration of FhuA (95 µg) 
is	close	 to	 the	nominally	 injected	concentration	(≈	90	µg),	and	 that	of	associated	

Fig. 10.3  Molar masses determination of FhuA solubilized in LDAO by SEC/MALS. Main panel: 
Superposition of A280 ( green), differential refractive index ( blue), light scattering ( red) signals, in 
arbitrary units, as a function of the elution volume Vel. Left insert: Molecular masses calculation 
during elution, of the complex ( light blue), with the protein ( dark green) and detergent ( light 
green) contributions. Right insert: Autocorrelation function of the scattered light at the maximum 
of the main peak ( black symbols) and fit ( red line)
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 detergent (74 µg) is in the same order of magnitude. If there were an excess of 
detergent in the sample, the analysis of the micelle peak would allow the determi-
nation of the eluted amount, which could be transcribed in excess concentration in 
the sample.

Further analysis is made considering a volume range of 0.5 mL centered on the 
FhuA complex. The range corresponds nearly to the half height, and determines the 
errors in the resulting values indicated in percentage in Table 10.5. The molecular 
masses during elution, shown in the left insert of Fig. 10.3, for the complex, the pro-
tein, and detergent contributions, are nearly constant. The mass of protein is close 
to the theoretical value of 80 kDa, and the amount of bound detergent, 0.77 g/g 
or 268 mol/mol, is thus determined with confidence. Changing the parameters of 
the analysis takes a couple of seconds, and we check easily that the incertitude on 
the value of E0.%1, 280	or	∂n/∂c for the detergent does not significantly influence the 
outputs of the analysis.

The correlation function from DLS at the maximum of the elution peak is shown 
in the right insert of Fig. 10.3. The scattered light at the maximum of the main 
peak is dominated by the signal of the complex. Analysis of the eluant, at elution 
volumes where the chromatogram is flat, is extremely noisy, showing that detergent 
micelles in the solvent do not contribute significantly to the signal. The derived RH 
for FhuA–LDAO complex is 4.4 nm in the range of the values given for FhuA-
DDM (4.2–4.5 nm; Boulanger et al. 1996).

10.6.3  Conclusion

AUC is a very resolutive technique, and particularly appropriate for the study of 
complex systems. The separation of the particle depends on their mass, hydro-
dynamic radius, and buoyancy. It requires small volumes of sample and solvent. 

10 Analytical Ultracentrifugation and Size-Exclusion Chromatography …

Species Parameter Value
Aggregates Vel (mL) 7.6

mass fraction (%)a 0.003
Complex Vel (mL) 12.6

mass fraction (%)a 99.997
protein mass (µg)a 95
detergent mass (µg)a 74
Mp (kDa)b 80.8 (0.4 %)
Md (kDa)b 65.7 (0.9 %)
Bd (g/g)b 0.77
Bd (mol/mol) 268
RH (nm)b 4.4 (4 %)

a  Considering the volume range for the whole peaks 
(7–9 mL and 11–13.6 mL)

b  Obtained considering a volume range of 0.5 mL 
centered on the maximum of the peak

Table 10.5  Results for 
FhuA/LDAO from SEC/
MALS
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Samples with different concentrations of protein and detergent, and different solvent 
densities can be easily investigated. The c( s) analysis is easy, robust, and allows to 
characterize the number of boundaries, i.e., the minimum number of sedimenting 
species. Comparison of data obtained with different samples allows to determine if 
proteins auto-associate. In favorable cases, the related association constants, Mp, Bd, 
and possibly RH, may be obtained.

SEC/MALS requires large volume of solvent (and detergent) for equilibrating 
the column, and protein–detergent complexes may evolve upon chromatography. 
It emphasizes the presence of large-size particles, and is therefore particularly ap-
propriate for quantifying aggregates. Given protein–detergent complexes are well 
separated from detergent micelles and aggregates, SEC/MALS is an easy technique 
providing precise estimates of Mp, Bd (reasonably precise RH), and free detergent 
concentration, and appears appropriate for systematic studies.
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11.1  Introduction

Membrane proteins (MPs) are essential components of cellular membranes. They 
constitute about 30 % of the proteome in most organisms (Fagerberg et al. 2010) 
and play crucial roles in many cellular and physiological processes. Due to their 
involvement in a large number of human pathological conditions, MPs serve as 
important therapeutic targets; more than 60 % of drugs currently in the market bind 
to and modulate MP function (Pieper et al. 2013). MPs provide links between the 
extracellular and the intracellular environments and include receptors that are cen-
tral to signal transduction, transporters, ion channels, enzymes, and others, such 
as adhesion proteins involved in cell–cell recognition. Attempts at developing a 
full understanding of their mechanisms of action require not only biophysical and 
biochemical characterization, but more importantly the knowledge of high-resolu-
tion structures of MPs and their complexes. X-ray crystallography has become the 
most successful method for generating atomic resolution structures, but requires the 
availability of sufficiently large and well-ordered crystals that diffract to high reso-
lution. Crystallization of MPs, however, is challenging, because of their low stabil-
ity outside their natural membrane environment as well as the dual nature of their 
surfaces, parts of which are hydrophobic and therefore embedded in the membrane 
and the rest are solvent exposed and hydrophilic. Thus, despite the high biomedical 
value of these molecules, only 1 % of all Protein Data Bank (PDB) entries currently 
belong to MPs.

The complexity of MP structural biology studies is exemplified by difficulties 
that are encountered in attempting to solve the high-resolution structures of human 
G protein-coupled receptors (GPCRs; Stevens et al. 2013). This protein superfam-
ily is responsible for cellular signaling, and represents the most important class of 
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drug targets (Rask-Andersen et al. 2011; Congreve et al. 2011). The study of GPCR 
structure and function is of great fundamental and practical importance as it can be 
applied to design more efficient and safer therapeutics. These receptors represent 
highly challenging heterologous expression targets and are also very difficult to 
handle because of their intrinsic conformational flexibility, which is essential for 
their role in signaling but detrimental for crystallization. In addition, elucidation of 
their mechanism of action requires not only the availability of receptor structures 
in different conformational states bound to different ligands, but also structures of 
their	 complexes	with	 signaling	 partners,	 such	 as	G	proteins	 or	 β-arrestins.	After	
about 20 years of extensive research, multiple breakthroughs were achieved with 
the establishment of a robust protein production platform in insect cells (Hanson 
et al. 2007), receptor stabilization by fusion partners or antibodies (Rosenbaum 
et al. 2007; Rasmussen et al. 2007; Chun et al. 2012), development of crystalliza-
tion methods in lipidic environment (Cherezov et al. 2007; Cherezov 2011), and 
advancements in micro-crystallography (Cherezov et al. 2009; Smith et al. 2012). 
By 2013, structures of about 20 unique receptors as well as a complex between a 
GPCR and G protein, most of which were crystallized in the lipidic cubic phase 
(LCP), became available in the PDB (Katritch et al. 2013).

Although MP crystallization in LCP was introduced more than 17 years ago 
(Landau and Rosenbusch 1996), the initial progress of structure determination 
by this method was slow (Fig. 11.1), and its application was limited to studies of 
colored proteins from the microbial rhodopsin family. The primary reason for a 
slow adoption rate for this method was due to difficulties in handling the sticky, 
gel-like LCP material and challenges in the detection of small colorless protein 
crystals. This method was therefore not fully embraced by the structural biology 
community until recently when automated instruments and dedicated LCP tools 
became commercially available. These include tools for mesophase preparation 
and manipulation, pre-crystallization assays to monitor MP properties and auto-
mated systems for setting up crystallization trials and detecting crystals. Addition-
ally, improvements in hardware and crystallographic data collection methodology 
at microfocus beamlines allowed structure determination from relatively small 
crystals grown in LCP. These recent advances have now made the use of LCP for 
crystallization generally accessible to laboratories of all sizes that wish to pursue 
the high-resolution structures of MPs. In this chapter, we discuss the main princi-
ples of this method and provide highlights of recent advancements in LCP-related 
technologies.

11.2  Crystallization of MPs

In general, MP crystallization methods can be divided into two categories depend-
ing on the protein-hosting environment: in surfo and in meso (Fig. 11.2). The in 
surfo method has been widely used since the first MP structure of the photosynthetic 
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reaction center was solved in 1985 (Deisenhofer et al. 1985). This technique relies 
on solubilization of MPs in detergent micelles. The use of surfactants helps to ex-
tract proteins from the membrane and to maintain the insoluble MP in solution. 
The protein detergent complex (PDC) can then be treated as a soluble protein and 
crystallized using conventional crystallization methods including vapor diffu-

Fig. 11.1  Progress in membrane protein (MP) structure determination by the lipidic cubic phase 
(LCP) method. a Cumulative increase in the number of unique MP structures solved by using 
LCP crystallization and deposited to the Protein Data Bank (PDB). The data do not follow a simple 
exponential growth shown as the blue curve, but rather indicate an initial lag phase associated 
with developments of LCP technology leading to a sharp increase in the structure determination 
rate started a few years ago when many of these developments became commercially available. b 
Collection of all unique MPs and peptides crystallized by the LCP method, showing the achieved 
resolution and the corresponding PDB ID
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sion, batch, free-interface diffusion, etc. (McPherson 2004). Although the in surfo 
method remains the most frequently used approach for the majority of published 
MP structures, the environment of detergent micelles is not ideal for crystallization. 
Many detergents are too harsh and can destabilize MPs, while milder detergents 
tend to form larger micelles that shield a substantial part of an MP and thus limit 
possibilities for protein–protein contacts that contribute to the generation of higher-
quality crystals. The choice of an optimal detergent for solubilization and subse-
quent crystallization is often not a trivial task and requires elaborate and expensive 
screening tests (Wiener 2004). Finally, in surfo crystallization typically results in 
type II crystals (Michel 1991; see Fig. 11.2), where crystal contacts are formed only 
by polar parts of the protein leading to a large solvent content due to the porous 
nature of the packing and resulting in crystals with low order and poor diffraction 
quality.

An alternative method for MP crystallization (referred to here as the in meso 
approach) is based on employment of a quasi-native lipid environment, where MPs 
are reconstituted in a lipid bilayer and crystallization is initiated from a lipidic 
mesophase. Three technologies have been developed that fall into this category: 
LCP (Caffrey and Cherezov 2009), vesicle fusion (Takeda et al. 1998), and bicelles 
(Faham and Bowie 2002). LCP crystallization was first introduced in 1996 (Lan-
dau and Rosenbusch 1996), resulting in the first successful determination of the 

Fig. 11.2  Two approaches to MP crystallization. In surfo methods typically produce type II crys-
tals, and occasionally lead to type I crystals. In meso crystallization always results in type I crystal 
packing. Crystal packing diagrams are shown for the photosynthetic reaction center from B. viridis 
crystallized in detergent solutions (type II packing, PDB ID 1PRC) and in LCP (type I packing, 
PDB ID 2WJN)
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high-resolution structure of bacteriorhodopsin (Pebay-Peyroula et al. 1997), a pro-
tein that was exhaustively studied, but which resisted the formation of well-ordered 
crystals using conventional crystallization methods in detergent micelles. LCP crys-
tallization, for the first time, provided a universal approach to produce MP crystals 
with type I packing. The vesicle fusion method was published in 1998 (Takeda et al. 
1998). Following the reconstitution of an MP into spherical lipid bilayers (vesicles), 
precipitants are added which trigger fusion of vesicles resulting in a subsequent 
nucleation process. Despite its earlier success in bacteriorhodopsin crystallization, 
no other MPs have been crystallized with this procedure. Finally, the last in meso 
method, based on MP reconstitution into discoidal lipid/detergent micelles called 
bicelles, appeared in 2002 (Faham and Bowie 2002). The flat surface of the bicelle 
is formed by a lipid bilayer and the hydrophobic rim is stabilized by detergents. 
The size and thickness of bicelles depend on the type of the lipid, detergent, and 
the molar ratio between them (Whiles et al. 2002). Bicelle solutions are typically 
liquid and easy to manipulate using a pipette at low temperatures and become more 
viscous and gel-like as temperature increases due to bicelle fusion and formation of 
a perforated lamellar phase (Wang et al. 2003), which is conducive to MP crystal-
lization. Several proteins have been crystallized in bicelles, including one GPCR 
(Rasmussen et al. 2007).

As mentioned earlier, crystallization in LCP is the most successful of the in meso 
methods to date. By August 2013, representatives of at least nine different families 
of MPs have been crystallized in LCP, resulting in 151 entries in the PDB, among 
them 47 unique structures (http://cherezov.scripps.edu/structures.htm; Fig. 11.1). 
Examples include alpha-helical and beta-barrel proteins, peptides, photosynthetic 
proteins, receptors, enzymes, transporters, and ion channels. The highest resolution 
of an MP crystallized from LCP was achieved for bacteriorhodopsin (1.43 Å, PDB 
IDs 1M0K, 1M0M). A hydrophobic peptide, gramicidin D, was also crystallized in 
LCP and its structure was solved at 1.08 Å (PDB ID 2Y5M).

There are several factors that contribute to the success of using LCP for MP 
crystallization. Just as bicelles and lipid vesicles, LCP provides a native-like lipid 
environment that stabilizes sensitive MPs. Crystals grown in LCP belong to type 
I, where crystal contacts are made not only by the polar parts, but also by the non-
polar parts of MPs (Fig. 11.2). Such crystals have tight packing and lower water 
content often resulting in small but well-ordered crystals. LCP crystallization de-
pends strongly on protein diffusion within the LCP matrix (Cherezov et al. 2008). 
Large-sized impurities and protein aggregates cannot diffuse through LCP and are 
therefore excluded from the crystal formation process (Kors et al. 2009). This ad-
vantage together with a large curvature of LCP membranes can turn into a disadvan-
tage when a large MP or a complex of MPs has to be crystallized. The protein-size 
limitation, however, can be overcome by swelling LCP and transforming it into a 
liquid-like sponge phase (Cherezov et al. 2006a; Wadsten et al. 2006).
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11.3  LCP Structure and Properties

Lipids are amphiphilic molecules, which, upon mixing with water, form a variety 
of liquid crystalline phases depending on their chemical structure, temperature, and 
hydration level (Qiu and Caffrey 2000; Briggs et al. 1996). The most common class 
of lipids used for LCP crystallization is monoacylglycerols (MAGs). They contain 
a hydrophilic glycerol headgroup attached to a hydrophobic monounsaturated fatty 
acid chain through an ester bond. Here we refer to monounsaturated 1-MAG lip-
ids using the N.T MAG abbreviation scheme, where “N” represents the number of 
hydrocarbons between the ester bond and the double bond and “T” represents the 
number of hydrocarbons between the double bond and the end of the acyl chain. 
The temperature–composition phase diagram of the lipid most successfully used for 
LCP crystallization, monoolein or 9.9 MAG, is shown in Fig. 11.3. At low hydration 
and temperatures below 37 °C, 9.9 MAG exists in a solid lamellar crystalline, LC 
phase. Above 37 °C it melts, forming a fluid isotropic, FI phase. The addition of wa-
ter leads to the formation of several lyotropic mesophases, the identity of which de-
pends on the temperature and water content. The middle part of the phase diagram 
at moderate hydration (5–20 % water) and temperatures (18–60 °C) is occupied by a 
lamellar	liquid	crystalline,	Lα	phase.	High	hydration	levels	are	dominated	by	cubic	
phases in a wide range of temperatures from 18 to 90 °C. Above 90 °C, lipidic phase 
converts into an inverted hexagonal, HII phase.

Fig. 11.3  Equilibrium temperature–composition phase diagram for monoolein (redrawn from Qiu 
and Caffrey 2000, with permission). Cartoon representations of different phases are shown around 
the phase diagram
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The part of the phase diagram occupied by LCP is the most interesting for crys-
tallization. LCP is composed of a single lipid bilayer that separates the space into 
two interpenetrating nonintersecting networks of water channels. Both lipid bilayer 
and water channels are continuous in all three dimensions and, therefore, this type 
of LCP is often referred to as a bicontinuous phase. This continuity allows MPs to 
diffuse within the single lipid bilayer and precipitants to penetrate inside the LCP 
and induce crystallization. The lipid bilayer of LCP follows an infinite periodic 
minimal surface (IPMS) with a cubic symmetry (Hyde et al. 1984). Each point on an 
IPMS corresponds to a saddle point with the two principal orthogonal curvatures of 
the same absolute values but opposite directions resulting in the mean curvature of 
zero (Rummel et al. 1998). LCP lattices with three different space groups have been 
observed: Ia3d (gyroid), Pn3m (diamond), and Im3m (primitive). The typical lattice 
parameter of a Pn3m-LCP is 110 Å with a water channel diameter of about 50 Å.

Macroscopically, LCP appears as a sticky, viscous, transparent, and optically 
isotropic gel. This material does not flow on its own or under gravity and cannot 
be pipetted, but it can be extruded through a needle using a positive displacement 
syringe. Due to its unique properties, LCP has been used in many applications, 
including drug delivery, removal of contaminations, biosensors, and protein crys-
tallization (Shah et al. 2001; Clogston 2005; Nazaruk et al. 2008; Cherezov 2011).

11.4  LCP Crystallization

The underlying procedure for LCP crystallization is relatively simple and straight-
forward:

1. Solubilized protein is combined with a host lipid at a certain proportion dictated 
by the phase diagram and mixed together until transparent LCP is formed.

2. A precipitant is added triggering crystal nucleation and growth.

Despite the apparent simplicity, there are several important factors to consider, 
some of which have been addressed by a number of studies on the mechanism 
of MP crystallization in LCP (Nollert et al. 2001; Caffrey 2008). Upon mixing of 
lipid with detergent-solubilized protein solution, LCP is formed spontaneously and 
protein is reconstituted in the lipid bilayer of LCP, as demonstrated by fluorescence 
quenching (Liu and Caffrey 2005; Cherezov et al. 2006a). Protein insertion in LCP 
is usually performed at room temperature, and along this process the protein expe-
riences a variety of changing environments; therefore, fast incorporation of protein 
into LCP, as that achieved by mechanical mixing (Caffrey and Cherezov 2009), is 
preferred. MPs are generally more stable in LCP than in detergent solutions (Liu 
et al. 2010); however, it is recommended to set up crystallization trials immediately 
upon protein reconstitution. Crystals that grow in LCP are formed by layers of 
two-dimensional MP crystals stacked in the third dimension through hydrophilic 
interactions of solvent exposed MP parts; this arrangement is known as type I pack-
ing (Fig. 11.2). Growing crystals are attached to the bulk LCP through a multi-
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lamellar lipid phase (Cherezov and Caffrey 2007), which serves as a conduit for 
MPs, allowing them to reach and incorporate into the growing crystal (Fig. 11.4). 
Sudden temperature fluctuations should be avoided as they induce changes in the 
LCP lattice parameter and can lead to a detachment of growing crystals from the 
bulk LCP phase and termination of crystal growth. Therefore, crystallization trials 
should be incubated and imaged at a constant temperature as much as possible. 
Crystals typically nucleate within hours to a few days and grow for several days 
to several weeks. Diffusion of precipitants in LCP is relatively slow, depending 
strongly on the size of the molecule with respect to the diameter of water chan-
nels, for example, polymers diffuse much slower than ions. Overlaying an LCP 
bolus with a precipitant solution leads to the formation of various concentration 
and hydration gradients across LCP changing in time and lasting from minutes to 
days. Therefore, the size of an LCP bolus and its shape can play a profound role 
in crystal nucleation and growth, and these effects can be explored during crystal 
optimization. Several different crystal space groups have been observed, but no 

Fig. 11.4  Cartoon representation of a hypothetical mechanism of MP crystal growth in LCP. MPs 
( blue/green) are reconstituted in the lipid bilayer of LCP ( yellow), which provides a stabilizing 
environment and allows MPs to diffuse in the three-dimensional space. Addition of a precipitant 
induces favorable protein interactions leading to formation of a crystal nucleus. The growing crys-
tal consists of layers of two-dimensional crystals stacked in the third dimension (type I packing). 
The crystal is attached to the bulk LCP through a multilamellar phase portal, allowing MPs to 
approach and join the growing crystal. (Reproduced from Caffrey and Cherezov 2009)
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apparent correlation between the LCP lattice parameter and crystal lattice has been 
found. The mismatch is apparently accommodated by adjustments in the stacking 
distance within the lamellar phase.

Addition of precipitants can affect the lattice parameter of LCP and the phase 
identity (Cherezov et al. 2001). In general, kosmotropic agents, such as most salts, 
decrease the hydration capacity of lipid headgroups increasing the lipid’s intrinsic 
curvature, which results in shrinkage of LCP and eventually its transition into a 
hexagonal HII phase. Large molecular weight polymers, such as PEG 10,000, also 
shrink LCP but via a different mechanism of applying an osmotic pressure and 
withdrawing water resulting in transformation to a lamellar Lα phase. On the oth-
er hand, most chaotropic agents, as well as low molecular weight polymers (PEG 
400), alcohols (MPD, propanediol, butanediol), and polymers (jeffamine, pentae-
rythritol propoxylate), swell LCP and at higher concentrations transform it into a 
sponge phase (Cherezov et al. 2006a; Wadsten et al. 2006). Combinations of two 
or more precipitants with opposite effects are not in general additive, but often 
show a more complex behavior. Small-angle X-ray scattering (SAXS) is the most 
straightforward method to obtain lipidic phase identity and structural parameters. 
Several high-throughput (HT) approaches have recently been introduced to perform 
SAXS analysis of lipidic samples under a variety of conditions in a 96-well plate 
format (Joseph et al. 2011; Conn et al. 2012). These HT LCP-SAXS approaches can 
help to better understand the mechanism of LCP crystallization and design special 
crystallization screens.

Typically, MPs are solubilized and purified in detergent solutions prior to their 
reconstitution in LCP. Detergents become incorporated in LCP along with the pro-
tein. Most detergents are well tolerated by LCP up to concentrations of several 
times their CMC (critical micelle concentration; Ai and Caffrey 2000; Sennoga 
et al. 2003; Misquitta and Caffrey 2003). In most cases the detergent identity is 
not critical for crystallization, therefore it is recommended to use the most stabiliz-
ing detergent for MP purification. At high concentrations, detergents can transform 
LCP into a lamellar Lα phase. The effect of detergents on LCP, however, can be 
counteracted to a degree by increasing the salt concentration (Misquitta and Caffrey 
2003), if such an increase in salt concentration does not destabilize the protein.

11.4.1  LCP Host Lipids

The pool of lipids that form stable LCP at or below room temperature and, there-
fore, are suitable for serving as a host lipid for protein crystallization is relatively 
limited. Monoolein (9.9 MAG) is the most common and the most successful LCP 
host lipid to date (Kulkarni et al. 2011). Several other MAGs can also form LCPs, 
structural properties and phase behavior of which strongly depend on the acyl chain 
length and the position of cys-olefinic bond (Caffrey 2009). Protein stability, diffu-
sion, and interactions are affected by the thickness, curvature, and lateral pressure 
profile across the lipid bilayer of LCP. Therefore, it is important to search for a host 
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lipid that would be optimal for crystallization of a particular protein. For example, 
specific MAGs have been designed for low-temperature crystallization, such as 7.9 
MAG (Misquitta et al. 2004a), and for crystallization of large proteins and com-
plexes, such as 7.7 MAG (Misquitta et al. 2004b; Rasmussen et al. 2011). Lipid 
host screening was successfully applied to improve crystal growth and diffraction 
for an outer MP OprB (Li et al. 2011) and a membrane enzyme diacylglycerol ki-
nase (DgkA; Li et al. 2013b). Several MAGs are commercially available from Nu 
Chek Prep, Sigma, and Avanti Polar Lipids; others can be synthesized following 
published protocols (Coleman et al. 2004; Fu et al. 2010). While largely successful, 
one of the drawbacks of MAGs is their relatively low stability and susceptibility to 
hydrolysis at basic or acidic conditions (Murgia et al. 2002).

Another class of LCP-forming lipids based on isoprenoid chains has recently 
been explored for their use in crystallization. It includes a common cosmetic and 
food additive lipid phytantriol (Barauskas and Landh 2003) and a library of syn-
thetic lipids with variable hydrocarbon chain length and different polar headgroups 
(Yamashita et al. 2008; Hato et al. 2009). The distinguishing feature of these lipids is 
their regularly branched hydrocarbon chain structure, as opposed to a linear hydro-
carbon chain with a different degree of unsaturation in MAGs. Isoprenoid-chained 
lipids have a number of unique and attractive properties, such as low transition 
temperatures between solid and liquid crystalline phases, lower than in MAGs sol-
ute permeability, and higher salt tolerance. Many of these isoprenoid-chained lipids 
lack an ester linkage between the polar headgroup and the hydrophobic tail mak-
ing them highly stable with respect to hydrolysis. Phytantriol and β-XylOC(16 + 4) 
lipid were used to successfully crystallize bacteriorhodopsin (Borshchevskiy et al. 
2010).

LCP host lipids used for MP crystallization are not common native lipids of 
biological membranes. It is, however, possible to dope the host lipid, i.e., mono-
olein, with different natural membrane lipids (Cherezov et al. 2002), which may 
preferentially interact with MPs incorporated in LCP. For example, addition of 
cholesterol to monoolein-based LCP improves stability of GPCRs (Liu et al. 2010) 
and is instrumental for their crystallization (Cherezov et al. 2007; Hanson et al. 
2008).

11.5  LCP Assays

The need to screen for LCP host lipids and lipid additives substantially increases 
the number of crystallization variables. Several LCP pre-crystallization assays have 
been developed in order to evaluate MP behavior in LCP and approach crystalliza-
tion in a rational manner. These assays profile activity, stability, and diffusion of 
MPs in LCP at a variety of conditions, and help to identify the best protein con-
structs, ligands, LCP host lipids, and substantially reduce the range of precipitant 
parameters for screening in subsequent crystallization trials.
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11.5.1  MP Activity in LCP

Optical transparency of LCP along with a high density of lipid bilayers makes it a 
convenient system to assay MP activity by a variety of spectroscopic approaches. 
Such assays also take advantage of the bicontinuous nature of LCP, where both 
cytoplasmic and extracellular sides of reconstituted MPs can be easily accessed by 
water-soluble ligands through the network of water channels that span through the 
mesophase.

One example of a successful application of functional assays in LCP involves 
the enzyme DgkA, which catalyzes the ATP-dependent phosphorylation of diacyg-
lycerols, converting them into phosphatic acid (Li and Caffrey 2011). Since DgkA 
can also phosphorylate different MAGs including monoolein, the lipid in this assay 
performs both roles as the host LCP lipid as well as the substrate. The change in 
adenosine diphosphate (ADP) concentration was monitored in an indirect way, in 
which a coupled enzyme system that included pyruvate kinase, lactate dehydroge-
nase, phosphoenolpyruvate, and nicotinamide adenine dinucleotide (NADH) was 
used. In this system, the production of ADP leads to a decrease in NADH con-
centration that can be measured by absorption at 340 nm. The assays have shown 
that the substrates follow classic Michaelis–Menten saturation behavior and, thus, 
convincingly demonstrated that DgkA is enzymatically active in LCP. DgkA was 
successfully crystallized in LCP and its structure was solved at 2.05 Å (Li et al. 
2013a).

Another example of activity assays in LCP includes measuring ligand-binding 
affinity of the cobalamin transporter BtuB (Cherezov et al. 2006b). The binding of 
the ligand cyanocobalamin (CNCbl) to BtuB reconstituted in LCP was quantified 
in two ways. First, it was monitored as a decrease in absorption at 361 nm, the 
characteristic absorption maximum of CNCbl. Second, it was quantified by moni-
toring ligand-induced intrinsic protein fluorescence quenching. Scatchard analysis 
was performed to obtain the binding constant, the value of which was similar to that 
obtained by traditional methods for BtuB in membranes. Ligand bindings have also 
been measured in LCP using radioligands (Darmanin et al. 2012).

Finally, light-dependent activation of transducin by a prototypical GPCR, visual 
rhodopsin, incorporated in LCP was studied by UV-visible absorption and Fou-
rier transform infrared spectroscopy (FTIR; Navarro et al. 2002). Transducin was 
shown to diffuse freely through the LCP matrix within aqueous channels and its 
ability to form functional complexes with rhodopsin was confirmed. Although the 
photocycle kinetics was altered, the LCP matrix appeared as a suitable environ-
ment	for	maintaining	the	GPCR	in	a	functional	form.	Recently,	a	structure	of	β2-
adrenergic receptor-G protein complex was determined using crystallization in LCP 
(Rasmussen et al. 2011).
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11.5.2  MP Stability in LCP (LCP-Tm)

In the case of unstable proteins, such as many MPs, the protein unfolding tempera-
ture (Tm) often correlates with crystallization propensity. To evaluate MP stability 
directly in LCP, an accurate and robust thermal stability assay, LCP-Tm, has been 
developed (Liu et al. 2010). The assay uses spectroscopic measurements facilitated 
by the transparency of LCP when formed under proper conditions. Protein unfold-
ing is monitored by either intrinsic protein fluorescence or by using a thiol-reactive 
fluorescent	 probe,	 7-diethylamino-3-(4′-maleimidylphenyl)-4-methylcoumarin	
(CPM). The assay protocol addresses issues related to the clouding of LCP with 
increasing temperature, in which shrinkage of the cubic phase and the shedding 
of water is observed. Samples are brought back into a transparent state by cooling 
to 20 °C and centrifugation at 5,600 g for 10–15 min, after which spectroscopic 
measurements are performed. Therefore, a protein unfolding curve is recorded by 
employing cycles of 5-min incubation at desired temperature followed by cooling 
to 20 °C, centrifugation, and spectroscopic readings, which are repeated with incre-
ments of 5 °C until the maximum temperature is reached, such as 80 °C in the case 
of monoolein-based LCP.

LCP-Tm assay has been used to compare effects of ligands, LCP host lipids, and 
lipid	additives	on	the	stability	of	β2-adrenergic receptor in LCP (Liu et al. 2010). 
The most stabilizing lipid, monoolein, and lipid additive, cholesterol, as identified 
by LCP-Tm, formed the most successful lipid host mixture for crystallization of 
GPCRs in LCP. The stabilizing rank of ligands correlated well with the resolution of 
obtained receptor–ligand co-crystal structures (Cherezov et al. 2007; Hanson et al. 
2008; Wacker et al. 2010).

11.5.3  MP Diffusion in LCP (LCP-FRAP)

One of the prerequisites for successful crystallization in LCP is the ability of MPs 
to diffuse within the folded lipid bilayer. Spatial constraints in LCP, such as high 
local membrane curvature and narrow parts of the water channels, limit diffusion of 
large MPs or oligomeric aggregates of smaller MPs. The mobility of MPs in LCP 
is affected by a number of factors: identity of the host lipid and LCP composition, 
size and aggregation state of the protein, precipitant composition, and temperature. 
Fluorescence recovery after photobleaching (FRAP) is a convenient technique for 
measuring protein diffusion. It has been adapted to assay and study MP diffusion 
in LCP under different conditions (Cherezov et al. 2008). The LCP-FRAP assay al-
lows fast and reliable quantification of protein diffusion characteristics in LCP with 
a minimal amount of protein.

In	 this	 assay,	 proteins	 are	 labeled	 with	 hydrophilic	 5,5′–disulfato–1′–eth-
yl–3,3,3′,3′–tetramethylindocarbocyanine	 (Cy3)	 fluorescent	 dye.	 There	 are	 two	
options for Cy3 conjugation carriers: Cy3 mono-maleimide reacting with free 
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sulfhydral groups of cysteine residues and N-hydroxylsuccinimidyl (NHS) ester re-
acting with free amino groups. The first labeling method requires free cysteine resi-
dues exposed at the protein surface. The amino-reactive conjugation suffers from 
inadvertent labeling of free-amine-containing lipids like phosphatidylethanolamine 
(PE) lipids, which are produced by expression hosts and co-purified with the pro-
tein. Labeled protein is incorporated in LCP, dispensed in a 96-well glass sandwich 
plate, overlaid with different screening solutions and incubated at 20 °C for 12 h. 
Measurements are taken by bleaching a spot with a laser and following the recovery 
of the intensity inside the bleached spot in time. Due to a relatively slow diffusion of 
MP in LCP, recording a full FRAP curve takes 20–30 min. The curve is then fitted 
by a diffusion equation giving values for the protein diffusion coefficient and the 
protein mobile fraction (Cherezov et al. 2008). In order to increase throughput and 
enable screening for protein diffusion at many different conditions, the assay was 
modified and automated (Xu et al. 2011). The optimized HT LCP-FRAP protocol 
includes recording pre-bleached images, sequential bleaching of 96 samples, 30-
min incubation, and imaging of the recovered states, allowing measurement of the 
mobile protein fractions in 96 conditions within 2 h.

The	LCP-FRAP	method	was	 validated	with	 β2-adrenergic and adenosine A2A 
receptors, for which a good correlation between a high mobile protein fraction and 
crystallization conditions have been observed (Cherezov et al. 2008; Xu et al. 2011). 
The HT LCP-FRAP assay was integrated in the GPCR structure determination pipe-
line by the GPCR Network (Stevens et al. 2013), and has proven to be essential 
for screening multiple receptor constructs and ligand combinations and identify-
ing initial precipitant conditions for crystallization trials. An automated commercial 
LCP-FRAP imager capable of performing HT LCP-FRAP assays and taking full 
LCP-FRAP recovery curves is available from Formulatrix.

11.6  LCP Tools

Original LCP crystallization protocol (Landau and Rosenbusch 1996) was a time- 
and protein-consuming process, allowing only a few crystallization trials to be set 
up at a time. LCP was prepared by extensive centrifugation inside small glass tubes, 
the curvature and thickness of which prevented reliable detection of small colorless 
protein crystals. These and other issues have now been addressed by a variety of 
instruments and tools developed for manual and automatic crystallization setups, 
crystal detection and harvesting, and crystallographic data collection (Fig. 11.5). 
Handling LCP becomes routine when appropriate instruments and techniques are 
used. Comprehensive written and video protocols demonstrating optimized proce-
dures employing some of these tools have been published (Caffrey and Cherezov 
2009; Cherezov et al. 2010; Liu and Cherezov 2011; Caffrey and Porter 2010; Li 
et al. 2012).
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11.6.1  Syringe Mixer

The most efficient and fast mixing of a lipid with protein solution can be achieved 
using a simple mechanical mixer, which was initially designed for studying lipid 
phase diagrams (Cheng et al. 1998). It consists of two coupled Hamilton gas-tight 
syringes. Detergent-solubilized and concentrated MP solution is loaded into one of 
the syringes and a molten lipid into another, and they are mechanically mixed by 
repeated transfer from one syringe to another through a narrow needle within the 
coupler. LCP is typically formed in about 100 passages taking less than 5 min, and 
protein volumes as low as 5–10 µL and up to 30–40 µL can be comfortably used 
with 100-µL syringes. Once a transparent LCP is formed, it is transferred into one 

Fig. 11.5  LCP toolchest: collection of tools, instruments, and assays for LCP preparation and 
handling and MP characterization and structural studies. a LCP syringe mixer (Cheng et al. 1998). 
b Manual LCP dispenser (Cherezov and Caffrey 2005). c LCP crystallization robot (Cherezov 
et al. 2004). d Glass sandwich plates (Cherezov and Caffrey 2003; Cherezov et al. 2004). e Novel 
LCP lipids (Misquitta et al. 2004a, b; Yamashita et al. 2008; Hato et al. 2009). f Crystal imag-
ing in LCP (Cherezov et al. 2010). g Micro-crystallography of LCP grown crystals (Cherezov 
et al. 2009). h Serial femtosecond crystallography in LCP (LCP-SFX; Liu et al. 2013; Weierstall 
et al. 2014). i MP diffusion in LCP, lipidic cubic phase fluorescence recovery after photobleach-
ing (LCP-FRAP; Cherezov et al. 2008; Xu et al. 2011). j MP stability in LCP (LCP-Tm; Liu et al. 
2010). k Advanced imaging of crystals in LCP, second order nonlinear optical imaging of chiral 
crystals (SONICC; Kissick et al. 2010). l High-throughput characterization of lipidic mesophases, 
lipidic cubic phase small-angle X-ray scattering (LCP-SAXS; Joseph et al. 2011)
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of the syringes, from which it can be delivered into crystallization wells either by 
using a manual syringe dispenser or an automatic LCP crystallization robot.

11.6.2  Syringe Dispenser

Purified protein solution is one of the most expensive ingredients of crystalliza-
tion trials and therefore its consumption should be minimized as much as possible. 
Reproducible manual delivery of protein-laden LCP can be achieved by using a 
Hamilton repetitive syringe dispenser. When coupled to a 10-µL Hamilton syringe, 
it can deliver 200 nL of LCP in a crystallization well upon pressing the button. The 
Hamilton dispenser was further modified to decrease the dispensing volume down 
to about 70 nL (Cherezov and Caffrey 2005), saving precious protein and lipids dur-
ing manual LCP crystallization setup.

11.6.3  Glass Sandwich Plate

LCP crystallization trials can be set up in a number of different ways, including 
batch or vapor diffusion techniques, using many commercially available crystalliza-
tion plates. Typically, a small volume of protein-laden LCP is dispensed in each well, 
overlaid by a larger volume of precipitant solution to reduce dehydration problems 
(vapor diffusion plates can have the same or different precipitant solution delivered 
in the reservoir well). The plate is then sealed and incubated at a constant tempera-
ture. The interface between LCP and precipitant solution, however, becomes ragged 
with time making it difficult to detect small colorless protein crystals growing in 
LCP in these plates. To overcome this problem, a 96-well glass sandwich plate was 
developed (Cherezov and Caffrey 2003; Cherezov et al. 2004). The plate is made 
from two flat hydrophobically coated glass slides. The 96 wells of 5-mm diameter 
are defined by a perforated double sticky tape with the thickness of about 150 µm 
attached to the base glass slide. After samples are delivered, the wells are sealed by 
a thinner glass cover slide. LCP therefore becomes sandwiched between two flat 
glass slides providing excellent optical properties for crystal detection by different 
methods, including UV fluorescence. The plate has an SBS-compatible footprint 
and is suitable for robotic crystallization and automated imaging. Glass sandwich 
plates are commercially available from Marienfeld-Superior, Hampton Research, 
and Molecular Dimensions.

11.6.4  LCP Crystallization Robot

Most of the tools discussed so far were related to manual LCP crystallization, which 
could be implemented on a relatively low budget in a single principal investigator 
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(PI) laboratory. There are, however, many advantages in the automation of crystal-
lization setups, including a substantial increase in throughput, allowing for better 
exploration of a vast crystallization space, and the ability to work in harsh condi-
tions, such as low temperatures and in the darkness. Robots can also improve repro-
ducibility and reduce sample consumption.

The first robotic system for LCP crystallization was built using a general-pur-
pose liquid-dispensing station Xantus from Sias (Cherezov et al. 2004). The robot 
contained two arms, one of which was used for handling liquid precipitant solu-
tions. Arm 2 was adapted to carry an automatic syringe microdispenser for LCP 
delivery. The robot was capable of delivering as low as 20 nL of LCP boluses into 
a 96-well glass sandwich crystallization plate and overlaying them with 0.8 µL of 
precipitant solutions taken from a 96-well block. The entire plate could be set up 
within 5–10 min. Droplet evaporation during the crystallization setup was reduced 
by a homemade attachment delivering the mist produced by a humidifier into a 
general vicinity of the plate.

A similar principle of LCP delivery was later implemented in several commer-
cial crystallization robots: Mosquito LCP (TTP LabTech), Griffon (Art Robbins), 
and NT8-LCP (Formulatrix). Modern instruments have high precision, accuracy, 
and reliability. They are versatile and capable of performing different crystallization 
setups, including vapor diffusion and bicelle crystallization. Some of them contain 
an isolated chamber with controlled humidity to minimize evaporation.

11.6.5  Microfluidics

Recent improvements in microfabrication processes have triggered rapid progress 
in microfluidics applications, including those related to macromolecular crystallog-
raphy. Two novel microfluidics approaches for setting up LCP crystallization trials 
have recently been described. In one of them, an integrated microfluidic chip ca-
pable of mixing lipids with a protein solution inside individual microchambers was 
designed (Perry et al. 2009). The chip is made of polydimethylsiloxane (PDMS) and 
contains several microchannels with pneumatic valves, a special mixing chamber, 
a precipitant chamber, and a crystallization chamber. Protein solution is mixed with 
lipid by employing a chaotic, tendril-whorl type mixing producing nonbirefringent 
LCP within 1–2 min, which is then transferred into the crystallization chamber 
where a precipitant is added. The method was validated by successful crystalliza-
tion of bacteriorhodopsin. The chip takes less than 20 nL of material per crystal-
lization trial and has the potential for scaling down to sub-nanoliter volumes. Since 
LCP mixing is achieved in individual chambers, this approach could be useful for 
implementing host lipid screening, where MP solution is mixed with different lip-
ids. However, the complexity of the valves and pneumatic lines, as well as potential 
evaporation and loss of chemicals through PDMS (Toepke and Beebe 2006), may 
prevent a wide acceptance of this method.
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Another approach for setting up LCP crystallization trials is based on a plug-
based microfluidic system (Li et al. 2010). The system contains two microfluidic 
devices: One is a flow-focusing device to generate nanoliter volume LCP plugs, 
and the other is a merging device that merges LCP plugs with precipitant plugs. 
Combined plugs of LCP and precipitant are separated by fluorinated oil and trans-
ferred into a long Teflon tubing for incubation. Crystallization trials can be set up in 
two ways, either using a premixed protein-laden LCP or by a post-LCP formation 
incorporation of protein (PLI). The PLI method was successfully used to crystallize 
bacteriorhodopsin and photosynthetic reaction center (Li et al. 2010). The plug-
based system is relatively simple; however, reliable plug formation and merging, as 
well as plug storage and crystal imaging, present technical challenges.

11.6.6  Crystal Imaging in LCP

Imaging LCP crystallization drops requires, at minimum, a good microscope with 
a Koehler-type illumination and a strong but cold light source. The microscope 
should preferably be equipped with 10x and 40x objectives, and with rotating linear 
polarizers. Initial crystal hits in LCP are typically very small, micron-sized crystals, 
often in the form of thin needles or plates. Such crystals may have a very poor opti-
cal contrast inside of the gel-like LCP material, and their detection can be obscured 
by various LCP defects such as formation of cracks, droplets, or phase transfor-
mations. Using a linear polarizer and analyzer crossed at 90° can help to increase 
contrast and detect bright birefringent crystalline objects on the dark background 
of optically isotropic LCP. Most crystals, except for those with cubic symmetry, 
can rotate polarization of light; however, birefringence from protein crystals could 
be weak and often depends on crystal orientation with respect to the direction of 
polarization of the incident light. MP crystals can be distinguished from crystals of 
salts, ligands, lipids, etc., by imaging them with a UV-fluorescent microscope. This 
method of crystal detection is extremely useful for MPs enriched in tryptophans. Al-
ternatively, MPs can be labeled with trace amounts of a fluorescent dye, which can 
facilitate detection of tiny crystals (Cherezov et al. 2010), but could also interfere 
with crystal nucleation and growth.

A new label-free technique for protein crystal detection, abbreviated as SONICC 
(second order nonlinear optical imaging of chiral crystals), has recently been intro-
duced (Wampler et al. 2008). It is based on the effect of second harmonic generation 
(SHG) or frequency doubling, the propensity of which increases dramatically when 
chiral molecules are assembled in a crystal lattice. SONICC signal is not strongly 
affected by scattering and thus is very useful for crystal detection inside opaque or 
turbid media, such as different lipidic mesophases (Kissick et al. 2010).

All of these imaging modes have been automated and are available in modern 
crystal imagers. Most commercial imagers include a plate hotel, where crystalliza-
tion plates can be incubated at a constant temperature and imaged following a user-
defined schedule.
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11.6.7  Crystal Harvesting

For harvesting purposes, crystals can be released from the gel-like LCP by several 
methods, such as enzymatic digestion by a lipase (Nollert and Landau 1998), incu-
bation with low concentration of detergents (Luecke et al. 1999), dissolving lipids 
in oil (Cherezov et al. 2010), or transforming LCP into a sponge phase (Cherezov 
et al. 2006a). All of these interventions, however, can disturb crystals and affect 
their diffraction. The most gentle technique is to harvest crystals directly from LCP 
and immediately flash-freeze them in liquid nitrogen. MiTeGen micromounts are 
very convenient for this purpose as they are thin and rigid, allowing one to eas-
ily penetrate inside LCP and manipulate the crystals. The size of the micromount 
should be chosen so that it is sufficiently large to support the crystal, but not too 
large to avoid dragging excessive amounts of lipid along with the crystal. Crystal 
harvesting from LCP is usually performed under a stereomicroscope with a large 
working distance continuous zoom objective equipped with rotating linear polariz-
ers. Polarizers are important because without them crystals become lost as soon as 
the surface of the LCP bolus is disturbed. With a little practice, harvesting of small 
crystals from LCP becomes easier than harvesting similar-sized crystals from aque-
ous solution, because crystals in LCP do not move away from the loop by the flow. 
When glass sandwich plates are used for crystallization, opening an individual well 
presents an additional challenge. Detailed written and visual protocols for crystal 
harvesting from glass sandwich plates have been published (Cherezov et al. 2010; 
Liu and Cherezov 2011; Li et al. 2012).

11.7  LCP Micro-Crystallography at Synchrotron Sources

MP crystals grown in LCP are often relatively small but better ordered compared to 
crystals obtained in detergent micelles. Developments of micro-crystallography dur-
ing the past 15 years enabled high-resolution data collection from small MP crystals 
with sizes as small as 10 µm. Microfocused or collimated minibeams down to 5 µm 
in diameter are currently available at most modern synchrotron sources. Centering 
of small crystals harvested from LCP and surrounded by opaque frozen lipids has 
been facilitated by implementation of automated rastering procedures (Cherezov 
et al. 2009). SONICC has been integrated into beamlines to further shorten crystal 
location and centering time (Madden et al. 2013). Improvements in the X-ray beam 
stability, accuracy of the goniometers, detector sensitivity, and dynamic range al-
lowed recording of crystallographic data from smaller and smaller crystals.

High-resolution data collection from small well-ordered crystals, however, is 
ultimately limited by the radiation damage. An estimated upper dose limit for frozen 
crystals is about 30 MGy (Owen et al. 2006). In the case of small crystals exposed 
to microfocus beams at the third-generation synchrotron sources, such a dose may 
correspond to only a few degrees of data. A common practice therefore consists 



30711 Lipidic Cubic Phase Technologies for Structural Studies …

of merging 10–15°wedges of data obtained from dozens of microcrystals. Scaling 
data collected on multiple microcrystals is facilitated by high isomorphicity, which 
is typically observed for LCP grown crystals in contrast to MP crystals grown in 
detergent micelles, which often are nonisomorphous (Pedersen et al. 2009).

Most structures of MPs crystallized in LCP were solved by molecular replace-
ment. Experimental phasing of LCP-grown crystals is difficult due to the small 
crystal size. The first structures solved by experimental phasing from LCP-grown 
crystals started to appear only in 2012. The structure of channelrhodopsin was deter-
mined by multiple-wavelength anomalous diffraction (MAD) using mercury-deriva-
tized crystals (Kato et al. 2012). The structure of a sodium/calcium exchanger was 
solved by single-wavelength anomalous diffraction (SAD) using crystals soaked 
with samarium compounds (Liao et al. 2012), and MAD phasing of SeMet crystals 
was used to determine the structure of an outer MP intimin (Fairman et al. 2012).

Recently, tantalum bromide cluster was used to obtain experimental phase in-
formation for two GPCRs: glucagon receptor from class B (Siu et al. 2013) and 
smoothened receptor from class Frizzled (Wang et al. 2013). Tantalum bromide 
cluster was incorporated by an overnight soaking, and a SAD dataset at the tantalum 
L3 edge (9.881 keV) was collected from a single crystal in each case. Although crys-
tals were relatively small and weakly diffracting, the high phasing power of the tan-
talum bromide cluster enabled determination of phase information to approximately 
6-Å resolution, followed by phase extension to the native high-resolution dataset.

11.8  LCP Serial Femtosecond Crystallography

While micro-crystallography at the third-generation synchrotron sources has come 
of age, new generation sources based on X-ray-free electron lasers (XFELs) are 
starting to emerge and demonstrate a promise for the next big leap toward nano-
crystallography, room-temperature structures, and molecular movies (Fromme and 
Spence 2011). XFELs deliver ultimately short pulses of X-ray radiation of few fem-
toseconds in duration and extreme intensity that is a billion times higher than that 
of the most intense third-generation synchrotrons. Due to such an extremely short 
pulse duration, X-ray photons are able to diffract from macromolecules arranged in 
a crystal lattice before any conceivable damage sets in and the molecules are disin-
tegrated by the extremely high radiation dose. The principle of “diffraction before 
destruction” was initially outlined in theoretical studies by Neutze et al. (2000).

The first experimental proof of this principle applied to macromolecular crystal-
lography was achieved by Chapman et al. (2011) by determining an 8.4-Å resolu-
tion structure of a large MP complex, Photosystem I, using the first hard XFEL, at 
the Linac Coherent Light Source (LCLS) in Stanford, CA, USA. This work has in-
troduced a new approach of serial femtosecond crystallography (SFX) that is based 
on a continuous supply of crystals to the interaction point with an XFEL beam. 
Hundreds of thousands of diffraction patterns are collected at room temperature 
from hydrated microcrystals at single orientations. These data are then processed by 
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Monte Carlo integration methods (Kirian et al. 2011) to yield the structure factors 
that are used for structure determination. Another low-resolution structure was also 
obtained for an MP, photosynthetic reaction center, grown in a lipidic sponge phase 
by the SFX approach (Johansson et al. 2012). The first high-resolution structure de-
termined by SFX was a 1.9-Å structure of a well-behaving soluble protein lysozyme 
(Boutet et al. 2012). In all of these experiments, microcrystals were delivered within 
a liquid suspension streamed from a gas dynamic virtual nozzle (GDVN) injector 
(DePonte et al. 2008). The GDVN injector produces a fast-running liquid microjet 
focused by a gas flow to a diameter of 1–5 µm. The typical flow rate of a stable mi-
crojet is 10 µL/min, which is too fast for the 120-Hz pulse rate at LCLS, resulting in 
only one crystal out of about 10,000 being shot by the XFEL beam. Acquisition of 
a complete dataset therefore requires tens to hundreds of milligrams of crystallized 
protein, which is, in practice, unachievable for most MPs.

To overcome the problem of the fast-running microjet and to enable SFX data 
collection on MP microcrystals grown in LCP, a special LCP injector was designed 
(Weierstall et al. 2014). The LCP injector consists of a hydraulic stage, a sample 
reservoir, and a nozzle. The LCP reservoir is connected to a borosilicate capillary 
with	10–50-μm	inner	diameter,	and	the	LCP	is	extruded	out	of	this	capillary	into	
vacuum. This injector takes advantage of the viscous gel-like properties of LCP, 
allowing for the control of the flow rate within the optimal range matching the 120-
Hz XFEL pulse rate at LCLS, so that the crystals are not wasted. The LCP injector 
was recently used to obtain the first room-temperature structure of a GPCR at 2.8-Å 
resolution using sub-10-µm crystals and less than 300 µg of crystallized receptor 
(Liu et al. 2013).

11.9  Conclusions

Significant progress has been achieved in our understanding of MPs in the past 
few years aided by the tremendous developments in structural biology tools and 
methods applicable to these molecules. The rate of structure determination for new 
MPs, however, is still lagging behind that for soluble proteins. Eukaryotic MPs are 
especially problematic because of their low expression yields and stability. LCP 
provides a convenient lipid matrix mimicking a native membrane, which is suitable 
for stabilization and crystallization of MPs. Recent developments of LCP-related 
techniques have facilitated the research in this field, leading to breakthroughs in 
structural studies of several crucial targets. These developments also simplified 
handling of LCP materials making it possible for laboratories of all sizes including 
small single PI groups to work with this powerful approach which was at one time 
thought to be too complex and difficult to pursue.

Several pre-crystallization LCP assays have been developed to rationally guide 
LCP crystallization trials. These procedures help save valuable MP samples and 
accelerate the process of obtaining initial crystal hits. MP function can also be char-
acterized in a number of ways, taking advantage of the porous and bicontinuous 
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nature of LCP. During the last decade, a variety of LCP tools have appeared to help 
with handling this highly viscous gel-like material. Most of these instruments and 
tools for LCP preparation, dispensing, setting up crystallization trials, and harvest-
ing crystals are now commercially available and accessible to researchers. Apart 
from manual tools, automated robotic systems were developed to perform crystal-
lization trials in a HT manner.

Microfluidics show potential to become an alternative to HT robotic systems. 
The validity of this approach was demonstrated by crystallizing several model MPs 
in LCP. Further progress in this area can lead to a next step in minimizing material 
consumption and integration of all stages in structural studies of MPs, including 
cell-free expression, purification, crystallization, and crystallographic data collec-
tion within a single lab-on-a-chip.

New XFEL technologies continue to emerge as a major trend in modern structur-
al biology. Using LCP for delivering microcrystals, the LCP-SFX approach to MP 
structure determination should accelerate the pace of structural work on challenging 
human MPs and their complexes with soluble partners, and enable time-resolved 
studies of intermediate states, thereby advancing our knowledge of the functional 
mechanisms of these biomedically important proteins.
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12.1  Introduction

The vast majority of biophysical studies of membrane proteins (MPs) at the atomic 
scale are performed in vitro with preparations as homogeneous as possible, where 
the protein is isolated in a nonnative environment. MP samples for nuclear magnetic 
resonance (NMR) spectroscopy are no exception to the rule, in particular because 
purification helps to clearly detect and unambiguously identify signals from the 
protein of interest. By native environment, we consider the original membrane(s) 
where the protein exerts its biological role. It is difficult to place artificial systems 
on a scale defining how well they mimic native membranes, especially when a 
functional test is difficult or impossible to set up. Indeed, liposomes or nanomet-
ric lipid bilayers still represent artificial environments, and, on the contrary, exotic 
surfactants like amphipols, which could be thought to be inappropriate given their 
chemical structures, have proven to keep numerous MPs stable and active in so-
lution. Over the past decades, various membrane mimetics have been developed, 
chosen on the basis of the compatibility with the technique of investigation used, 
sometimes at the expense of the functionality of the protein. Paradoxically, after so 
many efforts to improve membrane substitutes, in-cell NMR has known significant 
advances during the past few years (Selenko and Wagner 2007; Ito and Selenko 
2010), which represents a very attractive potential for future NMR studies of MPs 
in situ (Renault et al. 2012a, 2012b).
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In this chapter, we describe the different environments available and their ap-
plications to MP studies by NMR spectroscopy. We treated solution- and solid-
state NMR separately because sample preparations and methodologies are different, 
even though some environments are common to these two subtypes of NMR. In 
theory, protein size for solution-state NMR is limited, not in solid-state (vide infra 
§ 12.3.1). Additional equipment is also required for solid-state NMR, such as high-
power amplifiers, air compressor and dryer, etc. In order to be concise, each MP 
environment, with its own advantages and drawbacks, is briefly described; readers 
interested in more complete descriptions can find an exhaustive bibliography in 
Warschawski et al. (2011).

12.2  Solution-State NMR

Adapted from Dransy, 1923, courtesy of Nicolas
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12.2.1  Detergents

12.2.1.1  Generalities

For almost 40 years, detergents were used to characterize MPs in aqueous solutions 
(Helenius and Simons 1975; Tanford and Reynolds 1976), and most of NMR struc-
tural studies of MPs performed to date have been carried out in detergent solutions 
(Kang and Li 2011; Warschawski 2013). These molecules are amphiphilic, i.e., they 
possess both hydrophilic and hydrophobic parts, usually dubbed head and tail, re-
spectively. Above a certain concentration and temperature, i.e., the critical micellar 
concentration (cmc) and Kraft temperature, detergent monomers form aggregates 
named micelles, and any addition of molecules of detergent create new micelles. 
In an aqueous solution, above the cmc, the hydrophilic heads are in contact with 
water molecules and the tails are in contact between each other. There is equilibrium 
between molecules of detergent associated in micelles with those existing as mono-
mers (Fig. 12.1a). The form and size of micelles depend on the detergent chemical 
structure and experimental conditions, such as temperature, pH, and ionic strength. 
For instance, the detergent dodecyl-β-maltoside ( β-DDM or C12-M), one of the 
most used detergents in structural biology, forms large oblate micelles in typical ex-
perimental conditions (Oliver et al. 2013), while dodecylphosphocholine (DPC or 
C12-PC, Fos-Choline-12 or MAPCHO-12) adopts preferentially a spherical shape 
(Tieleman et al. 2000). Detergents associated to MPs form complexes with a rela-
tively small size compared to other solubilizing agents, and this is the main reason 
why they are the most frequently used molecules for solution-state NMR investiga-
tions of MPs.

Other detergent-based systems such as lipopeptide detergents (McGregor et al. 
2003; Privé 2011) or peptide surfactants (Zhao et al. 2006) have been shown to 
substantially improve the stability of MPs in aqueous solutions compared to tradi-
tional detergents (McGregor et al. 2003; Yeh et al. 2005). The acyl-chain packing of 
these surfactants is more uniform compared to micelles, with a lateral pressure more 
comparable to the interior of a bilayer. They also display a low cmc, usually be-
low the micromolar range, rendering them less dissociating than detergents (Privé 
2011). These surfactants are interesting for solution-state NMR studies of MPs as 
they form complex sizes, once associated to MPs, similar to those measured with 
detergents. Indeed, the β-barrel protein PagP associated to lipopeptides gave rise 
to high-resolution NMR spectra (McGregor et al. 2003). Perhaps, one of the main 
drawbacks today remains the cost to produce these alternative molecules.

12.2.1.2  Illustrations

The glycophorin A was the first MP structure to be solved by NMR (MacKen-
zie et al. 1997, Fig. 12.1b). The experiments were conducted in DPC micelles. 
This study represented a major achievement, in both NMR and biochemistry: (1) 
by demonstrating the capacity of solution NMR to determine MP structures and 
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(2) by maintaining the oligomeric state of the protein in a detergent solution, which 
is essentially based on van der Waals interactions in this case. Since then, more 
than 100 MP structures have been solved de novo by NMR in detergent solutions 
(Warschawski 2013), from small size bitopic MPs (e.g., Teriete et al. 2007; Lau 
et al. 2009; Yang et al. 2009; Wittlich et al. 2010) to larger systems (> 30 kDa, which 
is equivalent to > 70 kDa with the belt of surfactant, e.g., Schnell and Chou 2008; 
Hiller et al. 2008; Gautier et al. 2010). In addition, solution-state NMR studies of 

Fig. 12.1  NMR studies of MPs in detergent solutions. a Schematic view of the coexisting entities 
in a detergent solution, the MP (in green), lipid cofactors (in orange), and detergent molecules 
(in blue). b The first three-dimensional structure of an MP determined by NMR: the dimeric TM 
domain of glycophorin A (GpA), a 40-residue peptide, in a detergent DPC solution. (Image from 
the RCSB PDB (www.pdb.org) of PDB ID 1AFO; MacKenzie et al. 1997)
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MPs in detergent solutions can be used to get important structural and dynamics 
information, without performing a full structure determination. For instance, with 
the help of G protein-coupled receptor (GPCR) crystal structures, NMR spectros-
copy brought fundamental observations regarding the activation of these receptors 
(Bokoch et al. 2010; Kofuku et al. 2012; Liu et al. 2012; Nygaard et al. 2013).

12.2.1.3  Advantages

One of the best advantages using detergent for solution-state NMR is the result-
ing size of protein–detergents complexes that are usually smaller than complexes 
obtained with other classes of surfactant, despite their high propensity to inacti-
vate MPs (Bowie 2001; Popot 2010). Novel promising detergents are regularly 
proposed, such as maltose-neopentyl glycol diacyl molecules (MNGs). Indeed, the 
thermal stability of several MPs could be substantially improved thanks to these 
new amphiphiles, such as the human β2 adrenergic receptor-T4 lysozyme fusion 
protein or the muscarinic M3 acetylcholine receptor (Chae et al. 2010).

12.2.1.4  Drawbacks

Detergents tend to destabilize MPs, essentially by disrupting intraprotein, protein–
protein, or protein–lipid interactions (Fig. 12.1a). These dissociating properties 
explain why they were originally used to extract MPs from their native or host 
membranes. For a given detergent, it is usually recommended to work close to the 
cmc in order to reduce the presence of protein-free micelles that could absorb lipid 
cofactors that are essential for the stability and/or activity of the protein. Regard-
ing the concentrations of protein and detergent required to perform an NMR study 
(e.g., McDonnell and Opella 1993; Arora et al. 2001), i.e., well above the cmc, the 
probability of working with an inactive protein is high. This is why, following the 
structure of the glycophorin A, pioneering studies in detergent solutions by NMR 
were carried out on rugged β-barrel MPs from Escherichia coli ( E. coli; Arora et al. 
2001; Fernández et al. 2001; Hwang et al. 2002).

Sometimes, especially with detergents that form spherical micelles, the organi-
zation of hydrophobic chains could not always accommodate MPs very well, which 
can be revealed by variations in NMR protein chemical shifts compared to other 
media. For instance, OmpX exhibits various backbone 15N/1HN chemical shifts de-
pending on the surfactant used (Fernández et al. 2001; Lee et al. 2008; Hagn et al. 
2013). This mainly reflects modifications in the structure of the protein instead of 
transmembrane (TM) electronic environment variations, as whatever the surfactant 
used, the amino acids pointing towards the membrane mostly face CHn moieties of 
the surfactants.

Detergents can display a marked influence on the equilibrium kinetics between 
distinct MPs substates, depending of the cmc that is directly related to the deter-
gent off-rate. This may be a drawback in studies that aim at looking at intra-MP 
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conformational exchanges. In a comparative study between the β2-adrenergic re-
ceptor solubilized in either β-DDM or MNG3 detergent solutions, different con-
formational exchanges of the GPCR have been observed: With β-DDM, that has a 
cmc four orders of magnitude higher than MNG3, faster exchanges between distinct 
functional states could be observed compared to the receptor associated to MNG3 
(Chung et al. 2012).

Besides difficulties to maintain active or native-folded MPs with detergents, an-
other drawback concerns the choice of the detergent to be used to perform NMR 
studies. Usually, any NMR investigation relies on an empirical screening of deter-
gents and concentrations, which is quite demanding in time and costly. This is also 
one of the reasons that led to the development of new alternatives to conventional 
detergents, like bicelles (Sanders and Landis 1995), amphipols (Tribet et al. 1996), 
nanodiscs (Bayburt et al. 2002), lipopeptide detergents (McGregor et al. 2003), pep-
tide surfactants (Zhao et al. 2006), or new milder detergents (Chae et al. 2010). 
Some of those alternative media are quite universal and can be used by follow-
ing general rules. Despite the fact that most alternative media give rise to larger 
ensembles compared to detergents, they represent a powerful substitute, thanks to 
improvements in NMR methodology and instrumentation, and also in the develop-
ment of new isotope-labeling schemes dedicated to the study of large proteins or 
protein complexes (e.g., Plevin and Boisbouvier 2012). These new environments 
allow the detection of well-resolved MP NMR signals ( vide infra).

12.2.2  Mixed Detergent Solutions, Bicelles, or Detergents/Lipids 
Potpourris

12.2.2.1  Generalities

In order to improve the stability of MPs in detergent solutions, the simplest solution 
consists of adding lipids to detergent micelles. These binary or more complex as-
semblies are usually named mixed micelles. Indeed, lipid cofactors are known to be 
crucial for the activity or stability of many MPs (Lee 2004). For instance, the sn-1,2-
diacylglycerol kinase of E. coli requires lipid cofactors to be active (Walsh and Bell 
1986). Assays performed in mixed octylglucoside/dimirystoylphosphatidylcholine 
(OG/DMPC) micellar systems, showed a protein 50-fold more active compared 
to pure OG micelles (Badola and Sanders 1997). More recently, high-resolution 
atomic structures of GPCRs have revealed the presence of a conserved sterol-bind-
ing site along some TM helices (Cherezov et al. 2007; Hanson et al. 2008; Wacker 
et al. 2010; Warne et al. 2011; Rosenbaum et al. 2011). Resulting tests of stability 
performed in β-DDM/cholesterol hemisuccinate mixed micelles demonstrated an 
increase in stability by ~ 12 °C compared to the same measurements performed in 
a pure β-DDM solution (Thompson et al. 2011). Mixed micelles have also been 
used for solution-state NMR studies. For instance, the low-resolution structure of 
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the mitochondrial uncoupling protein 2 could be solved in mixed micelles of DPC 
and DMPC (Berardi et al. 2011), and low amount of mixed micelles were found to 
preserve the cytoplasmic domain of YgaP protein, in contrary to observations made 
with a protein solubilized in a pure detergent solution (Tzitzilonis et al. 2013).

From earlier studies of mixture of lipids and detergents in aqueous solutions 
(e.g., Gabriel and Roberts 1984), binary assemblies of detergents and lipids named 
bicelles, which contain usually a higher proportion of lipids than in mixed micelles, 
have been well characterized (Sanders and Prestegard 1990; Sanders and Schwonek 
1992; Vold et al. 1997). Under appropriate conditions of temperature and concen-
tration, bicelles are classically described as a planar bilayer of phospholipid sta-
bilized by a swimming belt of detergents or short-chain lipids. Depending on the 
molar ratio q of lipids versus detergents, two kinds of bicelles can be distinguished: 
large anisotropic (q > 0.5, vide infra Fig. 12.6)	and	small	isotropic	(q	≤	0.5)	bicelles	
(Fig. 12.2a). Larger bicelles can be used for solid-state NMR studies of MPs (e.g., 
Triba et al. 2006a, cf. § 12.3.2. herein), while isotropic bicelles are used for solu-
tion-state NMR investigations (e.g., Czerski and Sanders 2000). MPs associated to 
isotropic bicelles give rise to longer overall correlation times, but still to detectable 
NMR signals (e.g., Lee et al. 2008, Fig. 12.2b).

12.2.2.2  Illustrations

Complete structural studies of MPs in isotropic bicelles can be performed in solu-
tion by NMR (e.g., Bocharov et al. 2007, 2008; Lau et al. 2008). In an elegant com-
parison study, it has been shown that isotropic bicelles ( q = 0.33) stabilize the func-
tional form of a small multidrug-resistance transporter (Smr) compared to mono 
detergent solutions (Poget et al. 2007). Importantly, the authors succeeded to set 
up an in vitro ligand binding assay for this transporter, demonstrating that beautiful 
high-resolution two-dimensional (2D) 1H,15N correlation experiments obtained in 
various pure detergent solutions do not necessarily mean the protein is active (Poget 
and Girvin 2007). Despite broader NMR signals, the authors succeeded to assign 
signals of 1H, 13C, and 15N nuclei of the protein backbone in bicelles (Poget et al. 
2007, 2010, Fig. 12.2b).

12.2.2.3  Advantages

Among some advantages, compared to pure detergent solutions, the immediate en-
vironment experienced by an MP is closer to a lipid bilayer. However, just as some 
mixed micelles may display some degree of organization, conversely, in the case 
of small isotropic bicelles, the architecture may be similar to mixed micelles rather 
than the idealized view of a well-segregated assembly between long-chain lipids 
and detergents (Triba et al. 2005, 2006b; Beaugrand 2014).



322 L. J. Catoire et al.

Fig. 12.2  NMR studies of MPs in mixed micelles or bicellar solutions. a The cross-section of an 
isotropic bicelle model, in which the disk-shaped bicelle consists of a small planar bilayer domain, 
predominately composed of long-chain phospholipids, coated by a rim of short-chain phospholip-
ids or detergents (reprinted from Whiles et al. 2002 with permission from Elsevier). b Example 
of high-resolution NMR data of an MP associated to isotropic bicelles ( q = 0.33): 1H,15N TROSY 
spectrum recorded at 900 MHz of 0.8 mM uniformly 2H,13C,15N-labeled protein Smr (pH 6.5 and 
47 °C). (Reprinted from Poget et al. 2007 with permission from the American Chemical Society)
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12.2.2.4  Drawbacks

The detergent diffusion into the lipid disc (Triba et al. 2005, 2006b) may be a cause 
of protein instability. In addition, with isotropic bicelles, the current lipid composi-
tions in use are limited, the best-characterized systems being composed of mixtures 
of DMPC and either dihexanoyl-sn-glycero-3-phosphocholine (DHPC) or cholami-
dopropyl-dimethylammonio-hydroxy-propanesulfonate (CHAPSO) as detergents. 
Regarding sample preparations, the molar ratio q has to be kept constant in order 
to avoid any phase transition. This is not so trivial when buffer exchanges or tem-
perature changes are required before reaching the NMR spectrometer or collecting 
NMR data.

12.2.3  Amphipols

12.2.3.1  Generalities

The term amphipol (APol) refers to short amphiphilic polymers highly chemically 
stable, that can substitute for detergents to keep integral MPs water soluble (Tribet 
et al. 1996, Fig. 12.3a). These polymers were developed to find a relevant substitute 
to detergents by multiplying attachment points along the TM domain of MPs. They 
provide: (1) a low off-rate dissociation constant for these polymers from the TM 
domain, rendering their association to the MP quasi-irreversible and (2) a small 
equilibrium dissociation constant, which means low equilibrium concentration of 
free surfactant. For more than 15 years, these compounds have been proved to be a 
valuable alternative to detergents (Popot 2010; Popot et al. 2011; Elter et al. 2014 in 
preparation). In addition to their stabilizing properties, APols are compatible with 
many biophysical techniques, including NMR spectroscopy.

12.2.3.2  Illustrations

NMR studies of MP/APol complexes were carried out on several β-barrel MPs from 
the outer membrane of E. coli (Zoonens et al. 2005; Catoire et al. 2009, 2010a) or 
Klebsiella pneumoniae (Renault 2008; Planchard et al. 2014), and more recent-
ly with two α-helical MPs, the GPCR BLT2 (Catoire et al. 2010b, 2011) and the 
bacteriorhodopsin (Raschle et al. 2010; Etzkorn et al. 2013). Even if no structure 
of MP associated to APols has been solved by NMR yet, all these studies clearly 
demonstrated that MP/APol complexes can give rise to highly resolved NMR sig-
nals in a short time: 2D heteronuclear 1H,15N correlation experiments to attest β-
barrels associated to APols are correctly folded (Zoonens et al. 2005; Catoire et al. 
2010a;  Raschle et al. 2010; Etzkorn et al. 2013, Fig. 12.3b) or to look at slow dy-
namic chemical exchanges (Catoire et al. 2010a), 2D 1H,13C heteronuclear nuclear 
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 Overhauser spectroscopy experiments (Catoire et al. 2009), or three-dimensional 
(3D) 15N edited-(1H,1H) HSQC-NOESY-TROSY experiments to look at the orga-
nization of APols around MPs (Renault 2008; Planchard et al. 2014). Structures of 
protonated organic ligands in their protein-bound states could also be determined 
with MPs associated to partially deuterated APols (Catoire et al. 2010b, 2011). All 
these studies are reviewed in Planchard et al. (2014).

Fig. 12.3  Solution NMR 
studies of MPs trapped with 
APols. a Primary chemical 
structure of the polyacrylate 
APol A8–35 (Tribet et al. 
1996; Popot et al. 2011). 
APol A8–35 can be easily 
partially deuterated (named 
DAPol, circled numbers 1, 2, 
3, 4, 7, 8 indicating protons 
that are replaced by deuter-
ons) or perdeuterated (named 
perDAPol). b Example of 
high-resolution NMR data of 
an MP associated to APols: 
1H,15N TROSY spectrum 
recorded at 800 MHz of 
uniformly 2H,15N-labeled 
TM domain of OmpA 
([OmpA] = 1 mM, pH 7.9 
and 30 °C). (Reprinted from 
Zoonens et al. 2005 with 
permission from the National 
Academy of Sciences, USA)
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12.2.3.3  Advantages

One of their major advantages over detergents is their stabilizing properties (e.g., 
Dahmane et al. 2009). This is particularly relevant in the context of NMR, which 
requires sometimes to work at high temperatures (typically 40–50 °C) during hours 
or days. Usually, MPs in APols come from a former stage where the protein is 
maintained soluble in a detergent solution. The oligomeric state of MPs in APols 
will depend whether or not the oligomerization has been conserved in detergents 
(see Planchard et al. 2014). Among some other advantages, these polymers have a 
very low critical aggregation concentration (equivalent to the cmc of detergents), 
which renders them irreversibly attached to MPs in the absence of competitive 
surfactants. This turns sample preparations and the handling of MPs associated to 
APols very easy. For instance, there is no need to add APols to the sample during 
buffer exchanges by dialysis. This has the practical advantage to limit the amount of 
APol consumed and to simplify sample preparations. Moreover, on an economical 
concern, APols are cost-effective compounds, which is quite interesting for NMR 
studies that usually require large amounts of material. These polymers can also be 
partially (Gohon et al. 2008) or totally deuterated (Giusti et al. 2014), which can 
greatly help to clearly identify protein signals in various homonuclear or hetero-
nuclear NMR experiments.

12.2.3.4  Drawbacks

MP/APol complex sizes are usually larger than the same protein trapped with de-
tergents (Popot 2010; Popot et al. 2011). But this increase in the overall correlation 
time does not preclude the observation of well-resolved NMR signals, thanks to 
the high magnetic fields available associated to relevant methodology and isotope-
labeling schemes dedicated to the studies of large proteins or protein complexes. 
These broader NMR signals are largely compensated by an MP stable and active, 
which renders highly safe any MP/APol NMR studies. Perhaps, one of the major 
drawbacks concerning APols is psychological, as they do not resemble at all to a 
lipid bilayer. But, the only relevant answer to “how far can we move away from the 
native lipid membrane experienced by one MP or how artificial can be the swim-
ming belt?” relies in the fact that the protein is active, i.e., correctly folded and sta-
ble. To be noticed, APols are an artificial medium that favor the retention of lipids, 
in contrary to detergents, thus providing an environment that is finally closer to a 
membrane than what could be told by their primary chemical structures. For NMR, 
the polyacrylate-based APol, historically named A8–35, is highly soluble at pH > 7. 
In acidic solutions, carboxylate groups start to protonate, leading to the progressive 
aggregation of the polymer. Working in basic solutions can be detrimental to ob-
serving exchangeable protons (Wüthrich 1986). Consequently, a bunch of different 
APols soluble in the 0–14 pH range are now available and have been validated for 
NMR (see Dahmane et al. 2011; Bazzacco et al. 2012).
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12.2.4  Nanometric Lipid Bilayers

12.2.4.1  Generalities

Nanometric lipid bilayers, often referred to as nanodiscs, have been designed to 
conduct in vitro biophysical studies of MPs (Bayburt et al. 2002; Denisov et al. 
2004; Ritchie et al. 2009). A nanodisc is a non-covalent assembly of a phospholipid 
bilayer surrounded by a dimer of a genetically engineered lipoprotein named mem-
brane scaffold protein (MSP; Fig. 12.4a). Various MSP have been engineered from 
the original sequence of human serum apolipoprotein apoA-I, which physiological 
role, through discoidal high-density lipoprotein particles, consists in reversing the 
transport of cholesterol (Ohashi et al. 2005). The size of the MSP defines the size 
of the nanodiscs and various lipids or mix of lipids that can be used to form the 
discoidal bilayer architecture (Ritchie et al. 2009).

12.2.4.2  Illustrations

A tremendous number of studies of MPs embedded in nanodiscs have been de-
scribed in the literature (Nath et al. 2007; Ritchie et al. 2009; Bayburt and Sligar 
2010). MPs associated to these discs are amenable to either solid-state ( vide infra 
§ 12.3.4) or solution-state NMR studies. Indeed, high-resolution NMR spectra can 
be obtained in solution (e.g., Tzitzilonis et al. 2013; Glück et al. 2009; Shenkarev 

Fig. 12.4  Solution NMR studies of MPs embedded in nanodiscs. a Schematic view of nanodiscs, 
modeled with POPC as lipid. Lipid bilayer fragment ( white space filling) is encircled by two 
amphipathic helices of membrane scaffold proteins ( blue ribbons) (reprinted from Nath et al. 2007 
with permission from the American Chemical Society). b 2D [1H,15N]-TROSY spectrum of uni-
formly 2H,15N-VDAC-1 in DMPC nanodiscs ( blue) and in LDAO micelles ( red). (Reprinted from 
Raschle et al. 2009 with permission from the American Chemical Society)
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et al. 2010; Yokogawa et al. 2012; Shenkarev et al. 2013). Among these examples, 
the human mitochondrial voltage-dependent anion channel (VDAC-1), a 19-strand-
ed β-barrel MP, in DMPC nanodiscs gave rise to a high-resolution 2D 1H,15N-
TROSY spectrum (Raschle et al. 2009). These NMR data were sufficiently differ-
ent from those obtained with the protein in dodecyl-dimethylamine-oxide (LDAO 
or C12-DAO) micelles (Fig. 12.4b), requiring a novel sequence-specific resonance 
assignment of VDAC-1 in nanodiscs. More recently, the first structure of an MP 
embedded in a nanodisc, OmpX, has been determined by NMR in solution with the 
help of truncated MSP variants (Hagn et al. 2013). A comparison of the different 
OmpX structures obtained in different mimetics indicated differences in both the 
extracellular loops and the length and relative orientation of TM β-strands. Dynam-
ics measurements also showed substantial differences, all the data underlying the 
impact of the artificial medium chosen on the structural and dynamical properties 
of MPs outside their native membranes.

12.2.4.3  Advantages

Nanodiscs offer a very convenient adjustable—in size and lipid composition— 
bilayer environment for in vitro studies of MPs. Like with APols, MPs associated 
to nanodiscs are highly stable, enabling the collection of NMR data at 50 °C during 
hours or days. Another advantage concerns studies of homo-oligomeric and hetero-
oligomeric proteins. In most of the pre-discussed nonnative environments, it may 
sometimes be difficult to maintain the oligomeric state of proteins, especially in the 
framework of solution NMR studies that are conducted with high concentrations of 
surfactants. This is especially the case for systems involving the use of detergents. 
With nanodiscs, playing with the ratio of nanodiscs versus MP and the size of the 
nanodiscs at the reconstitution step, it is possible to adjust the oligomerization state 
of the protein (Ritchie et al. 2009).

12.2.4.4  Drawbacks

Even if desorption of lipids has been evaluated to be 20 times faster than in lipo-
somes (Nakano et al. 2009), MPs embedded in nanodiscs at concentrations compat-
ible with NMR studies in solution have been proven to be highly stable (Nath et al. 
2007; Ritchie et al. 2009; Bayburt and Sligar 2010). One of the major drawback 
concerns sample preparations, even though once the MSP has been produced, the 
reconstitution procedure is quite straightforward and universal. MSP production 
and purification, along with production of the tobacco etch virus (TEV) protease, 
is	 time	consuming,	but	the	MSP	can	be	kept	stable	frozen	at	−	80	°C	for	months.	
It may also be time consuming to find the appropriate lipid composition to get a 
fully active protein. Depending on the lipid composition used, sometimes it may be 
advantageous to work with deuterated lipids (e.g., Tzitzilonis et al. 2013). Unfor-
tunately, many lipids are not available deuterated, even partially. Like with bicelles 
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and APols, the size of the MP/nanodisc complexes are much bigger than the cor-
responding size of the MPs in a detergent solution. This has led, for instance, to the 
construction of a new MSP variant leading to smaller nanodiscs (Hagn et al. 2013). 
Like with APols, broader NMR signals observed with nanodiscs can be compen-
sated by working at higher temperatures.

12.3  Solid-State NMR

Courtesy of Edith Godard

12.3.1  A Little Bit of Theory

Solid-state NMR is the application of NMR to molecules that do not tumble fast and 
isotropically. This is due to the fact that, in such a case, the effects of orientation-
dependent couplings often manifest themselves as severe line broadening on the 
NMR spectra. Depending on the molecule, the temperature, the nuclei that will 
be observed, the magnetic field, etc., several couplings will be dominating. Those 
couplings involve, as often in NMR, energy transfer that can be expressed in units 
of frequency rate. The difference between fast and slow tumbling is thereby defined 
by comparison to the strongest effective coupling present.

Without going into too many details, it is important to state that most orientation-
dependent couplings bear a (3cos2θ	−	1)	angular	dependence,	where	θ	is	the	angle	
between the magnetic field and the line that connects the two coupled nuclei. With-
out such knowledge, one would be tempted to try to tumble the sample fast and 
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isotropically, which is not very practical. Knowing the simple (3cos2θ	−	1)	angular	
dependence allows to suggest ways to get rid of the broadening.

Since	we	cannot	force	θ	for	all	pairs	of	atoms	in	the	sample,	and	at	all	times,	to	
be such that (3cos2θ	−	1)	=	0,	or	θ	~	55°	(also	known	as	the magic angle), two options 
are offered:

•	 Aligning	all	molecules	to	a	single	orientation	in	the	sample,	so	that	instead	of	
averaging out the couplings, they will have a single value throughout the sample, 
and the superimposition of resulting NMR spectra will be a narrow spectrum.

•	 Setting	conditions	to	get	the	average value (3cos2θ	−	1)	=	0,	by	placing	the	sam-
ple in a rotor macroscopically aligned at the magic angle, and spinning it fast, 
faster than the strongest effective coupling present.

In solution-state NMR, resonance lines broaden with protein size because they de-
pend on the tumbling rate that averages (3cos2θ	−	1)	 to	 zero	when	 the	molecular	
correlation time is around the nanosecond or faster. By contrast, in solid-state NMR, 
other approaches are at stake and linewidths are independent of the protein tum-
bling rate: therefore, theoretically, there is no protein size limit in solid-state NMR. 
Nevertheless, perfect alignment and infinite fast spinning rate are impossible to 
reach: Residual linewidths in solid-state NMR are broader than in solution-state 
NMR and 1H	−1H dipolar couplings that can reach 120 kHz are almost impossible 
to get rid of. In other words, biological solid-state NMR today is mostly applied to 
13C and 15N	NMR,	in	rotors	of	2–7	mm	diameter,	2–300-μl	volume,	and	5–50-kHz	
maximum spinning rate.

Combined with those mechanical approaches, another way to remove couplings 
between two nuclei is also to suppress one of the nuclei by replacing it with a cold 
isotope. Biochemistry has provided the NMR spectroscopist with a variety of iso-
topic labeling schemes, especially for the suppression of most large couplings in 
neighboring nuclei, leaving untouched either the smaller couplings among nuclei 
that are far away, or among selected isolated pairs of nuclei (Abdine et al. 2011). 
Typical examples involve growing proteins on selectively labeled glycerol (Castel-
lani et al. 2002, Fig. 12.5) or glucose (Loquet et al. 2011).

12.3.2  Aligned Solid-State NMR: Glass Plates and Large Bicelles

12.3.2.1  Generalities

Aligning all biomolecules to a single orientation at the blow of a whistle may seem 
like a foolish dream, but in the case of lipids, we are approaching this possibility 
(Dürr et al. 2007a; Warschawski et al. 2011). First, they spontaneously align on a 
glass plate, with the bilayer normal perpendicular to the plate plane. This approach 
was used in the 1980s and helped determine the first MP structures, mostly by the 
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groups of Tim Cross and Stan Opella. Second, combined with short-chain lipids, 
long-chain lipids may form bicelles that also spontaneously align in the magnetic 
field. Bicelles were discovered in the 1990s (Sanders and Schwonek 1992) and 
are shaped as 500-Å diameter camemberts or wheels, composed of a planar lipid 
bilayer, generally made of around 6,000 DMPC molecules, surrounded by tires of 
around 2,000 short-chain lipids, usually DHPC. Depending on the ratio between 
both lipids, as well as temperature, bicelles can also be too small to align in a stan-
dard NMR magnetic field. In such a case (for example, 50 DMPC, 200 DHPC, and 
a 100-Å diameter), they are called isotropic bicelles and were described in an earlier 
section, for use in solution-state NMR (vide supra § 12.2.2. herein).

Fig. 12.5  Labeling patterns and NMR spectra for different protein preparations. Schematic rep-
resentation of the effective 13C enrichment for indicated amino acids by growth on [1,3–13C]glyc-
erol ( green) or [2–13C]glycerol ( red) (a). 2D 13C-13C solid-state NMR spectra under magic-angle 
spinning	at	8	kHz	on	α-spectrin	SH3	domain	grown	on	uniformly	 labeled	glucose	 (b), [2–13C]
glycerol (c), or [1,3–13C]glycerol (d). (Reprinted from Castellani et al. 2002 with permission from 
Macmillan)
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12.3.2.2  Illustrations

Recent progress in magic-angle spinning NMR has confined aligned solid-state 
NMR to mostly low-resolution structure determination, such as peptide orientation 
in the membrane, either on glass plates (Gong et al. 2004; Michalek et al. 2013) or 
bicelles (De Angelis et al. 2004; Triba et al. 2006a; Dürr et al. 2007b; Müller et al. 
2007; Park et al. 2011a; Cook et al. 2011). Several high-resolution structures of 
small proteins were determined as well (Ketchem et al. 1993; Opella et al. 1999; 
Park et al. 2003; De Angelis et al. 2006; Hu et al. 2007; Traaseth et al. 2009; Ahuja 
et al. 2013), sometimes with the help of other complementary techniques such as 
solution-state NMR or X-ray crystallography (Warschawski 2013). Figure 12.6 
shows typical NMR spectra of proteins reconstituted in lipids on glass plates, nor-
mal bicelles, or flipped bicelles (supplemented with small amount of lanthanides), 
of which the helix tilt is deduced.

12.3.2.3  Advantages and Drawbacks

Aligned solid-state NMR is more useful for the determination of peptide orientation 
in the membrane than for ab initio MP complete structure determination. Lipids on 
glass plates can be aligned almost regardless of lipid composition and temperature, 
at any given orientation in the magnet. Large bicelles can only align with their 

Fig. 12.6  Solid-state NMR spectra of the TM domain of Vpu in lipid bilayers differently aligned: 
on glass plates (a), in flipped bicelles (b), or in normal bicelles (c–e). a–c are 1D 15N NMR spectra 
while d is a 2D 15N-1H	−15N NMR spectrum allowing for resonance assignment (simulated and 
shown in (e)) and helix tilt determination (determined here to be approximately 30° with respect 
to the bilayer normal). (Adapted from De Angelis et al. 2004 with permission from the American 
Chemical Society. The cartoons on the left are adapted from Dürr et al. 2007a with permission 
from Elsevier)
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bilayer normal perpendicular or parallel to the magnetic field ( flipped bicelles), and 
only with special lipid composition and in a specific temperature range. Neverthe-
less, bicelle samples are better hydrated, easier to prepare, and more convenient 
in case one needs to change the buffer. In addition, as can be seen on the spectral 
resolution in Fig. 12.6, the average lipid alignment is better in bicelles than on glass 
plates.

12.3.3  Magic-Angle Spinning: Liposomes

12.3.3.1  Generalities

Liposomes are mostly composed of lipids that can be chosen from an incredible va-
riety of charges, headgroups, chain lengths, or insaturations. Spontaneously, lipids 
and water form heterogeneous multilamellar vesicles of around 1-µm diameter and 
up to a dozen bilayers. Several MP reconstitution methods are available, usually, but 
not necessarily, with the help of detergent molecules.

12.3.3.2  Illustrations

Solid-state NMR of MPs in liposomes is almost exclusively performed under mag-
ic-angle spinning. Residual linewidths have hampered the structure determination 
of many MPs, but assignment is on the way for various proteins (Andronesi et al. 
2005; Hiller et al. 2005; Lange et al. 2006; Frericks et al. 2006; Etzkorn et al. 
2007; Shi et al. 2009; Abdine et al. 2010; Emami et al. 2013). Dynamic informa-
tion can also be obtained (Ullrich et al. 2011; Yang et al. 2011; Williams et al. 
2013). Recent structures include the small protegrin (Mani et al. 2006), influenza 
M2 channel (Cady et al. 2010), membrane domain of Mer F (Lu et al. 2013), as 
well as the large seven-helix G protein-coupled chemokine receptor CXCR1 (Park 
et al. 2012).

The structure of CXCR1 determined by solid-state NMR shares significant simi-
larities with that of CXCR4 determined by X-ray crystallography (Park et al. 2012, 
Fig. 12.7). Differences mostly reflect the modifications made to the sequence of 
CXCR4 required for crystallization: In contrast with the NMR sample made of 
wild-type protein embedded in a liquid crystalline phospholipid bilayer, the crystal 
is made of a mutant protein, mostly by replacing the third intracellular loop (ICL3) 
by T4 lysosyme, and by removing the last 33 C-terminal residues. Removing ICL3 
rendered CXCR4 incapable of activating G proteins, while CXCR1 in the NMR 
sample was fully active with respect to both G protein activation and chemokine 
binding. In addition, the C-terminus of CXCR1 forms a well-defined helix (H8) that 
aligns along the membrane surface. This helix, as well as the membrane, is absent 
from the crystal of the mutated CXCR4.
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12.3.3.3  Advantages and Drawbacks

Magic-angle spinning NMR has shown its ability to determine high-resolution 3D 
structures of proteins. Liposomes are supposed to be the most natural local en-
vironment (in terms of size, shape, curvature, thickness, fluidity, lateral pressure, 
dielectric constant, hydration…) for MPs, where their structure and dynamics are 
supposed to be native-like, and where they can be studied in a functional state 
(Warschawski et al. 2011; Park et al. 2012). Lipids, which are the major constituent 
in the sample, can be chosen to suit the protein, if necessary. On the other hand, li-
posomes are heterogeneous multilamellar vesicles, where MPs may also experience 
heterogeneous conformations, slight differences between monomers in an oligomer, 
or slow and fast motion that, altogether, may broaden the NMR lines and affect the 
spectral resolution.

12.3.3.4  Future Perspective

Dynamic nuclear polarization (DNP) is a technique that can be combined with sol-
id-state NMR under magic-angle spinning for signal enhancement of up to 120 on 
frozen samples. It has successfully been applied to MPs in liposomes, such as the 

Fig. 12.7  Backbone struc-
tural comparison of CXCR1 
determined by solid-state 
NMR (PDB accession 
2LNL, in cyan) and CXCR4 
determined by X-ray crystal-
lography (PDB accession 
3ODU, in pink). The third 
intracellular loop (ICL3) of 
CXCR4 is replaced by T4 
lysozyme (T4 L) present in 
the crystal. The C-terminus 
of CXCR1 forms a well-
defined amphipathic helix 
(H8), whereas that of CXCR4 
is only loosely helical. 
(Reprinted from Park et al. 
2012 by permission from 
Macmillan)
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SecYEG translocon, allowing to detect 40 nmol of peptide bound to the translocon 
(Reggie et al. 2011) or to the M2 proton transporter of Influenza A, allowing the 
precise positioning of rimantadine bound to the protein (Andreas et al. 2013). Such 
a progress will undoubtedly allow new applications for solid-state NMR, including 
structure determination of MPs in complex environment in a near future.

12.3.4  Nanodiscs and Other New Environments 
for Solid-State NMR

12.3.4.1  Nanodiscs

The smallest nanolipoproteins described in an earlier section of this chapter ( vide 
supra § 12.2.4. herein) have a diameter of 100 Å, comparable to small isotropic 
bicelles. As opposed to bicelles, those nanodiscs, or larger discs dubbed macrodiscs 
of up to 300-Å diameter (Park et al. 2011b), could be precipitated for solid-state 
NMR, at any given temperature. Since they are monodisperse, proteins in precipi-
tated nanodiscs are expected to be more homogeneous than in liposomes of vari-
ous sizes and lamellarities. Such samples should therefore provide narrower NMR 
lines under magic-angle spinning. In some cases, nanodisc samples could also ac-
commodate a higher protein-to-lipid ratio, thus providing more intense NMR lines. 
Nevertheless, few examples of solid-state NMR studies of MPs have been shown to 
use nanodiscs so far (Kijac et al. 2007; Mörs et al. 2013).

12.3.4.2  Other Options

In the same line of thought, MPs can sometimes be (micro)crystallized to provide 
homogeneous, monodisperse samples that are known to give high-resolution solid-
state NMR spectra (Castellani et al. 2002). Several MPs have followed this trend 
usually limited to soluble or fibrillar proteins: Structures of the small HNP1 defen-
sin (Zhang et al. 2010), large complexes of DsbB (Tang et al. 2011, 2013), and the 
anchor domain of YadA (Shahid et al. 2012) have been determined by solid-state 
NMR using this procedure (Warschawski 2013). Other less common membrane mi-
metics for solid-state NMR, including APols, have also been described in a recent 
review (Warschawski et al. 2011).

12.3.5  Intact or Fragmented Cells Studied by NMR

12.3.5.1  Generalities

Cellular structural biology has known tremendous advances along the 2000s de-
cade. Among the few techniques that can give rise to structural information at the 
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atomic level, NMR spectroscopy represents today a unique opportunity to work 
with intact or slightly modified biological samples. Solution-state NMR can give 
rise to highly resolved NMR signals of proteins in living cells (e.g., Inomata et al. 
2009), opening the possibility to determine a complete protein structure de novo 
(Sakakibara et al. 2009). With MPs, the use of solution-state NMR techniques is es-
sentially limited to observing ligand–protein interactions (e.g., Claasen et al. 2005; 
Assadi-Porter et al. 2008; Potenza et al. 2011), solid-state NMR being by far the 
most appropriate approach. Since solid-state NMR resolution is not affected by the 
large size or slow motion of the macromolecule observed, MPs can be studied in 
large liposomes or even the intact cells where they were produced or fragmented 
cellular membranes. Not only would the proteins be in their native environment 
(both the membrane and the soluble partners) but they will also be preserved from 
any potentially denaturing reconstitution protocol. Here, the main difficulty is to 
be able to isolate signals coming from the protein of interest in the forest of signals 
from all other molecules in the sample. 31P solid-state NMR of intact cells may also 
be a method of choice to follow the kinetics of membrane assembly, the production 
of lipids, and energetics parameters such as the adenosine triphosphate/adenosine 
diphosphate (ATP/ADP) ratio.

12.3.5.2  Illustrations

Recent studies have tackled the proteosome and other biomolecules (MPs, polysac-
charides, carotenoids, lipids, etc.) of several organisms such as A. thaliana (Dick-
Pérez et al. 2011), E. coli (Renault et al. 2012a; Tardy-Laporte et al. 2013), C. tepi-
dum (Kulminskaya et al. 2012), or S. enterica (Zandomeneghi et al. 2012). Others 
use bacterial cells to study individual proteins of interest (over-)expressed in E. coli, 
such as the human LR11 (Fu et al. 2011), the human FK506-binding protein (Reckel 
et al. 2012), the M2 from influenza virus (Miao et al. 2012), the diacylglycerol ki-
nase (Shi et al. 2012), or the b subunit of the F1Fo ATP synthase (our current work).

Our studies of the b subunit are taking advantage of a mutant of E. coli called 
C43(λDE3)	(Miroux	and	Walker	1996; Arechaga et al. 2000), known for overpro-
ducing internal membranes when this protein is over-expressed. Focusing on these 
internal membranes rather than on whole cells, and using various tricks (low or 
high temperatures, different pulse schemes, sample preparation, etc.), we manage 
to reduce  background signals (such as those coming from lipids) and discriminate 
signals arising from proteins. We validate this approach by comparing the spectrum 
of biological samples with that of model membranes with the same lipid composi-
tion as these internal membranes (see Fig. 12.8).

12.3.5.3  Future Perspective

DNP is particularly suited for the detection of small amount of active MPs in intact 
cells. It is not clear if structure determination is reachable, but attempts have already 
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included bacteriorhodopsin (Bajaj et al. 2009), the acetylcholine receptor (Linden 
et al. 2011), mistic (Jacso et al. 2012), the whole proteosome of E. coli (Renault 
et al. 2012b), or the cell walls of B. subtilis (Takahashi et al. 2013).

12.4  Conclusion

This chapter is like a hitch-hiker guide to the study of membrane proteins by NMR 
in the jungle of surfactants and lipids for a clear overview on the best possible 
membrane mimetics. Detergents are a world of their own, which fascinates well be-
yond NMR: What would the biochemist do without detergents to solubilize, purify, 
transfer, renature, reconstitute, manipulate, and basically study MPs? If that was not 
enough, fellow scientists have gone out of their way to invent new molecules such 
as amphipathic polymers and nanoparticles of lipids and proteins, or new techniques 
such as magic-angle spinning. In the country of lipids, we have described artificial 
membranes of various sizes and lamellarity, and the quasi black magic that lets lipid 
self-align, either on glass plates or in the intriguing bicelles. Eventually, native-
like membrane mimetics were replaced by real native cell membranes, the graal of 
MP structural biology. Two routes were suggested: either solid- or solution-state 
NMR, but always through the arduous path of biochemistry. With such a guide, the 

Fig. 12.8  NOE-enhanced 13C solid-state NMR spectra recorded at 700 MHz of samples under 
magic-angle spinning at 11 kHz. a	Whole	C43(λDE3)	cells	over-expressing	the	b	subunit.	b Puri-
fied internal membranes. c Model lipid membranes. Protein signals are highlighted by red squares
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biochemist can take his/her favorite MP on an NMR journey, and hopefully come 
back home with a picture of its 3D structure.

All those paths have shown to lead to structures, but they have also shown rough 
passes that require technical improvement. While it is not clear what new route will 
be opened, we can already suggest directions in which to look for:

•	 Isotopic labeling. In solution-state NMR, selective methyl labeling helps push-
ing the limit to studying protein–surfactant complexes beyond 100 kDa. In solid-
state NMR, sparse labeling is necessary to improve the spectral resolution.

•	 Ligand binding. Both in solution- and solid-state NMR, focusing on the ligand 
in a protein–ligand complex is both easier and often a niche that is inaccessible 
to X-ray crystallography. In addition, it can freeze a single protein conformation 
that would improve the resolution in solid-state NMR.

•	 Combination of various techniques. Solution- and solid-state NMR, X-ray crys-
tallography, small-angle X-ray scattering, electron, atomic-force or light micros-
copy, structural mass spectrometry, and molecular modeling should be combined 
in order to close the resolution scale gap between structural and cellular biology, 
including dynamic processes, of MPs in ever increasingly complex environ-
ments, and get a more complete picture of these proteins.

One exciting new development highlighted in our guide is in-cell NMR. Sensitivity 
and resolution issues impose long experiments under conditions that are unfavor-
able for cell survival. Thereby, in most experiments that we have described here, the 
cell membranes and proteins were untouched but the cells were most likely dead. 
With little technical improvement already tested by our colleagues in metabolomics 
(Gowda et al. 2012; Jordà et al. 2013), one can hope to develop efficient in vivo 
structural and dynamical NMR in the near future.
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13.1  Introduction

13.1.1  Why Study Membrane Proteins with Molecular 
Modeling?

During the last decade, the number of structures of membrane proteins (MPs) has 
exploded. The availability of these structures has a profound impact on at least two 
research domains: (1) structure–function relationships of these proteins and (2) drug 
design, as most drugs target MPs. Interestingly, a recent review has illustrated the 
possibility to perform target-based drug design on G-protein-coupled receptors 
(GPCRs) with a collection of recent successes (Shoichet and Kobilka 2012). It is 
noteworthy that new molecular entities were discovered with virtual screening.

Despite this encouraging situation, not all structures of interest are available. 
More often than with soluble proteins important structural data are missing. In ad-
dition, structure–function studies, as well as drug design efforts, require knowledge 
about structural changes in the course of allosteric transitions (Changeux and Taly 
2008). It should be noted that the increase in the number of structures in recent 
years is associated with the resolution of structures for a few states for an increasing 
number of MPs (see below).

Molecular modeling can fill in some of these gaps, allowing us to prepare mod-
els for proteins of interest by comparative modeling. For example, it is possible to 
build models for most of the numerous MPs that are targets for the treatment of 
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schizophrenia (Taly 2013). The models can then provide insight into the dynamics 
of such structures—although the accessible timescales are limited—as well as into 
their energetics of binding or of conformational change, however, imposing a high 
computational cost. In recent years, such theoretical approaches have been suc-
cessfully used to complement experimental studies. Here, we will try to provide an 
insight into state-of-the-art methods by illustrating recent studies of an important 
family of ion channels.

13.1.2  An Example Application: The Ligand-Gated Ion Channels

Neurotransmitters—classically referred to as agonists—are chemical signals in-
volved in the communications between neurons in the brain and between the brain 
and the body. There are two types of neurotransmitter receptors that bind to neu-
rotransmitters and transmit their signal: GPCRs that mediate a slow metabolic re-
sponse via second messenger cascades (Conn et al. 2009), and ligand-gated ion 
channels (LGICs) that mediate a fast response to the neurotransmitter (Lemoine 
et al. 2012).

LGICs mediate intercellular communication by converting the neurotransmitter 
released from the nerve ending into a transmembrane (TM) ion flux in the post-
synaptic neuron or muscle fiber. They are integral oligomeric MPs that contain an 
orthosteric binding site for the neurotransmitter—the agonist—and an ion channel 
that spans the membrane. At its resting state, the channel is closed, and binding 
of the agonist triggers a rapid conformational change that opens the gate of the 
ion channel, a process called “gating.” This process, which takes place on a mi-
crosecond timescale, represents one of the most rapid conformational changes in 
oligomeric proteins. Once the channel is opened, cations or anions are able to dif-
fuse through it at rates approaching tens of millions of ions per second. In addition 
to the well-established neurotransmission, it is now recognized that some LGICs 
are expressed in nonexcitable cells, suggestive of a wider functional role of these 
receptors. Moreover, modulation of gating can occur by the binding of endogenous 
or exogenous modulators at allosteric sites that are topologically distinct from the 
orthosteric binding sites. These modulators eventually modify the excitatory or in-
hibitory postsynaptic potentials. The LGICs thus present attractive targets for which 
more than 150 years of research have been achieved.

13.1.3  Selected Methods

Here we present methods that could typically be part of a pipeline for structure–
function analyses of MPs or for drug design, using them as target: (1) homology 
modeling to design a starting model when an experimental structure is not avail-
able (docking is mentioned in that context), (2) normal modes of analyses and MD 
simulations that allow to explore protein dynamics, which is important for allosteric 
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regulation, and (3) free energy calculations enabling quantitative predictions, for 
example, of binding energies. The relationship between these approaches is illus-
trated in Fig. 13.1.

The present document only partly covers the literature for the sake of brevity 
and because it focuses on modeling results subsequently confirmed by experiment.

13.2  Homology Modeling

13.2.1  Introduction

Homology modeling, also called “comparative modeling,” allows to construct a 
model based on the structure of a homologous protein and has been shown to be 
useful in many situations (Šali 1995). This is particularly true in the context of 
structure-based drug design with MP targets (Taly 2013).

Fig. 13.1  Schematic relationship between the different modeling approaches. A structural model 
of the target protein is essential and can be obtained either directly from experimental methods 
when available or via homology modeling approaches based on sequence alignment and avail-
able homologous structures. The structural model may serve as basis for normal mode analysis 
or for molecular dynamics simulations. Free energy calculations expand these latter simulations 
by quantitatively estimating free energies, for example, of ligand binding. The four red boxes cor-
respond to sections described in this chapter
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The methods rely on the observed correlation between similarity in sequence 
and in structure (Chothia and Lesk 1986). This trend, initially found with soluble 
proteins, has recently been confirmed for MPs (Fig. 13.2; Olivella et al. 2013). 
Therefore, sequence identity is a key criterion for comparing structures and prepar-
ing models by comparative modeling. A value of 40 % sequence identity is often 
considered as a conservative threshold above which homology modeling yields ro-
bust results, as illustrated below.

In the following sections, we will present three cases of LGICs that illustrate how 
preparing a model by comparative modeling can increase in complexity, whereby 
resulting models decrease in quality, when the sequence identity is decreasing.

Fig. 13.2  Comparison of sequence identity and root mean square deviation (rmsd) for membrane 
and globular proteins. The curves fit rmsd and sequence identity values for entire membrane pro-
teins (in green; y = 17.0x −	0.70, R2 = 0.63) and for TM segments (in orange; y = 10.8x −	0.65, R2 = 0.61). 
Both curves are superimposed to data for globular proteins represented as contour maps of the 
reduced density of probability of obtaining 3D alignments with the corresponding rmsd (Krissinel 
and Henrick 2004). Transmembrane segments present higher structural similarity (lower rmsd) 
than globular proteins at low values of sequence identity (< 40 %). (Reproduced from reference, 
Olivella et al. 2013, with permission)
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13.2.2  P2X Receptors, A Case of Available Template Structures 
of High Sequence Identity

13.2.2.1  Structure of P2X Receptors and their Binding Site for ATP

Several consensus amino acid motifs, such as the Walker motif (Walker et al. 1982) 
and Q-motif (Tanner et al. 2003), may account for adenosine triphosphate (ATP) 
binding in a wide range of ATP-sensitive proteins. Nevertheless, such consensus 
motifs for ATP binding are absent in the P2X receptor family. It is known that bind-
ing of phosphates of ATP molecules often involves polar and charged residues, 
and that aromatic residues may bind to adenine and ribose moieties. Therefore, the 
search of ATP-binding sites started with a focus on conserved positively charged, 
polar, and aromatic residues (Lemoine et al. 2012). Based on these data, a common 
ATP-binding site model for the P2X receptors has been proposed. However, the pro-
posed binding model remained speculative because of the lack of a crystal structure 
with bound ATP. The most direct evidence for the location of the agonist-binding 
site in P2X receptors before crystal structure determination of a P2X receptor was 
provided by a study in which the mouse P2X7 residue R125 was ADP-ribosylated, 
a biochemical process that covalently tethers an ADP-ribose moiety (Corda et al. 
2003) to proteins leading to an irreversible channel gating (Adriouch et al. 2008).

The first X-ray structure of the zebrafish, Danio rerio, P2X4 receptor was re-
solved, in 2009, at 3.1 Å (Kawate et al. 2009). In agreement with previous biochem-
ical and biophysical data (Nicke et al. 1998; Jiang et al. 2003; Aschrafi et al. 2004; 
Barrera et al. 2005), the structure confirmed the trimeric assembly of the ATP-gated 
P2X receptors. Each subunit of the trimer has two TM alpha helices (TM1 and 
TM2), two intracellular N and C termini, and a large ectodomain. The two TM 
helices extend ~ 28 Å through the membrane, and the extracellular domain (ECD) 
projects 70 Å above the cell surface. Although the crystal structure of the zebrafish 
P2X4 receptor was resolved in the absence of ATP, and thus represents a closed 
channel state, it clearly shows that the above-mentioned conserved residues line a 
large and deep intersubunit cavity—there are three cavities per trimer—shaped like 
an open jaw that has been proposed as the putative ATP-binding site (Kawate et al. 
2009).

13.2.2.2  Homology Model of the P2X2 Receptor and Experiment-
Constrained Docking

The structure presented above was obtained for the D. rerio P2X4 receptor but the 
experiments presented below were performed with P2X2 and P2X1 receptors. The 
sequence identity between them is relatively high (almost 50 % identity), which 
enables the preparation of accurate models usable for computational methods such 
as docking that require high-quality models (Fig. 13.3). Two studies that have per-
formed experiment-constrained docking will be presented below.
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First, a direct evidence for the orientation of ATP in the binding site was pro-
vided by a site-directed affinity-labeling approach (Jiang et al. 2011). In this study, 
the sulfhydryl-reactive 8-thiocyano-ATP (NCS-ATP), a P2X2 agonist, was used to 
covalently crosslink the ATP moiety in an affinity-dependent manner to single en-
gineered cysteine mutants. Out of 26 positions tested around the putative binding 
jaw, only L186 and N140 residues, when individually mutated into cysteines, were 
specifically labeled by NCS-ATP. This work thus provided direct evidence that the 
adenine base of NCS-ATP is close to these previously unidentified residues, and 
allowed us to dock NCS-ATP within the binding site of a P2X2 homology model us-
ing the geometrical constraints established by the engineered affinity labeling data 
(Jiang et al. 2011). Consistent with previous studies, the eight conserved residues 
were found in close proximity to the docked NCS-ATP.

Second, to study the exact mode of ATP binding, voltage-clamp fluorometry has 
been used (Lörinczi et al. 2012), in particular to investigate the cysteine-rich head 
domain of the P2X1R (A118-I125) that projects over the ATP-binding site. Upon 
substitution with cysteine residues, six of these residues (N120-I125) were specifi-
cally labeled by tetramethyl-rhodamine maleimide (TMRM) and showed significant 
changes in the emission of the fluorescence probe upon application of the agonists 
ATP and benzoyl-benzoyl-ATP (Bz-ATP). Mutants N120C and G123C showed fast 
fluorescence decreases with similar kinetics as the current increases. In contrast, 

Fig. 13.3  Model of the rat 
P2X2 receptor obtained by 
homology modeling using the 
zebrafish P2X4 receptor as a 
template
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mutants P121C and I125C showed slow fluorescence decreases that appeared to 
correlate with the current decline during desensitization. Mutant E122C showed a 
fast fluorescence decrease and slow increase with ATP and Bz-ATP, respectively. 
Application of the competitive antagonist trinitrophenyl-ATP (TNP-ATP) resulted 
in large fluorescence changes with the N120C, E122C, and G123C mutants and 
minor or no changes with the other mutants. Likewise, TNP-ATP-induced changes 
in control mutants distant from the proposed ATP-binding sites (G115C, R139C, 
and W164C) were only small.

Homology models were generated for each of the P2X1 mutants using the crystal 
structure of the zebrafish P2X4R receptor as a template. In these models, the stretch 
between C117 and C126 forms a loop that reaches over the ATP-binding site, and 
all introduced cysteines except for 119C are predicted to be solvent-accessible. In 
agreement with the experimental data, docking of TMRM to the individual cys-
teine mutants revealed at least two poses that should allow the reaction with the 
side chain for all models except for the solvent inaccessible E119C mutant and the 
A118C mutant, in which only one pose was identified. To further interpret our data, 
we measured the distance between the maleimide moiety of the docked TMRM 
and residue F188 (homologous to residue L186 in the P2X2R) as a marker for the 
ATP-binding site (see above). This takes into account the flexibility of TMRM that 
should explore a cone in space once fixed to the receptor, and thus gives a rough 
idea of possible interactions of TMRM with the ligands. Two groups could be dif-
ferentiated based on the functional and docking data: (1) mutants N120C, E122C, 
and G123C with a large TNP fluorescence, fast-decreasing signal with Bz-ATP, and 
distances below 21 Å and (2) mutants P121C and I125C with small or no TNP-ATP-
induced fluorescence changes, slow increasing signals with agonists, and distances 
above 26 Å. These molecular modeling studies confirm the proposed ATP-binding 
site and provide evidence that ATP orients in its binding site with the ribose moiety 
facing the solution (Fig. 13.4).

13.2.3  The Nicotinic Acetylcholine Receptor: A Borderline Case

13.2.3.1  Structural Information on Pentameric LGICs

At the turn of the century, both prokaryotic and eukaryotic members had been iden-
tified in the family of K+ and Na+ voltage-dependent channels (Ito et al. 2004) 
pointing to the implication of ion channels in primary physiological function far 
before development of nervous systems in eukaryotes. This observation led to the 
quest for prokaryotic homologues of pentameric LGICs. Sequence alignments us-
ing the signature loop of α7 nicotinic acetylcholine receptor (nAChR) as a starting 
point identified genes coding for putative LGICs (at the time, 15 in bacteria and one 
in archaebacteria; Tasneem et al. 2005; Corringer et al. 2010). Prokaryotic LGICs’ 
structures are simpler than their eukaryotic counterpart: They have an ECD folded 
as a β-sandwich, but lack the N-terminal helix and the two cysteines that border 
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the signature loop; this domain is followed by four TM helices connected by short 
loops, i.e., without a cytoplasmic domain.

In this particular case, the sequence identity between eukaryotic and prokary-
otic pentameric LGICs is low (~ 20 %). Their belonging to the family was tested 
experimentally: the gene from Gloeobacter violaceus ( Gloeobacter ligand-gated 
ion channel, GLIC) was cloned and the expressed protein showed a pentameric as-
sembly (Bocquet et al. 2007). It was found to be a cationic ion channel activated by 
protons for which no desensitization was observed (Bocquet et al. 2007). The X-ray 
crystallography used crystals grown in acidic conditions that are therefore believed 
to represent an active state (Fig. 13.5; Bocquet et al. 2009; Hilf and Dutzler 2009).

The relevance of the results obtained on prokaryotic LGICs may be questioned, 
notably because they share very little sequence identity with eukaryotic LGICs. 

Fig. 13.4  Homology and 
docking models of the P2X1 
receptor. a Surface represen-
tation of the head domain 
showing the position of the 
TMRM-inaccessible A118C 
and E119C residues. b Model 
of the proposed intersubunit 
ATP-binding site showing the 
TMRM-accessible cysteine-
substituted residues. ATP was 
docked in the proximity of 
F188 ( blue). This constraint 
was used as the docking was 
not robust because of the 
large binding site. c Model 
of the cys-rich P2X1 head 
domain with docked TMRM 
and ATP. TMRM docked to 
residues that were associ-
ated with ligand binding and 
desensitization is presented in 
green and red, respectively. 
TMRM bound to residue 124 
is shown in cyan. Residues 
Q142 and F188 (homologous 
to P2X2 N140 and L186 
identified by affinity label-
ing) are in yellow. (From ref-
erence Lörinczi et al. 2012)
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As a consequence, the identification of eukaryotic LGIC ligands acting on their pro-
karyotic counterparts is an active area of research, and the first results of this quest 
indeed attenuated these concerns. Taking GLIC (further discussed below) as specif-
ic example, both TM and ECDs can be linked to human pentameric ligand-gated ion 
channels (pLGICs). It has been observed that GLIC proton-elicited ion currents can 
be regulated by anesthetics acting on gamma-aminobutyric acid (GABA) receptors 
(halothane, sevoflurane, isoflurane, desflurane, and propofol; Weng et al. 2010). 
Recently, structures of GLIC were obtained in the presence of the general anesthet-
ics desflurane and propofol (Nury et al. 2011) and of the local anesthetic lidocaine 
(Hilf et al. 2010) as well as bromoform (Sauguet et al. 2013a). Such allosteric bind-
ing sites within the TM domain, also observed for ethanol (Howard et al. 2011), 
are closely related to human pLGICs and point to GLIC as a good model regarding 
the TM pharmacology of therapeutically active compounds. GLIC’s ECD can be 
fused to the TM domain of the α1 glycine receptor, forming a functional chimera 
(Duret et al. 2011).

The ACh-binding protein (AChBP), first described in 2001, was identified from 
the freshwater mollusk Lymnaea stagnalis (Brejc et al. 2001; Sixma and Smit 
2003) and has been proposed to participate in a buffering activity, modulating the 

Fig. 13.5  X-ray structure of 
the pentameric LGIC from 
Gloeobacter violaceus. The 
extracellular domain ( ECD) 
and transmembrane domain 
( TMD) are indicated
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concentration of ACh in the mollusk’s synapses (Smit et al. 2001). In addition to 
its similar function, AChBP forms a homopentamer and has significant sequence 
homology with the ECD of the nAChRs; roughly 30 %) and the residues of the 
binding site are remarkably conserved as reviewed in Taly and Changeux 2008. The 
structure of the protein was solved by X-ray crystallography (Brejc et al. 2001), 
which immediately had an enormous impact on the study of structure–function re-
lationships of pentameric LGICs.

Indeed, AChBP is the largest source of atomic resolution structures in the LGIC 
family offering complexes with known agonists and antagonists of the nAChRs 
(Hansen et al. 2005; Celie et al. 2004, 2005; Bourne et al. 2005). Therefore, the 
structure of AChBP has been exploited to derive models of the ECD of nAChRs (Le 
Novere et al. 2002; Costa et al. 2003; Iorga et al. 2006; Grutter et al. 2004; Hench-
man et al. 2005; Law et al. 2005a; Xu et al. 2005; Schapira et al. 2002; Sine 2002; 
Huang et al. 2008a; Toshima et al. 2009; Luttmann et al. 2009).

13.2.4  Building Models of the NMDA Receptor: A Complex Case

13.2.4.1  Structure of iGluRs

At the end of the last century, biophysical and bioinformatics techniques, combined 
with extensive mutational analyses, had already revealed the characteristic modu-
lar architecture of ionotropic glutamate receptors (iGluRs; Armstrong and Gouaux 
2000; Hogner et al. 2002). They showed that the extracellular part of these recep-
tors was composed of the amino-terminal domain (ATD; for eukaryotic iGluRs), a 
domain that is structurally related to the bacterial leucine-binding protein (Jin et al. 
2003), and the ligand-binding domain (LBD), which shares sequence homologies 
with bacterial periplasmic ligand-binding proteins (Mayer 2005; Mayer et al. 2006). 
The LBD is formed by the association of two domains, D1 and D2, which are com-
posed mainly of the S1 and S2 peptide segments, respectively. These techniques 
had also allowed the generation of computer-assisted structural models of crucial 
elements involved in ligand binding.

In 2009, the first X-ray structure of an intact iGluR, the rat GluA2 receptor, 
was solved at 3.6 Å (Fig. 13.6; Sobolevsky et al. 2009). Because the structure was 
solved with a bound antagonist lodged in the clamshell of each LBD, this study pro-
vided further evidence that the agonist-binding site/competitive antagonist-binding 
site is located within and not between subunits. The TM segments, in which the 
channel lies, share a conserved global architecture and fourfold symmetry with that 
of tetrameric voltage-gated ion channels, but with inverted topology (Karakas et al. 
2009). However, the full-length GluA2 structure revealed numerous unexpected 
features not anticipated from previous works. First, an unexpected crossover of 
subunits forming dimer pairs in the ATD and LBD layers was described. Second, 
multiple conformations are adopted for the ATD/LBD and the LBD/ion-channel-
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connecting linkers, leading to the amazing observation that different conformations 
are possible for identical subunits. Third, molecular symmetry switches from two- 
to fourfold between the ion channel and the ECD, respectively. Fourth, no packing 
contacts are observed between the ATD and the LBD on the central axis of symme-
try of the tetramer assemblies, leading to an enormous chalice-shaped hole.

13.2.4.2  Complications for the Preparation of NMDA Models

Preparing a model of a N-methyl-d-aspartate (NMDA) receptor involves using the 
structure	of	the	α-amino-3-hydroxy-5-methyl-4-isoxazole	propionic	acid	(AMPA)	
receptor presented above. The case of the NMDA receptor modeling is compared 

Fig. 13.6  X-ray structure of the AMPA receptor. The N-terminal domain ( NTD), agonist-binding 
domain ( ABD), and trans-membrane domain ( TMD) are indicated
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with the other cases mentioned above for the following reasons: (1) the structure 
of the template (AMPA receptor) is incomplete, i.e., loops are missing in the struc-
ture, (2) the domains are separated by linkers that may differ between AMPA and 
NMDA receptors, and (3) the symmetry of AMPA receptors is complex and it is 
uncertain whether this feature is conserved in NMDA receptors. Many important 
compounds bind at the interface between domains, so their study is complex at 
present.

13.3  Normal Mode Analysis

13.3.1  Introduction

Normal mode analysis (NMA) approximates the surface of the conformational 
landscape and provides a decomposition of the movements into discrete modes. 
It takes advantage of a simplified but physically meaningful representation of the 
interaction between the atoms. Both the quadratic approximation of the landscape 
and the crude representation of the protein lead to the loss of the fine details of 
the dynamics. However, this method leads to a time-independent equation that can 
be solved in closed form analytically (at variance to MD), and therefore allows 
studying slow (biologically relevant) and collective conformational transitions.

On a database of proteins for which experimental structures of different confor-
mations were known, it has been shown that only a handful of the very first modes 
(usually one or two) are usually enough to describe the transitions (Krebs et al. 
2002).

13.3.2  Coarse-Grained Representation of the Protein

Coarse-grained models are simplified representations of the protein. This approxi-
mation is made at the expense of precision and the description of fine details such 
as local movements of loops. However, coarse-grained models have the double ad-
vantage of: (1) making calculations faster and (2) being often more robust, allowing 
to analyze models of medium resolutions as those presented below.

NMA of MPs regularly employs the elastic network model, which is based on 
simple springs connecting close pairs of atoms in the native structure (Tirion 1996). 
This model has been further simplified by Hinsen (1998) who showed that it was 
possible to use C-alpha atoms only. NMA using this approximation was shown to 
yield a fair description of protein flexibility (Bahar 1999; Bahar and Rader 2005) 
and it is the same as the one used by Krebs et al. 2002 in their survey of all confor-
mational transitions documented in the protein databank (PDB).
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13.3.3  Experimental Observations Confirming Conformational 
Changes Predicted from NMA

13.3.3.1  nAChR: From NMA to X-Ray Crystallography

The application of NMA to a model of alpha-7 nAChR, based on the then available 
AChBP and electron microscopy Torpedo structures (Taly et al. 2005, 2006; Taly 
2007), shows that the lower-frequency mode corresponds to a global quaternary 
twist motion of the protein, resulting from a tilt of each subunit that causes anti-
clockwise motion in the upper part of the nAChR pentamer (Fig. 13.7). The twist 
mode accounts for key features of nicotinic receptor channel opening and closing 
by agonists and antagonists and of naturally occurring mutations of the nAChRs, 
causing autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) and con-
genital myasthenia and altering gating properties (Sine and Engel 2006; Taly et al 
2006). This mode is stabilized in the resting conformation following binding of the 
antagonist cobratoxin (Konstantakaki et al. 2007; Samson and Levitt 2008; Yi et al. 
2008).

The atomic mechanism of channel opening may be seen using the X-ray struc-
tures of the bacterial nAChRs, Erwinia chrysanthemi ( Erwinia ligand-gated ion 
channel, ELIC), and G. violaceus (GLIC) stabilized in closed versus open confor-
mation (Bocquet et al. 2009; Hilf and Dutzler 2009, 2008; Bocquet et al. 2007). 

Fig. 13.7  Model structures and comparison. a	Structure	of	one	subunit	of	the	present	α7	nAChR	
model. The rmsd between the present and the previous model(s), computed for each atom, is dis-
played	on	the	structure	through	a	color	coding	from	≈	2	Å	(	dark blue)	to	≈	10	Å	(	orange). b Present 
α7	nAChR	model	viewed	from	the	membrane	plane.	A	different	color	is	used	for	each	subunit.	c 
Open-pore model obtained after exploration of the twist mode and energy minimization (see main 
text). The comparison of band C demonstrates the quaternary twist motion between the structures 
(following the arrows). Orange stars were added to help localize the binding sites. (From reference 
Taly et al. 2006)
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Despite low ELIC/GLIC sequence identity (18 %), their common core structure 
undergoes a quaternary twist closely related to that described above. This twist mo-
tion contributes to at least 29 % of the closed-to-open transition, with each subunit 
undergoing tertiary deformations (Hilf and Dutzler 2008).

13.3.3.2  P2X: From NMA to Receptor Engineering

We used NMA to reveal inherent motions of the rP2X2 receptor homology model 
based on the closed-state zfP2X4 structure using the elastic network model. Be-
cause no clear pore opening was observed in any of the tested modes, we decided 
to perturb the modes by the presence of ATP. This approach approximates changes 
that occur on protein dynamics upon ligand binding (Taly et al. 2006; Ming and 
Wall 2005). We computed NMA in the presence of ATP. Interestingly, mode 10, 
which corresponds to an asymmetric motion of the three heads out of the membrane 
plane (Fig. 13.8), displayed the largest frequency difference, suggesting that the 
presence of ATP substantially modified the energy needed to explore this mode. 

Fig. 13.8  The P2X2 receptor model is shown in cartoon representation and colored by subunits. 
Three views are presented: lateral to the membrane plane ( left), top view from the extracellular 
side ( right-top), and bottom view from the intracellular side ( right-bottom). Arrows represent pro-
tein displacement captured by mode 10. Movements inferior to 1 Å are omitted for clarity
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These calculations thus suggest that the domains surrounding the ATP-binding site 
experience significant mobility that may be related to ATP binding, and potentially 
to P2X gating.

In order to validate the model, we analyzed histidine residues His120 and His213 
that are known to form a zinc-potentiating site (Tittle and Hume 2008; Nagaya et al. 
2005; Tittle et al. 2007). Interestingly, the distance separating α carbon atoms from 
residues His120 and His213 that were initially found to be too far apart to create 
a Zn2+-coordinating site shortened, following mode 10 exploration from 15.5 to 
12.2 Å. More importantly, we succeeded in forming a Zn2+-binding site through 
these histidine residues, and the distance and angle measured between Zn2+ and the 
coordinating atom NE2 of the histidine residues were close to those obtained from 
the analysis of (111) crystal structures of Zn2+-binding proteins available in the PDB 
(Alberts et al. 1998). Therefore, these results suggest that mode 10 is able to form 
the natural Zn2+-potentiating site in the rP2X2 receptor by bringing residues His120 
and His213 together.

Although previous studies had shown that zinc potentiates ATP currents, there 
was no direct evidence supporting the hypothesis that close apposition of residues 
His120 and His213 gates the ion channel. We thus asked whether zinc could open 
the ion channel, by its own, in the absence of ATP. In human embryonic kidney 
(HEK)-293 cells expressing the wild-type (WT) rP2X2 receptor, extracellular zinc 
failed to produce detectable currents as assayed by whole-cell and single-channel 
patch-clamp electrophysiology. We decided to introduce the T339 S mutation, 
which is known to confer to the channel significant spontaneous openings in the 
absence of ATP (Cao et al. 2007), with the hypothesis that the mutation would be 
able to reduce the energy barrier for the receptor to reach the open state. Outstand-
ingly, Zn2+ produced significant currents that were concentration dependent with 
maximal current representing about 4 % of that evoked by ATP. These results thus 
demonstrate that coordination of Zn2+ ions by the pair of histidines His120 and 
His213 controls gating of the T339 S mutant channel.

To further explore the dynamic motion of the ATP-binding site during gating, we 
decided to transfer the natural zinc-potentiating site to another place of the jaw with 
the hypothesis that the divalent cation would also bridge the engineered histidines in 
the activated state(s). To select all possible pairwise positions, we computed a matrix 
representing the relative movement of the protein between initial and final models 
explored in mode 10, and selected pairs of residues in which their relative movement 
measured from their respective Cα atoms was greater than 2.5 Å, and the distance 
separating these Cα atoms was less than 13 Å in the final model, compatible with a 
putative zinc-coordinating site (Alberts et al. 1998). Interestingly, we found that two 
previously unidentified regions of the jaw satisfied these geometrical constraints, 
suggesting that these loops may get close enough together (Jiang et al. 2012).

To experimentally test this prediction, we first abolished the natural zinc-po-
tentiating site in the rP2X2 receptor channel as reported previously (Nagaya et al. 
2005). Introduction of the double mutant S116H/T170H* in the T339S background 
enabled zinc to gate the ion channel in the absence of ATP, as revealed by both 
whole-cell and single-channel recordings (Jiang et al. 2012).
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13.4  MD Simulations

13.4.1  Introduction

MPs in their native environment are excessively difficult to model as they pose 
many challenges for an accurate representation of their properties. Some phenom-
ena may be of quantum nature, for example, involving photons, chemical reac-
tions, or electrochemical processes, and other phenomena may span timescales that 
cannot be reached by any currently available modeling approach. The appropriate 
representation and model hence depend on the question that is to be answered, and 
sometimes multiple scales of representation need to be combined to capture all rel-
evant properties (Baaden and Lavery 2007). Particle-based modeling at an atomistic 
level using MD simulations in a lipid bilayer environment has nevertheless proven 
itself as a rather generic approach to describe structure–function relationships of 
such complex biological systems as membranes and channels (Laurent et al. 2013). 
In this section, we investigate the study of a single ion channel in an environment 
mimicking physiological conditions, using a fully flexible atomistic force field rep-
resentation. For this purpose, we describe the example of the pLGIC (GLIC) from 
G. violaceus that was introduced in the previous section.

13.4.2  The Pentameric Ligand-Gated Ion Channel GLIC 
as an Example

The availability of several crystal structures of GLIC, both for an open and for a 
locally closed form, where the central pore does not conduct ions, combined with 
extensive functional characterization by electrophysiology, provides a fertile back-
ground to conduct MD simulations that can be confronted with experimental obser-
vations. At the same time, many open questions remain concerning channel gating, 
permeation, and anesthetics binding. Molecular-level insight into these functional 
aspects can be gained from MD simulations, ideally leading to experimentally test-
able hypotheses or providing answers to specific questions raised by experiments.

In the following subsection, we will describe how to setup such MD simulations. 
Many observations are not specific to the GLIC system, but would equally apply to 
the setup of another MP model.

13.4.3  Setting Up MD Simulations of MP Systems

13.4.3.1  Origin and Quality of the Initial MP Model

Reliable MD simulations of MPs require sufficiently accurate starting models. Ex-
perimentally derived structures from crystallography or nuclear magnetic resonance 
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(NMR) spectroscopy are among the most common sources. Based on a study of 
three outer MPs, it has been shown that NMR-based simulations feature global-
ly similar conformational dynamics with respect to X-ray-based simulations, but 
eventually with higher mobility (Cox et al. 2007).

When the starting model is of lower or uncertain accuracy, such as with electron 
microscopy (EM)-derived or homology models, short MD simulations can be used 
as a first-quality assessment (Law et al. 2005a; Ivetac and Sansom 2008). Medium-
quality, but not wrong, models may be improved by means of MD simulations (Fan 
and Mark 2004; Kannan and Zacharias 2010; Mirjalili and Feig 2013). However, 
refining protein homology models by MD simulations in general remains a chal-
lenging task with pitfalls (Raval et al. 2012).

Beyond these general observations, depending on the protein family of interest, 
the modeling of an initial structure may sometimes be facilitated. As described above, 
the Cys-loop receptor family is a benign case, even though sequence identity may 
be relatively low among individual homologues. All available structures resolved by 
crystallography so far are quite similar, providing a good basis for refinement by MD 
simulations (Chen and Brooks 2007). Furthermore, the regular secondary structure 
elements and overall topology are known to a good extent. The TM region in particu-
lar is structurally more conserved than the rest of the proteins and globular proteins 
(Fig. 13.2). Numerous experimental data can be used to validate or improve the mod-
els, such as knowledge about residues facing the ligand-binding sites or the ion channel 
pore or residues of two helices facing each other (Mnatsakanyan and Jansen 2013).

13.4.3.2  System Composition

A fundamental choice for the setup of an MD simulation is which molecular spe-
cies to include in the model. Common ingredients comprise lipids, proteins, nucleic 
acids, sugars, ions, water, and other small molecules (alcohols, anesthetics, etc.). 
For membrane-embedded receptors such as GLIC, whose hydrophobic TM domain 
is stabilized by the membrane environment, a lipid bilayer has to be included in a 
realistic model. Typical biological membranes are themselves complex ensembles 
composed of lipids, carbohydrates, proteins, and cholesterol in the case of eukary-
otic cells (van Meer et al. 2008). Furthermore, it is established that lipid “building 
blocks” have the potential to generate up to tens of thousands of different molecular 
species (Shevchenko and Simons 2010), but more lipidomics research is needed 
to complement our limited knowledge (Brown 2012). In MD simulations, such a 
complexity is very difficult to reproduce, although valuable attempts are now being 
made (Piggot et al. 2013). The composition of the membrane is often simplified by 
using a single type of phospholipid. This approach was also adopted for GLIC by 
embedding it in a fully hydrated phosphatidylcholine membrane (Fig. 13.9a).

For a permeating ion channel, it is furthermore important to include electrolytes 
in the model. Typically, on the order of 150 mM of NaCl or KCl ions are added to 
mimic physiologic electrolyte concentration. Higher concentrations may be used to 
enhance the probability of processes such as ion permeation.
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In some of the studies described below, ligands such as general anesthetics were 
included in the model in order to study binding to the channel and modulation of its 
functional properties related to permeation and gating.

13.4.3.3  Assigning Hydrogens

Experimental crystallographic structures of MPs at medium resolution lack hydro-
gen atoms. However, in a standard MD simulation, all hydrogen atoms need to be 
explicitly defined, and dynamic protonation or deprotonation cannot be modeled, as 
no breaking or reforming of covalent bonds is possible. Hence, an important choice 
concerns the assignment of a protonation state for all ionizable residues and the 
selection of tautomers as in the case of neutral histidine residues.

The protonation state is difficult to predict and depends on a residue’s local en-
vironment as well as on the protonation states of surrounding residues. This inter-
dependence may lead to a combinatorial problem when many ionizable residues are 
present, such as in the GLIC pentamer with 81 × 5 residues (Fig. 13.9b). Standard 
pKa values measured in bulk cannot be applied to buried protein residues, which is 
particularly critical for MPs with an environment that largely differs from aqueous 
solution.

We previously assessed the pKa predictions of several widely used programs and 
web services (Laurent et al. 2013) yielding broadly varying pKa shift predictions for 

Fig. 13.9  Panel a depicts a typical simulation system where the GLIC ion channel shown in col-
ored cartoon representation is embedded in a fully hydrated lipid bilayer. The extracellular ( ECD) 
and transmembrane ( TMD) domains of GLIC are annotated. Lipid and water molecules are not 
shown for clarity. Electrolyte is shown as cation ( blue) and anion ( red) spheres. Panel b provides 
a cut through GLIC’s channel highlighting all ionizable side chains

 



36513 Foundations of Biomolecular Simulations

GLIC. This observation strongly emphasizes that accurate assignment of hydrogen 
atoms remains a critical and delicate step in setting up an MD simulation.

13.4.3.4  Filling Voids

MPs are often porous structures with channels, pockets, and cavities. Unless a high-
resolution structure is available, it remains unknown whether and how such voids 
are filled. Starting a simulation with too little or too many molecules in such voids 
can quickly lead to artifacts and destabilize the canonical state of the model system. 
Hence, this question should be addressed in an initial equilibration phase, for ex-
ample, by restraining the protein to let the solvent enter any accessible spaces, or by 
using specific approaches such as grand canonical ensemble Monte Carlo simula-
tions (Resat and Mezei 1996).

13.4.3.5  Small System Size Effects on Concentrations

MD simulations of membrane systems are computationally expensive and hence 
models are typically designed as small as possible, focusing on the immediate mem-
brane environment of the channel of interest and minimizing the bulk solvent part. 
This introduces a bias in the calculation of concentrations because there are ambi-
guities in defining them at the microscopic level. Let us consider pH as one of many 
possible examples. GLIC is active at acidic pH 4.6, but even at this low pH, a simu-
lation box 50 times the size of the one typically used would be needed to observe a 
single H+ ion in solution. In other words, the number of bulk water molecules is too 
low to extrapolate to macroscopic dimensions, which renders it delicate to exactly 
match experimental concentrations. This particular limitation implies that the effect 
of pH is solely represented by the chosen fixed protonation state of the protein.

In a membrane system, the precise assessment of concentrations may further be 
dynamically affected by partitioning between solution, membrane, and protein, as 
is the case for anesthetics or alcohols (Laurent et al. 2013).

13.4.4  Producing MD Trajectories

13.4.4.1  The Number One Limitations: Timescale, Sampling, and Statistics

For a ~ 150,000 atom system, such as the GLIC model described here, currently ac-
cessible simulation timescales are typically limited to the 1–10-µs timescale. This 
includes running simulation replica and control simulations, and hence represents 
an important limitation, as a simulation should be run at least ten times longer than 
the slowest timescale of interest (Zuckerman 2011). But even if this is possible, 
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sufficient sampling needs to be achieved so that the system may escape from any lo-
cal minimum it may be trapped in. Furthermore, sufficient statistics on the event of 
interest need to be acquired. For an ion channel, this may concern the permeation of 
a single ion that should be observed several times before drawing conclusions from 
such simulations. These issues are discussed in more detail in Laurent et al. 2013).

Previous studies on the convergence of MP simulations have shown that flexible 
loops need longer simulations to fully converge, whereas well-structured regions, 
such as the barrels of outer MPs, are well sampled even in relatively short simula-
tions (Faraldo-Gomez et al. 2004). Convergence has subsequently been discussed by 
Grossfield et al. 2007 and Romo and Grossfield 2011. MD simulations of GPCRs are 
another important source of inspiration for such considerations (Grossfield 2011).

13.4.4.2  Working Around Limitations

Specific simulation methods may be employed to work around the limitations de-
scribed in the previous section. For example, to mimic biological conditions of ion 
permeation, an external electrical field may be applied to the simulation in various 
ways, typically using voltages somewhat above experimental values to accelerate 
the permeation process. An alternative approach is to explicitly pull ions through 
the channel by applying a biasing force (also see the next section on free energy 
calculations). A large variety of methods exist to circumvent limitations of plain 
MD simulations, each such method implying a specific trade-off, such as choosing 
a specific coordinate along which to accelerate transitions, in return.

13.4.5  Examples of Simulation-Derived Results

13.4.5.1  Confronting Static and Dynamic Views of Water and Ion Binding

A high-resolution crystal structure at 2.4 Å of GLIC’s open state provided unprec-
edented insight into pore hydration, where two water pentagons are formed, as 
well as the existence of ion-binding sites in the ECD of the channel (Sauguet et al. 
2013b). These observations under crystallographic conditions were compared to 
MD simulations of GLIC at body temperature in a bilayer environment. Overall, the 
ion-binding sites predicted by the MD simulation were in very good agreement with 
the various ions observed experimentally. Average MD occupancies reached from 
1.0 to 99.9 %, providing a nuanced dynamic view of ion coordination.

The presence of water pentagons in an ion channel pore had not been observed 
previously, raising the question of possible functional implications. The simulations 
revealed that the pentagon positions are well occupied on average, but not instanta-
neously (Fig. 13.10a). As will be described in the next section, water molecules at 
the pentagon positions are critical to help a permeating ion overcome bottlenecks 
within the channel pore when crossing the membrane.
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13.4.5.2  Predicting Critical Residues from Mechanistic Hypotheses 
on Ion Permeation

Using a set of four simulations where a sodium ion is dragged through GLIC’s pore, 
we were able to observe a continuous hydration of the ion all along its path (Sauguet 
et al. 2013b). This permeation mechanism is very different from other cation chan-
nel families, where a permeating ion has to lose at least part of its hydration sphere. 
A closer analysis reveals two hydrophobic barriers in GLIC’s pore where water 
coordination becomes anisotropic. At precisely these positions, the previously men-
tioned water pentagons help to maintain the cation hydration, backed by two pore-
lining	residues,	S6′	and	T2′.	Electrophysiology	experiments	on	S6′	and	T2′	mutants	
inspired by these observations have confirmed the critical role of these amino acids, 
in	particular	the	very	conserved	serine.	The	tested	S6′G	and	S6′V	mutants	lead	to	
dramatic	effects	in	MD	simulations,	notably	dewetting	of	the	pore	between	the	2′	
and	9′	levels,	which	explains	their	loss-of-function	phenotype.

13.4.5.3  Understanding the Molecular Determinants of Given Phenotypes

When	 investigating	 GLIC’s	 gating	 mechanism,	 we	 studied	 a	 permeable	 A13′F	
mutant with paradoxical properties, as its crystal structure determined at 3.15 Å 
showed a pore too narrow to conduct ions (Nury et al. 2010). Although the mu-
tant itself was not simulated, the observed extensive flexibility of the top of the 
wild-type	pore-lining	M2	helix	in	immediate	vicinity	of	the	13′	side	chain	offers	a	
possible explanation. The mutant crystal structure may be trapped in a closed state 
where M2 flexibility is blocked. In a membrane environment, it will recover its 
enhanced flexibility and enter a conformational equilibrium between an open and a 
closed pore. This would explain the observation of a functional channel phenotype 
by electrophysiology.

Subsequently, a locally closed form of GLIC was characterized, its hallmark be-
ing a local closure of the top of the M2 helices, fully in line with this hypothesis on 
the	A13′F	mutant	(Prevost	et	al.	2012). Cross-linking the M2–M3 loop with K33 on 
loop 2 triggered the local closure of GLIC, producing two particularly interesting 
phenotypes.	The	loop	2-L22′	mutant	is	the	only	functional	cross-linked	mutant	and,	
correspondingly, MD simulations show that it behaves very similarly to the wild 
type in its open form (Fig. 13.10b).	The	loop	2-K24′	mutant	on	the	other	hand	is	
not functional and requires reduction of the disulfide bridge to recover a current. Its 
properties observed in MD simulations closely match characteristics of the ELIC 
channel, a supposedly closed state, in line with the observed phenotype.

13.4.5.4  Exploring Conformational Transitions

In 2010, we studied GLIC’s gating mechanism in a 1-µs MD simulation where 
the switch from an open to a closed conformation was triggered by a pH jump 
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(Nury et al. 2010). Despite the large amount of computational resources corre-
sponding to approximately 10 months of calculations on a supercomputer in 2009, 
i.e., tens of years on a desktop machine, only two protomers had fully undergone the 
transition to a closed state at the end of the simulation. This observation suggested 
that a much longer simulation was required to achieve a complete gating transi-
tion. In a collaborative effort, we are currently analyzing a more than 20-µs dataset 
featuring several gating events to address this question more fully. As an important 
feature, we observe that dewetting of the channel pore occurs early in this process 
and may be a key event in preventing ion permeation. The actual conformational 
change is more difficult to pinpoint, as the simulation data are intrinsically noisy. 
However, important aspects such as the twist motion mentioned above are clearly 
observed and confirm previous hypotheses.

Another aspect of the conformational changes related to gating GLIC’s channel 
is the previously mentioned motion of the top of the M2 helix, documented by the 
crystallographic structures of the locally closed form (Prevost et al. 2012). Interest-
ingly, MD simulations suggest that this state is spontaneously accessible from the 
open form.

13.5  Free Energy Simulations on Mps

This section is somewhat technical, which is not so much intentional as unavoid-
able, given the highly technical field it deals with. For a much more complete, yet 
accessible, introduction to the statistical physics of biomolecules, the reader is re-
ferred to a book dedicated to the topic (Zuckerman 2010).

13.5.1  Free Energy Simulations: Why and How?

13.5.1.1  Free Energy: a Descriptor of Equilibrium Probability

Our best tool to describe biomolecular processes quantitatively is statistical ther-
modynamics, which starts with a microscopic picture and yields macroscopic quan-
tities that lend themselves to experimental measurement. As will be seen in the 
examples provided in this section, free energy can be an invaluable link between the 
atomic details of a simulation, far beyond experimental reach, and quantities that 
make sense from an experimental perspective.

Under constant temperature conditions, thermodynamic equilibrium is governed 
by free energy—in other words, perhaps more accurate, free energy is the quantity 
we use to describe equilibrium. Nonequilibrium processes have their own dedicated 
field of thermodynamics, which we will not delve into here. This may seem ironic, 
as sustained departure from equilibrium is a defining property of living organisms. 
While equilibrium thermodynamics cannot fully capture the function of living 
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systems such as cells, it proves powerful in describing life’s elementary subpro-
cesses at the molecular level. Moreover, life’s steady-state nonequilibrium regime 
is often close enough to equilibrium to be captured as “equilibrium plus a small 
perturbation,” e.g., a linear response model.

Consider an enzyme able to switch between conformations C (closed) and O 
(open). This equilibrium is captured quantitatively by a law of mass action with 
equilibrium constant K, and undergraduate chemistry states that:

 (13.1)

where ∆G0 is the standard Gibbs free energy difference for the transformation. This 
seemingly unimpressive relationship actually contains a tremendous amount of 
physical insight.

Suppose	that	ΔG0 is equal to three times the thermal energy, 3 × RT ~ 7.5 kJ/mol, 
meaning that K is about 1/20. The consequence is that, in a macroscopic sample at 
equilibrium, the concentration of enzymes in the closed state is roughly 20-fold that 
of enzymes in the open state. Let us now translate this description into microscopic 
terms: The concentration ratio means that for any given protein molecule, at any 
point in time, the probability of state C is 20 times that of state O; concentration is 
the macroscopic reflection of microscopic probability.

Yet in microscopic terms, proteins are dynamic and can obviously occupy many 
more than two conformations. We must therefore differentiate microscopic states 
( microstates) from the macrostates “open” and “closed” that we define and con-
sider to be of biophysical relevance. In statistical physics, this conformational equi-
librium will therefore be described as an ensemble of many microstates, belonging 
to either macrostate. The probability of a macrostate is just the sum of probabilities 
of its constituent microstates. The set of all possible microstates is called configu-
ration space. Molecular simulations describe microstates, and can be seen as tools 
to explore configuration space. Additive changes in the standard free energy dif-
ference correspond to multiplicative changes in probability (a change of RT for 
a factor of e). The exponential relationship between free energies of macrostates 
and their probabilities is a consequence of the Boltzmann distribution, which is an 
exponential relationship between the energy of microstates and their probabilities. 
This form of relationship—probabilities as exponentials of energies, and its inverse, 
free energies as logarithms of probabilities—is pervasive in the statistical physics of 
systems at constant temperature.

13.5.1.2  Free Energy Profiles are Not Free Energies

We have described a conformational switch as a discrete process, but some pro-
cesses are better described as continuous, and measured by a reaction coordinate. 

0
0exp  or equivalently, ln( ),

G
K G RT K

RT

-∆ = -∆ =  
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Consider for example the position z of a molecule diffusing across a TM channel. 
The equilibrium statistics of this variable are captured by its probability density 
ρ( z), such that the elementary probability at position z is ( )dp z dzρ= .

Analogous to Eq. (13.1), a free energy profile is defined as a function of z, as:

 (13.2)

It is called either free energy profile or potential of mean force (PMF), as it cor-
responds to the reversible work exerted on the system when traveling along z, and 
can be calculated as the work of a mean force acting on the coordinate (see estima-
tors in the next section). The PMF is defined up to an arbitrary additive constant 
C: adding a constant to the PMF is equivalent to multiplying the probability den-
sity	by	a	constant	(exp(−	C/RT)), which does not change its physical interpretation. 
As a result, any single value of the PMF is meaningless: only its variations are 
significant.

For any value z0, the quantity A( z0) characterizes a state defined by z = z0, in other 
words, the ( z = z0) isosurface of the system’s configuration space. This is intuitively 
understood as “the free energy of the permeating molecule at position z0 in the chan-
nel.” The physical meaning of such a state is actually not that simple, as it is neither 
a single microstate, nor a true macrostate: Geometrically speaking, it is an infinitely 
thin slice of configuration space, orthogonal to the z direction. As a result, its prob-
ability is zero (as with any single value of a continuous random variable).

By contrast, physically meaningful macrostates can be defined in terms of coor-
dinate z, in the form of finite ranges of the variable, with nonzero probability. In our 
example, these could be one side of the membrane, different regions of the pore, and 
the other side of the membrane. While these mathematical definitions are arbitrary, 
they take physical significance if they correspond to free energy basins, separated 
by barriers. In kinetic terms, the states are meaningful if the system takes less time 
to evolve within a state than it does to hop between states. Its long-time dynamics 
should therefore be a succession of long periods of fluctuation within basins, punc-
tuated by rare barrier-crossing events.

However, such a clear kinetic description is often challenged by the complexity 
of actual biomolecular processes, which often exhibit exceedingly complex energy 
landscapes, with many basins, small and large, short- and long-lived, linked by 
many possible transition pathways, occurring on a broad range of timescales. Pro-
tein folding is a classic example. In such cases, the dimension reduction problem, 
i.e., coming up with a few variables that describe the process of interest, becomes 
challenging, if not entirely intractable.

Summarizing the relationships given by Eqs. (13.1) and (13.2): Free energy is 
to probability what a free energy profile is to probability density (that is, its loga-
rithm). Just as probability density is not a probability, a free energy profile is not 
free energy. Yet one can be derived from the other by integrating the probability 
density over a finite range.

( ) ln( ( )) .A z RT z Cρ= - +
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13.5.1.3  From Theory to Computation 1: Approximate Methods

Because of the complexity of protein energy landscapes, it is, generally speaking, 
a difficult task to explore and analyze them with exact methods, which will be 
described in detail below. However, numerous projects benefit from a rapid evalu-
ation of the free energy (such as virtual screening approaches or post-processing of 
molecular dynamics trajectories as in the molecular mechanics Poisson–Boltzmann 
surface area, MM/PBSA, method). Approximate methods are therefore widely used 
as a computationally cheaper—but also less accurate—alternative. Docking is an 
example of approximate methods. It nevertheless requires structures/models of high 
quality. This is illustrated by the use of AChBP in docking studies of nAChR li-
gands (Turabekova et al. 2010; Gao et al. 2003; Abin-Carriquiry et al. 2010; Slavov 
et al. 2010; Utsintong et al. 2009; Babakhani et al. 2009; Ulens et al. 2009; Artali 
et al. 2005; Sine et al. 2004; Konstantakaki et al. 2007). It was, for example, shown 
that alpha-toxin is able to bind only when the binding site is open (Konstantakaki 
et al. 2007). Interestingly, similar observations have also been made with nAChR 
models (Haddadian et al. 2008; Huang et al. 2008b).

Describing the wealth of approximate methods is beyond the scope of this manu-
script and we will concentrate on exact free energy approaches.

13.5.1.4  From Theory to Computation 2: Exact Estimators

In practice, a simulation of a membrane system yields a trajectory (set of configura-
tions) sampled according to a well-defined probability distribution. In the process, 
energies and often forces are calculated. Free energy estimators are expressions that 
can be evaluated numerically, starting from those known quantities, and yield an 
approximate value of a free energy difference or PMF.

Estimators have different qualities: computational cost, bias (systematic error), 
and speed of convergence as sampling increases (or equivalently, variance of the 
estimate for a given amount of sampling).

Histograms

Once the states of interest are sampled in the simulated trajectories, probability 
estimates may be obtained by simple counting (in the case of reaction coordinates, 
binning into histograms). In practice, we would run a simulation of our confor-
mation-switching enzyme and count the ratio of occurrences of states C and O, or 
collect a histogram of the z positions of the permeating molecule in its channel. The 
logarithmic relationship given by Eqs. (13.1) and (13.2) then provides a straightfor-
ward way to estimate the free energy.

While conceptually and computationally simple, this method is not used very 
often, except for the fastest-relaxing systems, due to its large statistical uncertainty. 
In general, interesting degrees of freedom need to diffuse and cross barriers to relax. 
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Therefore, they are typically slow relaxing in atomic-scale simulations, and the his-
tograms, or state occupancies, converge slowly. This issue can be overcome through 
the application of artificially modified simulation potentials.

Umbrella Sampling

In umbrella sampling as it is most commonly practiced, a number of simulations are 
run concurrently, each with a modified potential energy that confines the reaction 
coordinate to oscillate in a narrow range (a window), so that the combined sampling 
of all simulations covers the full pathway. This makes diffusion and barrier crossing 
along the reaction coordinate unnecessary. The partial, overlapping histograms from 
all windows are combined in a statistically effective way, yielding a well-converged, 
complete histogram from which the free energy profile is then computed.

The main limitation of such a stratified approach is the relaxation of degrees of 
freedom other than the reaction coordinate (orthogonal degrees of freedom). Con-
vergence within each window is only reached when all other degrees of freedom 
have been well sampled, which the confining potential (along the reaction coordi-
nate) does not aid, but more likely hampers. When monitoring only the reaction co-
ordinate, relaxation of orthogonal degrees of freedom may be difficult to estimate.

Exponential Formula (Free Energy Perturbation)

Consider two states, A and B, defined by their respective potential energy func-
tions VA and VB. For each configuration, one may calculate the energy difference 
VAB = VB −	VA. How can we calculate the free energy difference FAB = FB −	FA?

A fascinating consequence of the exponential relationships outlined above is this 
expression for the free energy difference:

 (13.3)

This states that the difference in free energy between A and B is the exponential 
average of the difference in potential energy between these two states. The average 
is weighted according to the probability distribution of state A. Swapping the labels 
A and B, one obtains an equivalent formula where B is the reference state. This esti-
mator has been widely used, particularly in the context of “alchemical” free energy 
simulations (see the next subsection on binding for an example).

The weakness of this estimator lies in the properties of the exponential average, 
where large positive values of ∆V give nearly zero contribution, while negative 
values carry enormous weight. The average is dominated by a few large values, 
which occur as rare events in the simulation, slowing down convergence. Variants 
of this estimator with much improved convergence behavior are covered in detail in 
Chipot and Pohorille 2007.
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Thermodynamic Integration

Taking the definition of a free energy profile, and differentiating it with respect to 
z, we obtain:

 (13.4)

Note the two terms in the average, one corresponding to physical interactions, and 
the other purely geometric in origin. dV/dz is the opposite of the force acting on the 
coordinate z, so the free energy derivative appears as a mean force, justifying the 
term “potential of mean force” for the free energy profile.

In general, z is not a Cartesian coordinate; it is defined through a coordinate 
transform for which J is the Jacobian matrix. The second term in the average ac-
counts for the fact that the very geometry of the reaction coordinate can influence 
its probability distribution. Suppose that the reaction coordinate is the distance be-
tween two molecules: If they diffuse randomly in the absence of any force between 
them, they will tend to diffuse away from each other, and large distances will be 
much more probable than small ones. The intermolecular distance d is obtained 
when one molecule lies on a sphere of radius d centered on the other one, so that 
the probability density grows as the surface area of that sphere, i.e., as the square 
distance. Suppose now that the molecules are two integral MPs: Since they lie on 
a two-dimensional surface, a given distance is defined by a circle in the membrane 
plane, and the probability distribution is then proportional to d. The second term 
in the average of Eq. (13.4) can be understood as a form of centrifugal force, due 
to the tendency of particles to diffuse away from one another for purely geometric 
reasons.

13.5.1.5  Sampling and the Error-Bar Problem

All estimators listed in the previous section are mathematically exact; they are not 
based on any approximation whatsoever. So where is the catch? They are all asymp-
totic expressions involving infinite sums. Those are approximated by finite sums in 
our numerical estimates, which then suffer from finite sampling error.

Any free energy estimate from simulations will therefore combine two forms of 
error:

1. Systematic modeling error due to the physical model such as molecular mechan-
ics, force field parameters, components of the simulated system, etc.

2. Stochastic error due to finite sampling

Both types of error are difficult to estimate. The specific problem with finite sam-
pling error is the temptation to resort to simplistic statistical formulae that do not 
yield reliable upper bounds on the error in simulations of complex, slow systems 
such as MP models. The variance on a numerical estimate of an average is the 
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intrinsic variance of the sampled quantity, divided by the number of statistically 
independent (uncorrelated) samples taken.

When simulating MPs on the atomic scale, obtaining mathematically perfect 
sampling is unlikely, as some degrees of freedom are just too slow (the protein will 
not unfold and refold within a simulation), therefore one can only hope to achieve 
local convergence, within the region of conformation space that is of biological 
interest. That is often achievable, but requires care and skill.

Significant finite sampling errors come from regions of configuration space that 
are physically important, but were not sampled in the simulation. This incomplete 
sampling would lead to underestimating the variance of the averaged quantity, and 
potentially its correlation time as well, thus overestimating the number of indepen-
dent data points. In summary, the main source of statistical error is also a source of 
error on the error estimate itself, with a tendency to underestimate the error!

Let us pause here for a second and add that this issue is by no means limited to 
simulations: wet laboratory experiments may also suffer from biases (such as de-
fects in the materials and instruments) that persist across replicated measurements, 
and thus are not accounted for by the classic type of error bars. We must then argue 
that no error bar can be taken at face value, and that one should always question the 
kinds of error that it reflects, and those it does not.

In short, we cannot count on a simulation to tell us about the information it 
missed. The only way out of this predicament is to build a physical intuition, a 
general understanding of the molecules and process under study. Only monitoring 
of the simulations with a trained eye can ensure that important configurations are 
visited, and detect cases where sampling is hindered by slow transitions.

13.5.2  Binding: Interaction of General Anesthetics with GLIC

13.5.2.1  The Question: Sites of General Anesthetic Action

While general anesthesia has been used clinically for more than one and a half cen-
tury, its detailed molecular mechanisms have only recently started to be unraveled, 
thanks to current structural and biophysical investigation methods. Among the mo-
lecular targets of general anesthetics are synaptic ionotropic receptors of the pLGIC 
family, including the nAChR and GABA type A (GABAA) receptors. Some of these 
channels are cation-selective and participate in excitatory synapses (e.g., nAChR), 
while others are anion-selective and found at inhibitory synapses (e.g., GABAA). 
One of the mysteries still surrounding general anesthetic action on these receptors is 
that anesthetics tend to inhibit excitatory channels, while they potentiate inhibitory 
channels. How can a single drug exert opposite modulating effects on structurally 
related targets? The consensus hypothesis is that of allosteric regulation of channel 
opening through one or more binding sites located in the TM domain of pLGICs.

As discussed previously, a crystallographic structure of the bacterial GLIC chan-
nel bound to the anesthetics propofol and desflurane was resolved (Nury et al. 2011). 
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The anesthetic-bound structures revealed a binding site within the TM segment of 
each subunit, closer to the extracellular side and the interface between the TM and 
ECD.

13.5.2.2  Technical Approach and Pitfalls, Part I: Flooding

In search of potential anesthetic binding sites on pLGICs, we investigated binding 
of propofol and isoflurane to both the nAChR and GLIC channels through undi-
rected “flooding” simulations, wherein anesthetics were introduced in the solvent 
surrounding the receptor models, and left to diffuse and bind spontaneously (Bran-
nigan et al. 2010). That study predicted several likely binding sites, including the 
intrasubunit site later revealed by the co-crystal structures.

A more unexpected result was the rapid and persistent binding of anesthetics at 
the hydrophobic constriction forming the gate within the TM pore. Binding to such 
a site would result in pore block, in contrast to the allosteric mechanisms envisioned 
before. As a result, we postulated a mechanism resting on the counteracting effects 
of several modulatory sites: binding to allosteric sites would cause potentiation of 
channel opening, while binding to the pore would block the channel. The overall 
modulatory effect would then result from the fine balance of these two effects on 
each particular channel, explaining how closely related channels may undergo op-
posite modulation by the same molecule.

Flooding simulations have the advantage of being free from researcher bias. 
They may be regarded as a (very expensive) variant of docking calculations, includ-
ing full receptor flexibility as well as explicit solvent at atomic resolution. While 
much more detailed than docking, flooding exhibits much less favorable conver-
gence properties, as spontaneous diffusion of the ligand is far less effective than the 
stochastic search algorithms used in docking. Therefore, unless it is performed over 
impractical and unaffordable simulation times, its results carry significant statistical 
uncertainty. One way to ascertain convergence is to observe multiple binding and 
unbinding events, which in this case happened in some but not all of the sites.

Thus, our flooding simulations indicated that anesthetic binding to the pore was 
possible and apparently fast, but remained at a qualitative level. To turn this result 
into a computational prediction, more quantitative data were needed in the form of 
predicted binding affinities for the two sites of interest: the allosteric site and the 
TM pore, just above the hydrophobic gate (LeBard et al. 2012). Our competing sites 
theory would predict that anesthetics bind to the GLIC pore with higher affinity than 
for the intrasubunit, allosteric site, resulting in net inhibition of channel function.

13.5.2.3  Technical Approach and Pitfalls, Part II: The Way of Alchemy

To predict the affinity for each site, we calculated binding free energies through 
alchemical free energy calculations, using the thermodynamic cycle illustrated in 
Fig. 13.11. This technique is grounded in a simple property of free energy: It is a 
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state function, that is, its variation depends only on the initial and final states A and 
B considered, and not on the pathway actually taken when going from A to B. In the 
context of a numerical simulation, this opens the door to choosing pathways based 
on their numerical convenience and efficacy, rather than physical realism. What 
does matter, of course, is that the end points are physically realistic.

In the case of binding, instead of having the ligand enter and exit the binding 
cavity through space (a generally unknown pathway, potentially featuring barriers 
and other sampling difficulties), one may decouple the ligand from its environment 
by artificially turning off the relevant intermolecular interactions (red arrows in 
Fig. 13.11). The decoupled ligand is then effectively in vacuum, and invisible to the 
receptor. The same process is repeated in solvent. In each case, the “decoupling free 
energy” ∆G* is computed using either the exponential formula or thermodynamic 
integration (Sect. 13.5.1.4), or variants of these methods. The closed thermody-
namic cycle represents an alternate pathway to binding: decoupling the ligand from 
water, followed by recoupling to the receptor. This yields the following expression 
for the binding free energy:

 (13.5)

A very notable use of this technique on MPs is a calculation of free energy penalties 
for inserting polar and nonpolar amino-acid residues into the membrane through 
the bacterial translocon (Gumbart et al. 2011). That work used two thermodynamic 
cycles, describing insertion into either the lipid phase or the translocon protein SecY. 
It demonstrated that the seemingly incompatible computational and experimental 
results on membrane insertion free energies could be reconciled if the reference 

∆ ∆ ∆G G Gbind free bound= −* * .

Fig. 13.11  Schematic illus-
trating the thermodynamic 
cycle used for the calcula-
tion of a binding free energy 
through “double decoupling.” 
A protein ( green) and its 
ligand ( red) are embedded in 
a solvent ( blue). The physical 
process of interest is binding 
of the ligand to the protein 
( top). In the alchemical simu-
lations, the ligand becomes 
decoupled from its environ-
ment ( red outline)
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state was taken to be the cavity inside SecY. The underlying hypothesis is that in-
sertion of the nascent polypeptide into the translocon is energized by the peptide 
synthesis itself, and thus has no bearing on the final thermodynamics of insertion.

13.5.2.4  Results: High Pore Affinity, with Dependence on Structural Model

As outlined in the description of MD simulation setup above, setting up a MP simu-
lation entails carefully choosing many parameters that may affect the outcome of 
the simulation. The main challenge with GLIC is that its pore tends to spontane-
ously switch to a closed state under conditions where it is expected to remain open. 
For this reason, we performed the affinity calculations both in an unrestrained, but 
closed state, and using artificial restraints to keep the pore open (LeBard et al. 2012).

The predicted affinity of propofol for the pore is close to 1 µM regardless of con-
ditions, and its predicted affinity for the allosteric site is 10 µM. Isoflurane proves 
more sensitive to the pore conformation: Its affinity for the open pore is lesser than 
the closed pore (3 vs. 600 µM), while binding to the allosteric site is less favorable, 
around 3 mM. Experimental IC50 is 25 µM for propofol, and 60 µM for isoflurane. 
Therefore, the affinity of propofol for the pore site seems somewhat overestimated, 
while the range of predictions for isoflurane contains the experimental value, but 
is very broad. This underlines the fact that obtaining well-converged free energy 
predictions from large, sensitive protein models is extremely challenging.

However, our prediction of pore blocking has recently received experimental 
backing in the form of co-crystal structures of the ELIC channel with bromoform 
(Spurny et al. 2013). The structures of Spurny et al. clearly show evidence of gen-
eral anesthetic binding to a pLGIC pore.

13.5.3  Assembly: Lateral Interactions of TM Helices

13.5.3.1  The Question: Driving Force of Lateral Interactions  
in Glycophorin A

Large	classes	of	integral	MPs	are	bundles	of	TM	α-helices:	The	tertiary	structure	of	
these bundles is held together by lateral interactions between helices. A relatively 
simple model for such lateral interactions is afforded by bitopic proteins, whose TM 
domains consist of a single helix. Among those, glycophorin A (GpA) is a classic 
model for intra-membrane helix dimerization: It has a strong tendency to dimerize 
in lipids, and even in detergents such as sodium dodecyl sulfate (SDS). An NMR 
structure of the dimer in detergent micelles was determined in 1997 (MacKenzie 
et al. 1997), providing a finer structural view of the mode of association of indi-
vidual TM helices.

MD simulations are based on the calculation of forces between atoms; as such, 
they are particularly well suited to complement a structural description of molecular 



37913 Foundations of Biomolecular Simulations

processes with a physical sense of the interactions at play. When simulating the 
dissociation of GpA, the strength of the interaction is a problem, as dissociation is 
an exceedingly rare event on the simulation timescale. For that reason, we chose to 
facilitate the sampling of GpA dissociation by introducing an adaptive bias in our 
simulation (Hénin et al. 2005).

13.5.3.2  Technical Approach: Adaptive Biasing Force

A slow process such as GpA dissociation can often be described by a reaction co-
ordinate whose dynamics is hampered by free energy barriers. In principle, we can 
calculate these barriers: Thermodynamic integration (see section 13.5.1.4 above) 
states that the slope (gradient) of the free energy profile at a given point along a 
coordinate is the average force felt by this coordinate. This gives a method to cal-
culate the free energy profile, provided that we can generate a trajectory where this 
coordinate is well sampled at equilibrium: This is particularly difficult if there are 
high free energy barriers along the way.

To obtain such a trajectory in an affordable time, one may apply an external bias 
so that the free energy barriers are easier to overcome. If the biasing potential is 
exactly the opposite of the free energy profile, the barriers can even be completely 
erased. However, defining such a bias requires knowledge of the very free energy 
profile that we want to calculate, resulting in a catch-22.

One possible solution is to start calculating an estimate of the local free energy 
gradient, and apply a biasing force that cancels out that current estimate. As the 
simulation progresses, more data are accumulated and the estimate of the gradient 
is refined; meanwhile, the biasing force is updated continuously. This algorithm 
is known as the adaptive biasing force, or ABF (Darve and Pohorille 2001). ABF 
works close to equilibrium, as the biasing force varies slowly for an initial period, 
and then remains nearly constant. Its main advantage is to require mainly a choice 
of reaction coordinates, with few other tunable parameters.

This work on GpA relied on our implementation of ABF in the Nanoscale 
 Molecular Dynamics (NAMD) program (Hénin and Chipot 2004; Hénin et al. 
2010). The aim was to model a bilayer environment, but slow-relaxing phospholip-
ids would have slowed down an already slow process, so we chose a faster-relaxing 
model: a liquid alkane slab surrounded by water.

13.5.3.3  Results: Barrier-Less Association with Two Interaction Regimes

The ABF simulations yielded the free energy profile represented in Fig. 13.12. It is 
fairly simple, and shows a single, deep well around the dimer distance, and a slope 
decaying into a long-distance plateau without showing a barrier or other salient 
features. The lack of a barrier suggests that dimerization is not an activated process.

Part of the magic of simulations is that everything is based on an explicit, de-
tailed physical description. In the framework of thermodynamic integration, the 
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Fig. 13.12  Left: Free energy profile for dimerization of the GpA TM segment, and its decomposi-
tion into additive terms. Right: Average dimer crossing angle and individual helix tilt as a function 
of inter-helical separation
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“mean force” may be decomposed into force components of different physical na-
ture, and integrated separately to yield components of the free energy profile. An 
important caveat: Although this decomposition is mathematically unique, it does 
not fully separate the various physical interactions (that is not possible), so that each 
term still depends on the presence of all other interactions. Still, this decomposition 
is informative on a qualitative level.

The free energy plotted in Fig. 13.12 is decomposed into a protein–protein and 
a protein–solvent term. The protein–protein term displays a well at short separa-
tions (under 11 Å) that largely accounts for the well in the overall PMF (black line). 
Beyond 11 Å, that component is nearly flat. In contrast, the protein–solvent term 
(blue line) is close to the overall PMF above 11 Å. Thus, two interaction regimes 
are visible: A long-range regime dominated by solvent-mediated interactions, and 
a short-range regime dominated by direct protein–protein interactions. In turn, the 
protein–protein component can be separated into electrostatic and van der Waals 
interactions. The electrostatic component (green dashed line) shows a classic di-
pole–dipole repulsion between the parallel helices at large distances. Perhaps sur-
prisingly, this repulsion is absent from the total PMF, as it is compensated, mostly 
by the other protein–protein forces, and partly by the solvent-mediated terms.

The two interaction regimes also have structural manifestations: The crossing 
angle of the dimer remains native in the short-range regime (around 45°), and de-
creases sharply as the helices move apart, indicating that the association is now 
loose enough that the helices are free to tilt independently.

Based on the PMF, a dimerization free energy can be calculated. In our condi-
tions, we find a dissociation free energy of 11.1 kcal/mol. However, comparison 
with experiment is very difficult, due to the lack of a common, well-defined refer-
ence state for experiments performed in nonhomogeneous environments such as 
micelle solutions. Fortunately, this reference state problem vanishes if one consid-
ers relative rather than absolute affinities, for example, the change in affinity due to 
a point mutation: Comparison with experiment is then much more straightforward. 
Such a relative affinity may be predicted using another type of free energy simula-
tion, “alchemical transformations,” presented in a subsequent section 13.5.2.3. We 
have calculated the change in dimerization free energy caused by two leucine-to-
alanine mutations, L75A and L76A. For L75A, the prediction is 1.0 ± 0.6 kcal/mol 
(experimental 1.1 ± 0.1) and for L76A, 1.4 ± 0.5 kcal/mol (experimental 1.1 ± 0.1; 
Fleming et al. 1997). This accurate prediction suggests that both the simplified 
model environment and the simulation techniques faithfully describe the physics 
of GpA dimerization.

13.5.4  Permeation: Transport of Glycerol Through GlpF

Permeation through membrane channels is a key phenomenon in membrane bio-
physics, and a prime target for computational biophysicists: It is one of the prob-
lems most amenable to free energy simulations. Among the growing literature, we 
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should mention one pioneering study of membrane channel transport by free energy 
simulation: that of the transport of potassium ions by crystallographically sited ac-
tivation (Kcsa), by Bernèche and Roux (2001). The system is arguably simpler than 
glycerol in the glycerol uptake facilitator (GlpF), in the sense that potassium ions 
have no internal degrees of freedom, yet it was made more complex by the interac-
tions between potassium ions present in the selectivity filter simultaneously, result-
ing in concerted motion of two or three ions through the pore. Bernèche and Roux 
addressed this challenge by explicitly sampling pairs of ion coordinates within the 
umbrella sampling scheme (described in the section on estimators above), obtaining 
two-dimensional free energy maps on which they could describe possible conduc-
tion pathways.

13.5.4.1  The Question: Mode of Glycerol Diffusion in Passive Transport

GlpF is a water- and glycerol-conducting channel (aquaglyceroporin) found in the 
inner membrane of Escherichia coli. It adopts a classic aquaporin structure, a tetra-
meric	assembly	of	TM	α-helix	bundles,	forming	four	identical,	monomeric	pores.	
Each pore starts with a periplasmic vestibule, followed by a narrower section con-
taining the selectivity filter (SF). Two half-membrane-spanning helices join at the 
Asn-Pro-Ala (NPA) region, critical for the orientational tuning of water that pre-
vents the channel from conducting protons (Fig. 13.13).

The question we sought to address here was apparently simple: How can an 
aquaporin conduct glycerol? The behavior of water along the pore was understood, 
but how glycerol too could make its way along the particular pore of GlpF was a 
mystery. MD simulations are again an appropriate tool to study such a dynamic 
process in its minute, atomic detail.

The expected slow diffusion of glycerol along the pore, as well as the energetic 
barriers (particularly at the highly constricted selectivity filter), makes spontane-
ous sampling of the channel by glycerol unlikely. The first computational study of 

Fig. 13.13  Cartoon rendering 
of a monomeric GlpF chan-
nel, with pore-lining residues 
as a blue surface, selectivity 
filter residues (Phe and Arg) 
and pore water as licorice, 
and glycerol molecule as van 
der Waals spheres. Note the 
change in water polarity at 
the NPA motif in the middle 
of the pore
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glycerol transport through GlpF (Jensen et al. 2002) consisted in nonequilibrium 
pulling simulations (steered molecular dynamics or SMD), followed by reconstruc-
tion of the equilibrium free energy profile from the nonequilibrium work based on 
the Jarzynski equality (Jarzynski 1997). Such biased simulations have two aims. 
First, they allow for sampling of the full permeation process in a simulation, from 
which a precise, atomic picture can be extracted. Second, the free energy profile 
contains information on the distribution of glycerol along the channel and any bot-
tlenecks, enthalpic or entropic. These, in turn, are key to understanding glycerol 
conduction.

Nonequilibrium pulling may prevent glycerol from relaxing and finding the opti-
mal diffusion pathway. To obtain a less biased picture, we enhanced glycerol diffu-
sion through GlpF in a near-equilibrium fashion, using the ABF approach described 
in the section 13.5.3.2 above (Hénin et al. 2008).

13.5.4.2  Technical Approach and Pitfalls

The tetramer of GlpF was modeled with one glycerol molecule in each monomeric 
pore. The ABF method was used to enhance diffusion of each glycerol molecule 
separately, yielding four virtually independent simulations. Convergence of the cal-
culation proved slower than expected for such a small molecule following a seem-
ingly simple and well-defined pathway.

Defining the reaction coordinate unambiguously proved difficult, due to the 
flexibility of pore-lining residues, including side chains forming the selectivity 
filter. The initial definition was the vertical position relative to the center of the 
complete GlpF tetramer. Given the resolution of the PMF and the peaked shape 
of the free energy barrier, vertical fluctuation on the ångström scale is sufficient 
to introduce a large local error in the computed free energy profile, hence in the 
adaptive bias, preventing efficient barrier crossing. The solution was to switch 
to a local coordinate, defined directly with respect to the position of selectivity 
filter residues. This is a general problem when describing interactions of a mol-
ecule with a “soft” partner such as the surface of a protein, that of a membrane, 
or a pore lined with flexible residues. Our intuitive representation of the process 
combines both the global position of the moving particle and its interactions with 
local features—it covers a broad range but includes local detail. A mathemati-
cally defined coordinate, however, will be either local (and limited in range) or 
global (and lacking resolution). Alternatives to this unappealing choice are more 
involved, and include stitching together local coordinates, or using an explicitly 
multi-resolution approach.

In addition to the problem of defining the translocation coordinate precisely, 
convergence of the measured free energy profile was slowed down by the slow 
relaxation of parameters other than that coordinate. Such so-called orthogonal de-
grees of freedom were mostly the reorientation and conformation changes of glyc-
erol, which are fast in bulk water, but drastically slowed down within the confined 
environment of the pore.
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13.5.4.3  Results: Smooth Free Energy Profile, Coupled Degrees of Freedom

The free energy profile previously computed from nonequilibrium steered simula-
tions was rough: It had several minima separated by large barriers; the minima 
broadly matched the positions of crystallographic glycerol molecules that were used 
as starting coordinates for the pulling simulations. In contrast, our ABF simulations 
yielded the profile depicted in Fig. 13.14, mostly smooth and featuring a single bar-
rier located at the tightly constricted selectivity filter.

Since the ABF data did not reflect crystallographic positions while SMD data 
did, it is tempting to conclude that the SMD profile is more accurate than the ABF 
one from the experimental perspective. However, the crystal structure describes a 
frozen channel where glycerol molecules are bound to occupy lowest-energy posi-
tions: these may not be minima in the room-temperature free energy profile. In the 
SMD simulation, one-way pulling from the crystal structure may have produced 
spurious minima due to the contribution of irreversible work.

The ABF simulations reveal that several degrees of freedom other than the verti-
cal position come into play during permeation, and are mutually correlated.

Correlations between progress coordinate z and other coordinates are illustrated 
in Fig. 13.15.

Glycerol conformation: in bulk solution, glycerol adopts two main conforma-
tions ( anti–anti and gauche–anti). In the selectivity filter, these conformations be-
come very unlikely, while the otherwise disfavored gauche–gauche form becomes 
strongly favored.

Glycerol orientation: glycerol tumbles freely in the wider sections of the pore, 
as evidenced by the zero average dipole moment along z. But it is confined to a 
specific orientation when crossing the SF, hence a loss of entropy and a free energy 
penalty. In addition, the inversion of the local electric field at the NPA motif leads 
to a reversal of the dipole moment of glycerol. The total dipole moment fluctuates 
as the environment becomes more or less polarizing.

Fig. 13.14  Free energy pro-
file for glycerol conduction 
through GlpF. SF selectivity 
filter
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The process of glycerol permeation through GlpF shows no timescale separa-
tion: Vertical diffusion, rotation, and conformational transitions occur on the tim-
escale of tens of nanoseconds, violating the assumptions of many computational 
methods designed to accelerate slow processes.

13.5.5  Final Thoughts on Free Energy Simulations

In conclusion, we hope to have made it clear that free energy simulations are power-
ful techniques to turn molecular modeling into a predictive, quantitative tool. Yet 
they are by no means mature, black box methods: Caution and expertise are re-
quired in their design, execution, and interpretation. Their accuracy is fundamental-
ly dependent on two factors: the accuracy of the underlying model and the statistical 
convergence of the numerical estimators.

13.6  Concluding Remarks

Molecular modeling is nowadays widely used to complement experimental studies 
on MPs and provides atomic scale insight into the mechanisms and dynamics of 
these systems. Selected examples in this review illustrate how these computational 

Fig. 13.15  Conformational and orientational “induced fit” of glycerol to the GlpF pore environ-
ment. Up: Populations of conformational states as a function of the coordinate z: gauche–gauche 
( green), gauche–anti ( blue), and anti–anti ( black). Conformations are labeled based on the state of 
the two O–C–C–O torsional angles. Down: Average molecular dipole moment of glycerol ( black) 
and its projection along the z-direction ( red)
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methods can establish a dialogue with experiment. This may be seen as a premise to 
the next big step in structural biology: integration of all available and computable 
data to establish the most accurate picture of the structure, function, and dynamics 
of the molecular machinery of the cell and in particular MPs.
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14.1  Introduction

The 18-kDa translocator protein (TSPO) is a membrane protein (MP) that was 
previously named peripheral-type benzodiazepine receptor (PBR) because of 
the binding of diazepam, a well-known benzodiazepine, which was initially ob-
served in the kidney (Papadopoulos et al. 2006). Numerous studies show that 
this MP is involved in various physiological functions such as the transport of 
cholesterol, which is a rate-limiting step in the synthesis of steroids and bile salts 
(Lacapere and Papadopoulos 2003). TSPO transports cholesterol through the ex-
ternal mitochondrial membrane and transfers it to the inner membrane with the 
assistance of the outer mitochondrial membrane voltage-dependent anion chan-
nel (VDAC) and ATPase family AAA domain-containing protein 3 (ATAD3 A), 
which is an integral MP of the inner mitochondrial membrane crossing the outer 
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membrane (Rone et al. 2012; Papadopoulos and Miller 2012). TSPO associates 
within different protein complexes that perform different physiological functions 
(Papadopoulos et al. 2006; Rone et al. 2012; Issop et al. 2013). TSPO is highly 
conserved from bacteria to humans (Fan et al. 2012), but the ancestral role of 
TSPO is unknown because bacteria do not have cholesterol and do not synthesize 
steroids. Recent work shows that bacterial TSPO can rapidly catalyze porphyrin 
degradation (Ginter et al. 2013), which is consistent with previous reports that 
TSPO can bind porphyrins (Verma et al. 1987; Wendler et al. 2003; Yeliseev and 
Kaplan 1999)

Few structural studies have been performed on TSPO, in contrast to the numer-
ous physiological and physiopathological studies. Hydrophobicity plots show that 
all members of the TSPO family have five conserved hydrophobic domains (Fan 
et al. 2012). Initial analysis suggested a hemi-membrane insertion of the protein 
because of the small number of amino acids that were predicted to be involved in 
hydrophobic domains (Bernassau et al. 1993). Further topological analysis using 
epitope insertion clearly showed that TSPO has a five-transmembrane (TM) struc-
ture (Joseph-Liauzin et al. 1998). Synthetic TSPO peptides encompassing the five 
putative TM domains were studied by 1H-NMR (nuclear magnetic resonance) and 
that revealed helical structures (Murail et al. 2008). The five helix-fold structure 
of TSPO was confirmed by circular dichroism (CD) of the entire protein (Jamin 
and Lacapere 2007; Murail et al. 2008) and also was observed in two-dimensional 
(2D) crystals of bacterial TSPO (Korkhov et al. 2010). The first atomic model of 
TSPO was based on the only available MP structure at the time, the G protein-
coupled receptor (GPCR) family member protein bacteriorhodopsin (Bernassau 
et al. 1993). It is now well established that TSPO belongs to another MP family 
(Punta et al. 2012), but no structure of any member of this protein family has 
been obtained. Thus, the determination of the atomic structure of TSPO remains 
a challenge.

Because of its low natural abundance and association with various protein com-
plexes (Papadopoulos et al. 2006; Rone et al. 2012; Issop et al. 2013), purification 
of large amounts of TSPO from native cells is a very challenging task. Therefore, 
overexpression of recombinant TSPO in heterologous cells was developed to pro-
duce the large amounts of protein required for structural and functional studies 
(Sprengel et al. 1989; Parola et al. 1991; Riond et al. 1991; Garnier et al. 1994; 
Joseph-Liauzin et al. 1998). There are currently many different approaches to ob-
tain the 3D structures of MPs (Lacapere et al. 2007; Lacapere 2010). In this chap-
ter, we present an overview of the structural results obtained for TSPO. A crucial 
step in structure determination is the stabilization of protein conformation. This can 
be achieved by different strategies such as protein engineering (Tate and Schertler 
2009) and by adding specific ligands. TSPO has different ligands endowed with 
different functions, including ligands that are transported such as cholesterol or pro-
toporphyrin, and ligands that activate or inhibit transport such as the isoquinoline 
PK 11195 (Papadopoulos et al. 2006).
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14.2  Production, Purification, and Characterization 
of Recombinant TSPO

14.2.1  Overexpression System

Among the various overexpression systems for producing large quantities of re-
combinant proteins, bacteria are an easy and inexpensive system when the intracel-
lular abundance of recombinant protein is low. However, heterologous expression 
systems in bacteria often result in recombinant protein accumulation in inclusion 
bodies (IBs). This can be prevented by the expression of a fusion protein that directs 
the insertion of the recombinant MP into the bacterial membrane. Early work on 
TSPO overexpression was performed using a construct fused to maltose-binding 
protein (Garnier et al. 1994). In some cases, the formation of IBs can be advanta-
geous because the overexpressed protein will not affect bacterial growth (Mouillac 
and Baneres 2010).

14.2.2  Plasmid Choice

Expression plasmids that contain a poly-histidine tag are very efficient for protein 
purification using immobilized metal affinity chromatography (IMAC). The pres-
ence of a proteolytic cleavage site between the protein and the tag enables the tag 
to be removed so that it will not interfere with functional protein domains. The 
location of the tag at the N- or C-terminus is important, because the latter enables 
purification of full-length recombinant protein. However, the C-terminus of TSPO 
is involved in cholesterol binding; thus, a tag in this region alters TSPO function (Li 
and Papadopoulos 1998).

The first TSPO complementary DNA (cDNA) used for the expression of recom-
binant protein was that of rat (Sprengel et al. 1989), which was followed by other 
mammalian TSPO cDNAs such as that of bovine (Parola et al. 1991), human (Riond 
et al. 1991), and mouse (Garnier et al. 1994). Most of the data presented in this 
chapter were obtained with mouse TSPO (Fig. 14.1). It has to be reminded that there 
is a very high degree of identity between all mammalian TSPOs (Fan et al. 2012). 
Nonmammalian TSPOs, such as those of bacteria (Yeliseev and Kaplan 1995; Gint-
er et al. 2013) and plants (Guillaumot et al. 2009), also have been overexpressed.

14.2.3  Protein Extraction

When an overexpressed protein is incorporated into IBs, it can be extracted using 
strong denaturing agents such as urea or guanidinium chloride or strong detergents 
like sodium dodecyl sulfate (SDS). Protein extraction with SDS is an advantage 
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for MPs, which are often purified with detergent. However, SDS also is used by 
biochemists for denaturation of proteins in SDS-PAGE.

IBs are storage repositories for waste in bacteria, and they contain high levels 
of nucleotides. Protein extraction with SDS yields a viscous solution that can be 
treated with benzonase to increase the fluidity of the solution. An absorption spec-
trum of this solution shows a peak at approximately 260 nm that is characteristic of 
nucleotides (Fig. 14.2).

Fig. 14.1  TSPO overexpression. Mouse TSPO cDNA was inserted in a pET15 vector containing 
T7 promoter, ampicillin resistance, six histidine tags and a thrombin cleavage site. Plasmid was 
transfected into Escherichia coli BL21 DE3 bacteria. IPTG induction of TSPO overexpression 
leads to accumulation of TSPO in inclusion bodies, which were collected by centrifugation after 
bacterial disruption
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Fig. 14.2  TSPO purification. Solution of SDS-solubilized inclusion bodies from E. coli was lay-
ered on top of a column filled with NiNTA-agarose resin. Absorption spectra of loaded material 
( total) and collected fractions passing through ( not bound) were first recorded ( load). Solution 
containing SDS (CMC) and low-concentration imidazole (5 mM) were used to remove nontightly 
bound material, and spectra of the successive wash fractions were recorded ( wash). Solution con-
taining high-concentration imidazole (250 mM) was used to elute the bound TSPO, and the spectra 
and the successive collected fractions were recorded ( elution). Silver-stained gel of the fractions 
( load, wash, and elution, 0.5 µg per well) shows that the collected fractions were highly pure with 
a major band below 21.5 kDa corresponding to TSPO. Purification chromatogram was obtained 
by converting optical densities of collected fractions into TSPO concentration using an extinction 
coefficient of 3.88 mg−1 mL  cm−1. This coefficient was calculated for the recombinant mouse 
TSPO (sequence including the added amino acids from the plasmid) using the ProtParam tool of 
the ExPAsy server (Gasteiger et al. 2005)
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14.2.4  TSPO Purification

The solubilized extract from bacterial IBs was purified by IMAC using homemade 
columns that permit adaptation of the amount of resin used in the column to the 
amount of protein obtained from the bacterial culture. The geometry of the column 
(Fig. 14.2) is important to produce highly concentrated fractions. A small volume on 
a thin column will encounter protein all along the length of the column, and thereby 
yield a concentrated fraction. It is possible to follow the loading of the column by 
recording the absorption spectra of fractions of column eluates. Similarly, record-
ing the spectra of the washing fractions revealed the change from nucleotide-rich 
fractions to protein-rich fractions (Fig. 14.2), which was observed by the change 
in peaks of maximal absorption. Ultimately, the fractions eluted with imidazole 
exhibit OD280/250 absorbance ratios that are characteristic of protein. The presence 
of TSPO can be assessed by the silver-stained gel, which shows the unique band of 
TSPO in the elution fractions (Fig. 14.2). The protein content of each pure fraction 
can be determined by measuring the OD280 absorbance, which can be converted into 
TSPO concentration using an extinction coefficient of 3.88 mg−1 mL cm−1.

14.2.5  Protein Characterization

After MP has been purified, several parameters have to be measured before start-
ing structural studies. The detergent content of each fraction can be measured as 
previously described (Ostuni et al. 2010) using dye spectroscopy (Fig. 14.2). In the 
washed fractions, the measured detergent corresponds to the SDS added (1 mg mL−1) 
in the washing buffer, whereas the detergent concentration in the eluted fractions 
increases as the protein becomes more concentrated in the eluted fractions. The 
detergent associated with the protein can be measured in the eluted fractions and 
used to calculate a SDS:TSPO ratio of approximately 2 (w/w). Pooled fractions of 
purified TSPO can be analyzed using various biophysical techniques to check struc-
tural and functional characteristics. The intrinsic fluorescence of TSPO is highly 
dependent on its detergent environment (Fig. 14.3). Addition of dodecylmaltoside 
(DDM) induces a 40 % increase in fluorescence, and a subsequent addition of do-
decylphosphocholine (DPC) induces a further 40 % increase in fluorescence. These 
changes in fluorescence are completely reversible by SDS at a sufficient concentra-
tion (Fig. 14.3). Intrinsic fluorescence is mostly due to the tryptophan environment, 
which changes from one detergent to another.

We suspected a change in TSPO secondary structure that could be evaluated by 
CD. Indeed, TSPO displays different spectra depending on the detergent (Fig. 14.4), 
which was previously described (Jamin and Lacapere 2007). Spectral deconvolu-
tion (Sreerama and Woody 2004) enabled an estimation of the secondary struc-
ture of TSPO in different detergents (Table in Fig. 14.4).	The	percentage	of	α-helix	
structure is increased when TSPO is in DDM or DPC compared to that in SDS. The 
presence of the high-affinity drug ligand PK 11195 also has an important effect 
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Fig. 14.4  TSPO circular dichroism spectra and secondary structure analysis. Upper panel shows 
spectra of TSPO (0.1 mg mL−1) recorded with a 200-µL cell containing phosphate buffer sup-
plemented by 2 CMC of SDS, DDM, or DPC. Lower panel shows table of secondary structure 
analysis gained from deconvolution of the various CD spectra. (CDPro software, Sreerama and 
Woody 2004)

 

Fig. 14.3  TSPO intrinsic 
fluorescence. Signal was 
recorded with excitation and 
emission wavelengths of 290 
and 330 nm, respectively. 
TSPO (0.5 µM) was added 
in a buffer (Hepes pH 7.5) 
containing SDS (CMC). At 
arrows, DDM (2 CMC) was 
added first, followed by the 
addition of DPC (4 CMC), 
and finally an excess of SDS 
(5 CMC) was added
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on TSPO secondary structure as described previously (Murail et al. 2008). If an 
increase in helical content is clearly observed using CD, and an impressive spread-
ing is clearly observed in 2D NMR spectra (see below), nothing is observed using 
intrinsic fluorescence. This can be due to a compensatory effect of the fluorescence 
increase	and	decrease	of	the	numerous	tryptophans	of	TSPO.	The	β-sheet	content	
is very difficult to estimate by CD, whereas it is better resolved by infrared spec-
troscopy (Goormaghtigh et al. 2009). The infrared absorption spectra of TSPO in 
DDM, SDS, and DPC show that the protein structure is dominated by a high con-
tent	of	α-helices	found	at	1,654	cm−1 (Fig. 14.5a–c). This is in agreement with CD 
data (Fig. 14.4). The fitting curves enable full secondary structure analysis to be 
performed (Table I in Fig. 14.5).	The	β-sheet	and	β-turn	content	was	fitted	at	1,620,	
1,630, and 1,676 cm−1 and shows that it is far more affected by the change of deter-
gent	than	α-helix	content.	In	conclusion,	TSPO	may	have	distinct	conformations	of	
secondary structure in different detergents.

Large conformational changes in MPs can be studied by recording the exchange 
kinetics of hydrogen and deuterium (H/D) at the level of the amide proton in the 
mid-infrared spectral range (Vigano et al. 2004; Hielscher et al. 2011; Neehaul et al. 
2013). Three different types of exchangeable residues can be distinguished. (1) 
Fast-exchange residues correspond to those that are located at the protein surface 
or within a channel. (2) Slow-exchange residues correspond to those that are less 
accessible and/or located in the hydrophobic part of the protein. (3) Nonexchange-
able residues are typically found in the hydrophobic core of MPs. Amide hydrogen 
exchange of TSPO in DDM (Fig. 14.5d, e) with or without PK 11195 shows that 
proton accessibility is reduced by the presence of the ligand (Table II, Fig. 14.5). 
Nonexchangeable residues increase from 18 to 25 %, whereas those in the hydro-
phobic part of the protein remain constant at 16–18 % (slow-exchange residues), 
and fast-exchange residues greatly decrease from 70 to 57 %. Exchange rates are 
significantly increased in the presence of PK 11195, which suggests that ligand 
binding generates a more compact structure for TSPO. These data suggest that PK 
11195 binding induces a conformational change in TSPO, which is consistent with 
data gained from CD and NMR studies (Murail et al. 2008).

The measurement of stoichiometry and ligand-binding affinity with solubilized 
protein is a difficult task, particularly when using radioactive ligands to identify 
bound and free ligand. Isothermal titration calorimetry (ITC) is a good alternative 
because it measures the heat generated or absorbed when a ligand binds. We per-
formed ITC experiments with TSPO solubilized in different detergents and observed 
that PK 11195 binding to DPC-solubilized TSPO generates heat with an apparent 
affinity of 0.6 µM (Fig. 14.6a). However, the stoichiometry is high (approximately 
8–10), which suggests multiple binding sites on the protein or nonspecific binding 
in the detergent surrounding TSPO. No measureable heat was either generated or 
absorbed when TSPO was solubilized in SDS, which suggests that PK 11195 can-
not bind to TSPO in this detergent. Similarly, no change in heat was observed after 
adding PK 11195 when TSPO was solubilized in DDM (Fig. 14.6b).

To characterize the folding of TSPO in different detergents, trypsin digestion 
was performed. Mouse recombinant TSPO contains 11 arginines and 2 lysines that 



40114 Structural Studies of TSPO, a Mitochondrial Membrane Protein

are the major cleavage sites for trypsin. All these residues are located in loops con-
necting TM domains and are therefore putatively accessible to proteolytic cleavage. 
However, Fig. 14.7 shows that TSPO in SDS is not digested after 120 min at 37 °C 
with a trypsin to TSPO ratio of 1:30 (w/w), whereas TSPO in DPC or DDM is fully 
digested under similar experimental conditions. This indicates that TSPO loops are 

Fig. 14.5  TSPO infrared spectra (a–c), secondary structure analysis of TSPO in DDM (a), in 
DPC (b), and in SDS (c).	The	α-helix	structure	is	found	at	1,654	cm−1;	the	β-sheet	and	β-turn	are	
observed at 1,620, 1,630, and 1,676 cm−1. Table I summarizes values of secondary structure gained 
from deconvolution of spectra recorded for TSPO in the presence of different detergents. Typical 
time course of a 1H/2H (hydrogen/deuterium, H/D) exchange on TSPO (d). The initial spectra are 
characterized by an intense absorption band at 1,650 cm−1, called amide I band, which includes 
v(C = O; 70–85 %) and v(C – N; 15–20 %) vibrational modes. The amide II band is localized near 
1,550 cm−1. On H/D exchange, the amide II band intensity decreases and a new band, called amide 
II′,	appears	near	1,450	cm−1 (e). Data after buffer subtraction are used for kinetic analysis. Table II 
summarizes amplitudes and rates of H/D in the presence and absence of PK 11195
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not as accessible in the presence of SDS detergent and confirms that the global 
folding of TSPO is different in different detergents, as previously shown by CD and 
fluorescence studies. The binding of PK 11195 occurs in between cytosolic loops 
(Li and Papadopoulos 1998), and so the loops have to be accessible for binding. We 
showed that PK 11195 does not bind to TSPO in SDS, whereas it does bind to TSPO 
in DPC, which is in agreement with the trypsin digestion experiments.

Fig. 14.7  TSPO tryp-
sin digestion. TSPO was 
resuspended in 10 mM 
MOPS–Tris buffer pH 7 
in the presence of CMC of 
SDS, DDM, or DPC, and 
incubated for 2 h at 37 °C 
in the presence of trypsin at 
a TSPO- to-trypsin ratio of 
30 (w/w)

 

Fig. 14.6  TSPO ligand 
binding in detergent was 
measured using isothermal 
titration calorimetry. TSPO 
(2 µM) in DPC (a) or DDM 
(b) buffer was titrated with 
a solution of PK 11195 
(0.2 mM)
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14.2.6  Protein Stabilization

MPs in their native environment are surrounded by lipids and cofactors that are es-
sential to maintain their active conformation. During protein purification, the deter-
gent concentration above the critical micellar concentration (CMC) is used to avoid 
MP aggregation. Structural contacts between protein and lipids can be destabilized 
if the protein is extracted from membrane or can be absent if the protein is extracted 
from IBs (Baneres et al. 2011). Exposure to detergent can lead to protein denatur-
ation. Intrinsic fluorescence can be used to check the stability of TSPO. Addition 
of SDS-purified TSPO to a buffer without detergent yields a characteristic protein 
fluorescence that slowly decreases with time (Fig. 14.8a). However, addition of 
SDS-purified TSPO to a buffer that contains a CMC of SDS yields very stable 
protein fluorescence. Titration of the SDS concentration required to achieve this 
protein stabilization gives the CMC value of SDS (Fig. 14.8b). Addition of SDS-
purified TSPO to DPC-containing buffer yields a high protein fluorescence that 
remains relatively stable over time.

Among the different strategies for stabilizing an MP (Tate and Schertler 2009; 
Baneres et al. 2011, Chaps. 1, 7, 8, 9 in this volume), a simple one is to reincorporate 
detergent-solubilized protein into liposomes (Rigaud et al. 1995). TSPO was incu-
bated with detergent and lipids, and the detergent was removed by the addition of 
Bio-Beads (Lacapere et al. 2001; Ostuni et al. 2010; Teboul et al. 2012). Formation 
of proteoliposomes can be followed using light scattering because small protein–
detergent complexes do not diffuse light, whereas proteoliposomes are large objects 
that diffuse light (Ostuni et al. 2010). Reincorporation of TSPO into a lipid environ-
ment induces a large increase in intrinsic fluorescence (Teboul et al. 2012), which 
indicates that the tryptophan environment is changed (Fig. 14.9a, b). The emission 
spectra of TSPO show a blue shift, which indicates another reorganization of the 
tryptophan environment (Fig. 14.9a). We monitored changes in the protein second-
ary structure by recording CD spectra at different times during TSPO reconstitution 

Fig. 14.8  Stability of TSPO in SDS. a Kinetics of change of intrinsic fluorescence of TSPO (exci-
tation and emission wavelength set at 290 and 330 nm, respectively) recorded in a buffer in the 
absence ( upper curve) or presence of SDS (CMC). b Titration of initial intrinsic fluorescence 
change as a function of SDS content of the buffer
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(Fig. 14.9c). The spectra show both a shift and a decrease of the 205-nm minimum 
(Fig. 14.9d). The precise interpretation of these results is difficult, but they do re-
flect a change in the TSPO environment. The most accurate method to monitor the 
formation of proteoliposomes is electron microscopy (EM) imaging.

The reconstitution of TSPO into proteoliposomes stabilizes the protein struc-
ture and enables the recovery of high-affinity ligand binding (Lacapere et al. 2001; 
Teboul et al. 2012). PK 11195 binds to reconstituted TSPO proteoliposome with a 
nanomolar affinity, which is similar to that measured in vivo (Ostuni et al. 2009). 
However, proteoliposomes are not suitable for many structural studies. Ternary 
complexes of protein–lipid–detergent are better samples for crystallization and 
solution NMR. We observed that it was impossible to form ternary complexes of 
SDS-purified TSPO by adding lipids. This can be understood from solubilization 
experiments, which show that SDS tends to stick to the MP and strongly remove 
lipids (Kragh-Hansen et al. 1998). By contrast, we observed that addition of lipids 
to DDM-solubilized TSPO induces a large increase in intrinsic fluorescence for a 

Fig. 14.9  Reconstitution of TSPO into proteoliposomes. a Intrinsic fluorescence spectra of TSPO 
(excitation wavelength set at 290 nm) recorded at different times of incubation of a mixture of 
TSPO, SDS, and lipids in the presence of Bio-Beads. Vertical dotted lines depict blue shift of the 
maxima of spectra. b Time course of intrinsic fluorescence changes plotted as a ratio of fluores-
cence increase to initial fluorescence. c Circular dichroism spectra of TSPO recorded at the begin-
ning and the end of the early steps of reconstitution. d Time course of circular dichroism increase 
observed at 205 nm
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saturating lipid-to-protein ratio (Fig. 14.10). The addition of lipids to DPC-solubi-
lized TSPO does not produce any change in intrinsic fluorescence, which suggests 
that TSPO might be well structured in this detergent. This could be due to the cho-
line head group of the DPC detergent, which could mimic the polar head group of 
phospholipids.

14.2.7  Production of Labeled TSPO for Structural Studies

3D analysis of protein crystals requires the presence of heavy atoms for phase deter-
mination when no previous structure is available to perform molecular replacement. 
Single- or multiple-anomalous dispersion (SAD or MAD) near the absorption edge 
of selenium can be efficiently used for phase determination (Pebay-Peyroula 2007). 
Replacement of methionines (Met) by selenomethionines (SeMet) can be achieved 
by overexpressing TSPO in bacteria cultured in a minimum medium complemented 
with SeMet (Guerrero et al. 2001).

NMR studies of large proteins require isotopic enrichment (Montaville and Jamin 
2010) for the acquisition of multiple dimension spectra needed for 3D structure de-
termination. Bacteria are a good system for isotopic enrichment because the addition 
of nitrogen- and carbon-enriched sources (15NH4Cl or (15NH4)2SO4; 

13C-glucose or 
13C-glycerol) leads to the production of isotopically enriched proteins. The growth 
of cells in media containing D2O leads to the high level of deuteration required 
for aliphatic detection. Bacterial overexpression of uniformly 15N- and 13C-labeled 
TSPO, and partially deuterated TSPO, has been performed, and enriched TSPO has 
been purified in sufficient amounts for NMR analysis (Robert and Lacapere 2010).

Fig. 14.10  Stability of TSPO in DDM. a Kinetics of intrinsic fluorescence change of TSPO (exci-
tation and emission wavelength set at 290 and 330 nm, respectively) recorded in a DDM (CMC)-
containing buffer. Repeated experiments were performed with addition of increasing amounts of 
lipids (DMPC:DMPE, 9:1), giving a lipid-to-protein ratio (LPR) ranging from 0 to 15 (w/w). 
b Titration of initial intrinsic fluorescence changes as a function of LPR content of the solution. 
Saturation observed at 5 (w/w) gives a value of 100 mol of lipids per mol of TSPO
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Mass spectroscopy is a perfect technique to measure protein labeling because 
the replacement of Met by SeMet and the replacement of 14N or 12C by 15N and 
13C induces an increase in protein mass. However, it is difficult to perform mass 
spectroscopy with MPs due to the presence of detergent. The use of nonionic de-
tergents such as DDM enabled MALDI-TOF analysis to be performed (Barrera 
et al. 2008; Sagan and Bolbach 2009). We exchanged the SDS surrounding TSPO 
with DDM (Fig. 14.3), and then obtained mass spectra of TSPO (Fig. 14.11a) that 
permitted to characterize the labeled TSPOs. We showed that all Met of TSPO were 
replaced by SeMet, and the incorporation of 15N, 13C, and 2H isotopes was very 
good (Fig. 14.11b).

14.3  Structural Studies of TSPO

14.3.1  Three-Dimensional Crystals

3D crystallization of MPs still remains challenging. The first bottleneck usually 
encountered is the quantity and quality of the available sample. In these studies of 
TSPO, the yield and concentration that were obtained were suitable for crystalliza-
tion trials. The protein characterization (described in Sect. 14.2.5) was indicative of 
a well-folded and rather stable protein. The TSPO crystallization method utilized 
stand crystallization techniques called vapor diffusion.

Fig. 14.11  Mass spectroscopy of TSPO. a MALDI-TOF spectrum of TSPO in DDM shows peaks 
corresponding to the different charges and enables calculation of the molecular mass of recom-
binant TSPO (20,870 Da). This corresponds to the full-length mouse TSPO containing the tag 
and omitting the first methionine. b Table presents the labeling percentage of recombinant mouse 
TSPO produced by bacterial overexpression in minimum medium supplemented with isotopically 
labeled sources
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14.3.1.1  Initial Crystallization Trials

The crystallization experiments were initially performed using the SDS-purified 
protein, but no protein crystals were obtained. Subsequently, crystallization trials 
were performed with DPC-purified TSPO, with protein and detergent concentra-
tions estimated at 13 and 30 mg mL−1, respectively. Conformational stability is an 
essential parameter for successful crystallization (see Sect. 14.2.6). Therefore, we 
tried from the beginning to add the specific ligand PK 11195 to the protein sample. 
Therefore, for comparison, only half of the sample contained 5 mM of the ligand. 
Screening of crystallization conditions was performed using the nanodrop HTX 
robot at EMBL (PSB Platform, Grenoble, France) and a sparse matrix approach, by 
testing approximately 400 commercial screen conditions from Qiagen. Several con-
ditions that contained a PEG (polyethylene glycol)/salt mixture as precipitant led 
to phase separation or crystalline precipitates. No obvious difference was observed 
whether the ligand was present or not.

These conditions were further explored and refined using homemade screens 
combining different concentrations of PEG, salt, and different pH. A few crystals 
were obtained and investigated at the European Synchrotron Radiation Facility 
(ESRF, Grenoble, France). Some crystals showed a diffraction pattern that was typi-
cal for salt crystals; for others, no diffraction pattern was observed. Therefore, it 
was not possible to conclude whether the obtained crystals were protein or detergent 
crystals.

14.3.1.2  Exploring the Effects of Different Protein Concentrations 
and Ligands

Following the same strategy described above, different TSPO batches purified in 
DPC at protein concentrations ranging from 8 to 56 mg mL−1 were subjected to 
crystallization trials. Crystallization in the presence of the PK 11195 ligand was 
explored. The addition of lipids (9:1 dimyristoylphosphatidylcholine, DMPC to 
phosphatidylethanolamine, PE) was tested for a stabilizing effect (see Sect. 14.2.6). 
We also performed the production and crystallization of the SeMet-labeled protein 
(see Sect. 14.2.7) concentrated to 18 mg mL−1.

Phase separations, crystalline precipitates, and urchins or microcrystals were 
observed in some drops by days or weeks after the initial setup (Fig. 14.12a–f). 
Typically, the most favorable precipitants contained PEG (with different molecular 
masses) and different salts. Objects of sufficient size were tested at the ESRF. All 
crystals obtained with the protein–lipid complex were lipid crystals. For others, 
diffraction spots that could be characteristic of protein crystals were observed. The 
best crystals showed diffraction patterns up to a resolution of 20 Å (Fig. 14.12g).

Extensive optimization of setup parameters around the best conditions was con-
ducted using commercial additives, detergents, screens, and homemade plates. Al-
though some conditions could be reproduced, it was not possible to improve the 
diffraction quality.
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Fig. 14.12  Three-dimensional crystallization of TSPO. a–e Hits obtained for native TSPO puri-
fied in DPC, except d, where TSPO was purified in DDM, and f for TSPO in the presence of 5 mM 
PK 11195. Experimental conditions are described in each figure. g Typical diffraction pattern 
obtained for a crystal grown in the conditions shown on panel e. Data were collected on ID23-2 at 
the ESRF. The cell parameters predicted from the diffraction images are compatible with protein 
crystals and the presence of several TSPO molecules per asymmetric unit

 



40914 Structural Studies of TSPO, a Mitochondrial Membrane Protein

14.3.1.3  Exploring the Effects of Other Detergents

Choosing the right detergent for protein crystallization is an essential key to suc-
cess. Although some crystals can be obtained using various detergents, the diffrac-
tion quality is usually highly dependent on the detergent used. Therefore, in an 
effort to increase the success rate of the TSPO crystallization, alternative detergents 
were considered. Because the protein was purified and characterized in DDM, a de-
tergent that has been successful for MP crystallization (more successful than DPC), 
new crystallization experiments were performed in this detergent. The protein 
and detergent concentrations were estimated at 12 and 30 mg mL−1, respectively. 
Screening with the robot and the commercial kits yielded promising hits, but they 
could not be reproduced (e.g., Fig. 14.12d).

Crystallization is an empirical technique, especially for MPs, and it is not stan-
dardized. Important parameters include protein stability, homogeneity, and deter-
gent properties. The crystallization trials performed with TSPO generated promising 
results and low-diffracting protein crystals. The optimization parameters, screening 
additives, protein concentration, and detergent were not sufficient to improve the 
diffraction quality of the protein crystals. Many other factors could be explored, 
including other types and concentrations of detergent. The control of protein purity, 
homogeneity, and stability is crucial for protein crystallization. In meso crystalliza-
tion could offer an interesting alternative to approach TSPO crystallization.

In the meantime, another group working on TSPO of Rhodobacter sphaeroides 
reported that protein purified in DDM was able to crystallize in a vapor diffusion 
and bicelle setup (Li et al. 2012). This suggested that the use of bacterial TSPO 
for 3D crystallization could be a better choice than the use of mammalian TSPO. 
However, no diffraction data on the protein structure of Rhodobacter TSPO crystals 
have been published yet.

14.3.2  NMR Studies

Early NMR structural studies of TSPO were performed on protein fragments be-
cause of the high molecular weight of TSPO (18 kDa). TSPO is a mitochondrial 
MP that functions in the transport of cholesterol. A cholesterol-recognition amino 
acid consensus sequence (CRAC) has been identified (Li and Papadopoulos 1998) 
and observed in other proteins that interact with cholesterol. A solution 1H-NMR 
study of a synthetic peptide corresponding to the C-terminus of TSPO containing 
the CRAC domain suggested that a binding site for cholesterol was in a groove 
made by aromatic residues (Jamin et al. 2005). This was confirmed by site-directed 
mutagenesis of the entire TSPO, and docking of cholesterol in the peptide structure 
was consistent with cholesterol bound in the groove and capped by an arginine (Ja-
min et al. 2005). Another solution 1H-NMR study was performed on synthetic pep-
tides corresponding to the five TM domains of TSPO (Murail et al. 2008). It clearly 
revealed that these peptides form helical structures. Recently, the production of a 
recombinant fragment containing a double-TM domain with its connecting loop 
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(TM4TM5) was successfully performed by overexpression in bacteria (Galvagnion 
et al. 2013). Optimization of the solubilization conditions for NMR enabled the 1D 
1H-NMR and well-resolved 2D 1H–15N HSQC (heteronuclear single quantum cor-
relation) of the recombinant double TM domain fragment.

For the entire TSPO solubilized in SDS, the solution 1D 1H-NMR spectrum shows 
peaks in the backbone amide protons, tryptophan side chain indole NH groups, and 
upfield methyl region (Fig. 14.13a). These results suggest that the TSPO is at least 
partially structured. A solution 2D 1H–15N HSQC spectrum of TSPO solubilized 
in SDS exhibits poorly resolved peaks especially in the central region at approxi-
mately 8 ppm (Fig. 14.13f).	The	12	expected	indole	NH	resonances	(δ1H	and	δ15N 
at approximately 10 and 128 ppm, respectively) are not well separated, whereas 
the	glycine	region	(δ15N at approximately 106 ppm) shows more resolved peaks. 
The solution 2D 1H–13C HSQC spectrum of TSPO solubilized in SDS shows poor 
chemical shift dispersion. In particular, the methyl groups of the five expected me-
thionines	(δ1H at approximately 2 ppm) are not resolved (Fig. 14.13i).

To analyze the effect of detergents on the NMR spectra of TSPO, protein puri-
fied in SDS was added to solutions containing CMC of SDS, DDM, or DPC. The 
presence of DDM induces only minor modifications of the TSPO spectrum, such 
as a small low-field displacement of tryptophan indole NH protons (Fig. 14.13b). 
By contrast, the presence of DPC induces a notable low-field shift of tryptophan 
indole NH of TSPO (Fig. 14.13b). No modifications are observed in the upfield 
region of the 1D 1H spectrum of TSPO irrespective of the detergent (Fig. 14.13c). 
SDS can be fully exchanged by DPC, and this exchange induces modifications of 
the 1D 1H spectrum of TSPO both in the tryptophan indole NH (Fig. 14.13d) and in 
the upfield (Fig. 14.13e) regions. However, the 1D 1H, 2D 1H–15N HSQC, and 2D 
1H–13C HSQC spectra are not well resolved and show broadening of some peaks, 
which suggests conformational exchange.

The addition of the high-affinity drug ligand PK 11195 leads to a spectacular 
improvement of NMR spectral quality (Murail et al. 2008). The 1D 1H spectrum of 
TSPO shows numerous resolved peaks for the tryptophan indole NH (Fig. 14.13d) 
and in the upfield region of methyl resonances (Fig. 14.13e). Similarly, solution 
2D 1H–15N (Fig. 14.13h) and 2D 1H–13C (Fig. 14.13k) HSQC of TSPO solubilized 
in DPC exhibit large chemical shift dispersion. In particular, the expected 12 side 
chain tryptophan NH groups are well differentiated, which suggests distinct local 
environments in the PK 11195-bound TSPO structure. A similar observation can be 
drawn	for	the	five	expected	methionine	methyl	groups	(δ1H	and	δ13C at approxi-
mately	2	and	17	ppm,	respectively),	the	three	isoleucine	methyl	resonances	(δ13C at 
approximately	14	ppm),	and	the	alanine	resonances	(δ1H	and	δ13C at approximately 
1.6 and 18 ppm, respectively). These data confirm that PK 11195 stabilizes the con-
formation of TSPO. However, the stabilization of a unique conformation of TSPO 
over a long period, which is required for 3D NMR experiments acquisition, a first 
step to determine the protein atomic structure, remains a difficult challenge.

Good stabilization has been recently obtained by adding a (R) enantiomer of PK 
11195 leading to the first atomic structure of mouse TSPO (Jaremko et al. 2014).

Stabilization of TSPO can be obtained by placing the protein in a lipid environ-
ment (see Sect. 14.2.6). Recent work shows that MP structure can be determined 
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Fig. 14.13  Solution NMR spectra of TSPO. a 1D 1H-NMR spectrum of TSPO solubilized in SDS. 
b and c 1D 1H-NMR spectra of indole NH b and methyl proton c regions of TSPO solubilized in the 
presence of SDS ( top), DDM ( middle), and DPC ( bottom). d and e 1D 1H-NMR spectra of indole NH 
d and methyl proton e regions of TSPO solubilized in DPC in the absence ( top) and in the presence 
( bottom) of PK 11195. f, g, and h 2D 1H–15N HSQC spectra of TSPO solubilized in SDS f or DPC 
g, h, in the absence g and presence h of PK 11195. i, j, and k Methyl region of 2D 1H–13C HSQC 
spectra of TSPO solubilized in SDS i or DPC j, k, in the absence j and presence k of PK 11195
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using solid-state NMR (ssNMR) of proteoliposomes (Marassi et al. 2012; Das et al. 
2012; Park et al. 2012; see also Chap. 12 in this volume). 15N- and 13C-labeled 
TSPO has been reconstituted at a lipid-to-protein ratio of 10 (w/w) and ssNMR 
spectra were recorded at magic angle spinning (MAS). The 1D MAS 13C spectrum 
displays sharp, intense peaks (Fig. 14.14a) that correspond to the natural abundance 
of 13C lipid signals that can be seen on the 1D spectrum of pure lipids (Fig. 14.14b). 
A lower lipid-to-protein ratio (1 w/w) was used to reduce the lipid contribution to 
the NMR spectra (Fig. 14.14c). The 2D MAS 13C–13C correlation spectra in the 
absence and presence of PK 11195 were recorded (Fig. 14.14d, e). In the absence 
of PK 11195, the spectral quality of TSPO in its native lipid environment is promis-
ing and could be amenable to structural studies. A dramatic effect of PK 11195 is 
clearly observed on the spectrum in terms of chemical shift dispersion and number 
of observed correlations. This might be due to a conformational change of TSPO 
induced by PK 11195 that results in improved structural homogeneity, and could 
therefore open the way toward the structural determination of an alternative ligand-
bound conformation of TSPO.

14.3.3  Two-Dimensional Crystals and Electron Microscopy

The 2D crystallization of MPs combined with EM observation and analysis has 
been an alternative to 3D crystallization. This approach requires low protein con-
centration and enables direct imaging of the objects (Lacapere 2010). Several types 
of 2D crystals can be grown such as sheets or tubes (Lacapere 2010).

The first 3D structure of TSPO was obtained by electron cryomicroscopy of heli-
cal crystals of bacterial TSPO from Rhodobacter sphaeroides (Korkhov et al. 2010). 
Although the data were of low resolution (10 Å), the 3D reconstruction revealed 
monomers with five TM domains and dimeric association. More recently, images 
of mouse TSPO interacting with a functionalized monolayer have been obtained 
(Teboul et al. 2012). The EM image (Fig. 14.15a) reveals particles (Fig. 14.15b) that 
are aligned and averaged (Fig. 14.15c). The diameter of a particle is approximately 
6 nm, whereas the bacterial monomer is 2.5 nm (Fig. 14.15e, f). This raises a question 
about the degree of polymeric association of mammalian TSPO. The bacterial mono-
mer can be enclosed either in a circle or in an ellipse (Fig. 14.15f) that can be used 
in an attempt to fit mouse TSPO using an isodensity contour level of the averaged 
image. Several densities surrounding a central hole can be clearly seen (Fig. 14.15d), 
and at least two different fittings can be obtained with three ellipses or four circles 
(Fig. 14.15g). The projection map of the bacterial dimer accounts for the entire pro-
tein because it is obtained from cryoimages, whereas the mammalian map is obtained 
from negative staining images that account for only the external domain of TSPO that 
is accessible to the negative stain. Thus, counting and comparing the number of den-
sities (3 for bacterial TSPO, Fig. 14.15e, and 4–6 for mammalian TSPO, Fig. 14.15d) 
is not possible, whereas comparing the overall dimensions is more simple and accu-
rate. At this stage, the following two questions can be raised: (1) Are there different 
TSPO polymers depending on the species (bacterial or mammalian)? (2) Are different 
TSPO polymers relevant for transporter function, or are they a crystallization artifact?
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Fig. 14.14  Solid-state MAS NMR spectra of TSPO. a and c 1D MAS 13C NMR spectra of TSPO 
reconstituted in proteoliposomes at a lipid-to-protein ratio of 10 (w/w) (a) or 1 w/w (c), and of 
pure lipid liposomes (DMPC:PE, 9:1) (b). d and e 2D MAS 13C–13C NMR correlation spectra of 
TSPO reconstituted in proteoliposomes in the absence (d) or presence (e) of PK 11195, recorded 
using PARIS recoupling (Weingarth et al. 2009) and covariance treatment (Weingarth et al. 2010)
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In bacterial TSPO crystals, lipid-inserted TSPO dimers are associated in a ring 
and proteolipid tubes are formed by ring stacking. The 3D structure shows close 
interactions in a ring between dimers at the level of TM helices, but some space 
between dimers, suggesting the interactions of loops (Korkhov et al. 2010). The 
rings are stacked with a rotation from one ring to the neighboring ring. Interactions 

Fig. 14.15  Two-dimensional crystallization of TSPO. a Transmission electron microscopy image 
of recombinant TSPO adsorbed under a functionalized monolayer. b Enlargement of particles 
contained in the black box shown in panel a. c Average of particles obtained after correspondence 
analysis (Teboul et al. 2012). d Superimposed contour level of average particle. e Computed pro-
jection of a dimer from the cryo-TEM density map of bacterial TSPO (Khorkov et al. 2010). f 
Schemes depicting the dimer of bacterial TSPO represented either by two circles or two ellipses 
enclosed in a rectangle with rounded corners. g Schemes depicting overall size of average image 
of recombinant TSPO enclosing either three or four putative monomers
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involved in the stabilization of adjacent rings within the tube are not well under-
stood because no atomic structure is available. It may involve the C-terminal region 
that contains the poly-histidine tag. The crystal structure may suggest a dimeric 
association as a functional unit, but could not exclude higher degrees of polymeriza-
tion. The functional interpretation of bacterial TSPO arrangement is rather complex 
and depends on the functional unit considered. Substrate translocation can occur 
within the core of a monomer; the presence of a dimer remains unexplained. Sub-
strate translocation may occur at the interface of a dimer and thereby provide func-
tional data for the existence of the dimer.

The structural determination of the mammalian TSPO is more complicated. The 
association observed in the particle can be due to close packing of proteins ad-
sorbed under a functionalized monolayer. In this case, it often occurs through hexa-
meric associations that minimize energy interactions, but the presence of a protein 
in the middle of the putative hexamer would be expected. The overall size would 
be greater than that measured. Both tetrameric and trimeric associations, which fit 
into the density, give a central hole that could accommodate substrate transloca-
tion. This would indicate a stoichiometry of one transported molecule per trimer or 
tetramer, and a possible cooperative mechanism for transport. No data are available 
to distinguish between these possibilities. It has been reported that mouse TSPO 
can form a covalent polymer in response to steroid and ROS production (Delavoie 
et al. 2003), but no unique polymeric stoichiometry has been described. The most 
common mechanism suggested for cholesterol transport activated by pharmaco-
logical ligands proposes the lowest stoichiometry of one cholesterol and one PK 
11195-binding site per TSPO.

We cannot exclude that bacterial and mammalian TSPO have different unit as-
sociations because they have different functions. Rhodobacter TSPO regulates 
photosynthetic gene expression involving tetrapyrrole homeostasis (Yeliseev and 
Kaplan 2000). Mammalian TSPO regulates biosynthesis of steroids and bile salts 
involving cholesterol transport (Lacapere and Papadopoulos 2003). The cytosolic 
loop involved in PK 11195 binding is different in bacterial and mammalian TSPOs; 
bacterial TSPO is shorter and lacks residues important for the ligand binding.

14.3.4  Molecular Modeling

Bioinformatic- and molecular-modeling approaches are powerful tools to construct 
the atomic structure of proteins from X-ray crystallography, NMR spectroscopy, or 
amino acid sequence. For the first two approaches, experimental data are needed 
that are not available for TSPO. For the third approach, several structures have been 
modeled by sequence alignment and homology mapping with proteins of known 
atomic structure.

The first 3D model of TSPO was generated using molecular dynamics simulation 
and the bacteriorhodopsin atomic structure (Bernassau et al. 1993). In this model, the 
five helices are arranged clockwise from one to five (Fig. 14.16a). This model for the 
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Fig. 14.16  Molecular modeling of TSPO. Schematic representation of different models that have 
been computed from existing 3D structures. a Bacteriorhodopsin (Bernassau et al. 1993), b apo-
lipophorin III (Anzini et al. 2001), or ab initio from evolutionary sequence variations (c and d; 
Hopf et al. 2012). For each model, side view and top view are shown. The top view is from the 
C-terminus
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human TSPO was used later to build another mammalian TSPO model after muta-
tion of the human sequence to the mouse sequence (Culty et al. 1999). This approach 
positioned the TSPO ligand-binding site using a series of amino acid deletions and 
mutations that reduced the binding affinity for PK 11195 and cholesterol (Li and 
Papadopoulos 1998). The binding of PK 11195 involved external loops and the C-
terminal region of TSPO. The binding of cholesterol was proposed to occur at the 
CRAC domain (Li and Papadopoulos 1998), and it was passed through a channel lo-
cated in the middle of the bundle made by the five TM helices (Ruppecht et al. 2010).

Another TSPO model was built by considering the structural restraints drawn 
by the apolipophorin III for the TM region and the myohemerythrin for the first 
loop, whereas the third loop was modeled ab initio (Anzini et al. 2001). In this 
full-length model, the five helices are not in a clockwise sequence, because the po-
sitions of TM2 and TM4 permutated in agreement with the apolipophorin structure 
(Fig. 14.16b). The main consequence is that the exit of the channel in the middle 
of the bundle made by the five TM helices might be closed more tightly on the N-
terminal side by the short loops connecting TM2–TM3 and TM4–TM5. On the op-
posite side, the loops connecting TM1–TM2 and TM3–TM4 were used to analyze 
mutations that affect ligand binding and the interaction of different chemical classes 
of ligands that are not structurally related (Anzini et al. 2001). The flexibility of 
these loops is sufficient to open and close the entrance of the putative channel, 
especially if cholesterol binds on the CRAC domain located in a groove at the C-
terminus of TSPO (Jamin et al. 2005).

Several publications have described 3D protein structure computed from evolu-
tionary sequence variation (Marks et al. 2011). This was applied recently to human 
TSPO; two different 3D models were proposed (Hopf et al. 2012), and two distinct 
TM topologies have been proposed (Fig. 14.16c, d). The former model does not 
show a sequential clockwise position of the five TM, because the positions of TM3 
and TM5 have been permutated (Fig. 14.16c). The exit of the putative channel for 
cholesterol might be closed on the N-terminal side of TSPO. The later model is 
more distinct because it suggests a highly tilted TM2 that completely occupies the 
putative channel for cholesterol. Thus, it implies a completely different mechanism 
for cholesterol transport.

All these models are very useful to produce a 3D structure of TSPO, but no 
model is based on experimental data from the TSPO family. They may help to re-
solve amino acid mutations, but they cannot be used to simulate transport by TSPO. 
There is still a need for the first atomic structure of any TSPO.

It has to be mentionned that during the edition process of this book, a first atomic 
structure has been solved showing that topology model shown in figure 14.16c is 
the correct one (Jaremko et al 2014).
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