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Abstract Solution-state nuclear magnetic resonance

studies of membrane proteins are facilitated by the

increased stability that trapping with amphipols confers to

most of them as compared to detergent solutions. They

have yielded information on the state of folding of the

proteins, their areas of contact with the polymer, their

dynamics, water accessibility, and the structure of protein-

bound ligands. They benefit from the diversification of

amphipol chemical structures and the availability of deu-

terated amphipols. The advantages and constraints of

working with amphipols are discussed and compared to

those associated with other non-conventional environ-

ments, such as bicelles and nanodiscs.
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Abbreviations

APol Amphipol

A8-35 Polyacrylate-based amphipol A8-35

BLT2 Low-affinity leukotriene receptor

BR Bacteriorhodopsin

C8E4 Octyltetraoxyethylene

CFE Cell-free expression

CRINEPT Cross-correlated relaxation-enhanced

polarization transfer

DHPC Dihexanoylphosphatidylcholine

DAPol A8-35 with perdeuterated octyl and isopropyl

chains and a hydrogenated polyacrylate

backbone

DPC n-Dodecylphosphocholine

DDM n-Dodecyl-b-D-maltopyranoside

GPCR G protein-coupled receptor

12-HHT 12S-Hydroxyheptadeca-5Z,8E,10E-trienoic

acid
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Institut des Biomolécules Max Mousseron (UMR 5247), 15

avenue Charles Flahault, 34093 Montpellier Cedex 05, France
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HOESY Hetero-nuclear Overhauser spectroscopy

12-HETE 12S-Hydroxy-5Z,8Z,10E,14Z-

eicosatetraenoic acid

HSQC Hetero-single quantum correlation experiment

KpOmpA Outer membrane protein A from Klebsiella

pneumoniae

LTB4 Leukotriene B4

MD Molecular dynamics

MP Membrane protein

MW Molecular weight

NAPol Non-ionic amphipol

MNG Maltose neopentyl glycol

NMR Nuclear magnetic resonance

NOE Nuclear Overhauser effect

ND Nanodisc

OmpA Outer membrane protein A from Escherichia

coli

OmpX Outer membrane protein X from Escherichia

coli

perDAPol Perdeuterated A8-35

PC-APol Phosphocholine amphipol

RS Stokes radius

SAPol Sulfonated amphipol

SDS Sodium dodecylsulfate

ssNMR Solid-state NMR

SEC Size exclusion chromatography

tOmpA Transmembrane domain of OmpA

TROSY Transverse relaxation optimized spectroscopy

Amphipols as an Alternative to Detergents

for Membrane Protein Solution NMR Studies

Most structural studies of membrane proteins (MPs) are

conducted in vitro on isolated proteins kept in artificial

media. This requirement is due to the difficulty in identi-

fying specific signals corresponding to the protein of

interest in complex samples, even though outstanding

progresses have been made to observe, for instance, NMR

signals with atomic resolution inside living cells (see e.g.,

Renault et al. 2012). The choice of a suitable substitute to

the native membrane that be compatible with various

biochemical contexts and biophysical techniques is far

from trivial (see e.g., Warschawski et al. 2011; Popot 2010;

Raschle et al. 2010; Etzkorn et al. 2013). Above all, the

artificial environment has to keep MPs stable and active.

The vast majority of solution-state NMR studies of MPs to

date have been performed in detergent solutions (http://

www.drorlist.com/nmr/MPNMR.html; Kang and Li 2011).

The limited stability of most MPs in the presence of

detergents, compounded by the high concentrations, long

durations, and relatively high temperatures required by

solution NMR experiments, has led to the search for milder

surfactants that remain compatible with the specific con-

straints of NMR. Among the most promising non-con-

ventional media, nanometric lipid bilayers (hereafter

‘nanodiscs’; NDs) (Bayburt et al. 2002; Denisov et al.

2004; Ritchie et al. 2009), isotropic bicelles (Sanders and

Landis 1995; Vold et al. 1997; Czerski and Sanders 2000;

Poget and Girvin 2007), and amphipols (APols) (Tribet

et al. 1996; Popot et al. 2011) represent powerful alterna-

tives. APols are specially designed amphipathic polymers

that can keep water-soluble in their native state MPs of all

types and sizes. One of their major advantages over

detergents, particularly relevant in the context of NMR, is

their stabilizing properties, which hold for most MPs

(reviewed in Popot et al. 2011). In addition to stabilizing

target MPs, APols can also be used to fold them, either

from a denatured state such as can be obtained from

inclusion bodies (Pocanschi et al. 2006; Dahmane et al.

2009, 2011; Banères et al. 2011; Bazzacco et al. 2012) or in

the course of cell-free expression (CFE) (Bazzacco et al.

2012). The very medium into which the protein has been

folded can then be used to keep it soluble and stable for

NMR experiments (Dahmane et al. 2011; Catoire et al.

2010a, b). Solution NMR studies in APols have been

reported to date for three b-barrel MPs and two a-helical

ones (Table 1). In this review, we try to delineate the

advantages and constraints of the use of APols for solution-

state NMR studies, particularly as regards sample prepa-

ration, handling, and NMR spectroscopic properties.

Preparing MP/APol Complexes for Solution NMR

Studies

In general, MP/APol complexes derive from MP/detergent

ones (Fig. 1). MPs expressed in their native environment or

in a host membrane, or as inclusion bodies, are, in most

cases, solubilized first using a detergent. This is due to the

poor dissociating capacity of APols, which makes them

inefficient at extracting MPs from a membrane or at dis-

solving inclusion bodies (Popot 2010; Popot et al. 2011).

Once solubilized by detergents, MPs can be rapidly trans-

ferred to APols before they lose their activity. Replacing

the detergent with APols at the protein hydrophobic surface

can be achieved by supplementing the detergent solution

with APols before (1) diluting the solution under the crit-

ical micellar concentration of the detergent (see e.g.,

Champeil et al. 2000; Martinez et al. 2002; Dahmane et al.

2013; Zoonens et al. 2014); or (2) adsorbing the detergent

onto polystyrene beads, onto which APols do not adsorb

(e.g., Zoonens et al. 2005, 2007, 2014); or (3) dialyzing it

away (Dahmane et al. 2013; Zoonens et al. 2014); or (4), in
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the specific case of SDS, selectively precipitating it (see

e.g., Pocanschi et al. 2006; Dahmane et al. 2009, 2013;

Catoire et al. 2010b; Zoonens et al. 2014). Once the protein

is complexed by APols, modifying buffer conditions for

NMR becomes straightforward, whether by dialysis or

using ultrafiltration devices. There is no need to add APols

to the buffers used for dialysis or exchange. This is in

contrast with detergent solutions, where the control of

surfactant concentration is critical, whether in pure or

mixed detergent solutions or in binary detergent/lipid

preparations such as bicelles. Indeed, because of the large

size of their particles (*40 kDa for the most commonly

used APol, called A8-35; Gohon et al. 2006) and their very

low critical aggregation concentration (*0.002 g L-1 for

A8-35; Giusti et al. 2012), APols do not cross standard

dialysis membranes. Furthermore, they do not dissociate

spontaneously from MPs even at extreme dilutions (Zo-

onens et al. 2007). This has two practical consequences: it

simplifies protocols, and it considerably limits the amount

of APol consumed in any experiment, so that it seldom

becomes an economical concern.

Indeed, most NMR studies require large amounts of

material compared to other biophysical techniques, even

though the advent of cryogenic probe technology has

considerably lowered the detection threshold. Depending

on the measurements to be carried out, a few tens to

hundreds of nanomoles (0.1–1 mg) of protein are needed

to achieve a good signal-to-noise ratio. Preparing such

amounts of MPs is quite demanding in terms of bio-

chemical work, and the quantities of surfactant that are

needed to handle the protein from buffer to buffer until the

NMR tube can become very costly. APols, beyond their

stabilizing effects, have the added advantages of being

chemically stable and cost-effective as compared to most

other surfactants, which facilitates the handling of large

amounts of MPs, especially when buffer exchanges are

necessary in the course of sample preparation. Further-

more, some APols, such as A8-35, can be deuterated or

otherwise labeled or tagged at an acceptable cost (see

below).

NMR Studies of APol-Trapped MPs

The first NMR studies of APol-trapped MPs were carried

out on two b-barrel MPs from the outer membrane of

Escherichia coli, namely the transmembrane domain of

OmpA (tOmpA) (Zoonens et al. 2005) and OmpX (Catoire

et al. 2009, 2010a). Known to be highly stable in vitro,

these proteins, which express very well, were chosen

Table 1 Amphipols that have been validated for solution-state NMR, with their advantages and drawbacks

Short

name

Polar moieties Advantages Disadvantages MPs studies by

NMR

References

A8-35 Carboxylate

groups

Best characterized APol

Exists in deuterated and

perdeuterated forms

Hydrogenated form

commercially available

Aggregates at acidic pH and in

the presence of multivalent

cations

Escherichia

coli tOmpA

Zoonens et al. (2005)

E. coli OmpX Catoire et al. (2009, 2010a,

Etzkorn et al. (2014)

Klebsiella

pneumoniae

tOmpA

Renault (2008)

BLT2 Catoire et al. (2010b, 2011)

BR Raschle et al. (2010), Etzkorn

et al. (2013), Elter et al.

(2014)

SAPols Carboxylate and

sulfonate

groups

Insensitive to acidic pH

and to multivalent

cations

Would be easy to

deuterated

Time-consuming purification

Probably harsher than A8-35

Not commercially available yet

E. coli tOmpA Dahmane et al. (2011)

NAPols Glucose

moieties

Insensitive to acidic pH

and to multivalent

cations

Probably milder than A8-

35

Difficult synthesis

Perdeuteration would be very

costly

Not commercially available yet

E. coli OmpX Bazzacco et al. (2012)

References are limited to articles presenting and/or discussing NMR data

N. Planchard et al.: Amphipols and Solution-State NMR 829

123



because of the extensive NMR data available from studies

conducted in detergent solutions (Arora et al. 2001; Fern-

ández et al. 2001), which had led to 3D structures very

similar to those obtained by X-ray diffraction (Pautsch and

Schulz 2000; Vogt and Schulz 1999). As no activity tests

are available for these two proteins in solution, the fact that

they had maintained their native conformation once trap-

ped in APols was established by comparing their 1H and
15N NMR chemical shifts with those previously observed

in detergent solutions, in addition to SDS-Page gel elec-

trophoresis experiments, which can provide a first indica-

tion of the folding state of b-barrel MPs. In the case of full-

length OmpA, it has also been shown that the protein, after

refolding in A8-35 and transfer to black lipid membranes,

induces the formation of native-like ion channels (Pocan-

schi et al. 2006). In early NMR studies (Zoonens et al.

2005; Catoire et al. 2009, 2010a), and more recently (Et-

zkorn et al. 2014), tOmpA and OmpX were overproduced

as inclusion bodies and folded in detergent solution, after

which the detergent was exchanged for A8-35 using

polystyrene beads. In the meantime, the possibility of using

APols to assist MP folding was demonstrated with one

a-helical and two b-barrel MPs, one of them tOmpA

(Pocanschi et al. 2006), opening the way to folding tOmpA

directly in APols from a urea solution, without ever using

detergents. This was achieved using sulfonated APols

(SAPols), the folded state of the protein being checked by

NMR (Dahmane et al. 2011).

These pioneering experiments were aimed at better

characterizing MP/APol complexes and at exploring the

resources and limitations of NMR to address their structure

and dynamics when kept soluble by APols. tOmpA and

OmpX from E. coli and KpOmpA from Klebsiella pneu-

moniae were shown by NMR to either retain or regain their

native fold when associated with various APols (Dahmane

et al. 2011; Zoonens et al. 2005; Catoire et al. 2009, 2010a,

b; Etzkorn et al. 2014; Renault 2008) (Fig. 2). NMR

spectroscopy was used to examine the organization of MP/

A8-35 complexes at various levels, from a general

description of the distribution of the alkyl chains of the

surfactant (Zoonens et al. 2005; Catoire et al. 2009; Etzk-

orn et al. 2014) to the identification of hydrophobic con-

tacts between specific amide protons of KpOmpA and octyl

and isopropyl chains of A8-35 (Renault 2008) (Fig. 3). A

consistent picture emerged from these studies, showing

that, as anticipated, A8-35 adsorbs specifically onto the

transmembrane region of the protein. This was also

observed more recently by electron microscopy (Althoff

et al. 2011) and in molecular dynamics (MD) calculations

(Perlmutter et al. 2014).

or aggregates

misfolded form

inclusion bodies
Expression in

under a

native or refolded MP

unfolded MP

SDS

detergent

amphipol

non−denaturing

Expression in
membranes
under the native form

Solubilization and
purification using

detergent

Detergent extraction
and purification

Folding with amphipols

SDS

Folding in

urea

Native MP

a denaturing agent

Detergent exchange
to APol

legend:

Fig. 1 Various methods for preparing samples of MP/APol com-

plexes for solution-state NMR studies. In the first NMR studies of

MPs associated with APol A8-35, tOmpA and OmpX were overpro-

duced as inclusion bodies and folded in detergent solution, after

which the detergent was exchanged for A8-35 using polystyrene

beads (Catoire et al. 2009, 2010a). Alternatively, the detergent can be

removed by dilution under its critical micellar concentration,

followed by a dialysis. APols can also assist MP folding (Pocanschi

et al. 2006), which opened the way to folding MPs directly in APols

from a urea solution (Dahmane et al. 2011), without ever using

detergents, or from an SDS one (Etzkorn et al. 2013; Catoire et al.

2010b, 2011; Elter et al. 2014) (note: the references indicated in the

figure concern NMR studies only). More references can be found in

the text or in reviews (Popot 2010; Popot et al. 2011; Zoonens et al.

2014)
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OmpX is the smallest member of the bacterial outer

membrane protein family, and ground-state, low-energy

structures describe a lumen cluttered by many amino acid

side chains (Fernández et al. 2001; Vogt and Schulz

1999). In an apparent conflict, electrophysiological studies

suggest that OmpX catalyzes the passage of small solutes

through membranes (Dupont et al. 2004; Arnold et al.

2007). By the detection of hydrogen/deuterium exchange,

NMR experiments conducted with OmpX in complex

with A8-35 show that some amide protons of the mem-

brane-spanning region exchange much more readily than

others (Catoire et al. 2010a). These measurements, per-

formed after extensive equilibration, show that the barrel

is dynamic, suggesting that time-dependent conforma-

tional fluctuations may allow the transient formation of a

channel.

Two a-helical MPs have been directly folded into APols

in view of NMR studies, namely bacteriorhodopsin (BR)

(Etzkorn et al. 2013) (see below) and the low-affinity

leukotriene G protein-coupled receptor (GPCR) BLT2

(Yokomizo et al. 2000). The perdeuterated and uniformly
15N-labeled BLT2 receptor, folded and kept in partially

deuterated A8-35 (DAPol), was then used to determine,

from the distance constraints obtained from transferred

nuclear Overhauser effect (NOE) signals, the structure of

BLT2 agonists in their receptor-bound state (Catoire et al.

2010b, 2011). To this end, the receptor was overexpressed

as inclusion bodies in E. coli cells (Banères et al. 2003;

Mouillac and Banères 2010) grown in a 100 % D2O

medium, solubilized and purified in sodium dodecylsulfate

(SDS) solution, and folded by precipitating dodecylsulfate

as its potassium salt in the presence of DAPol, according to

a general protocol for APol-assisted folding of GPCRs

(Dahmane et al. 2009; Banères et al. 2011). Perdeuteration

of the receptor was mandatory to eliminate intermolecular

spin diffusion effects between the protonated ligands and

the receptor, which are more difficult to manage in struc-

ture calculations than intramolecular effects. Deuteration

of the side chains of A8-35 (Gohon et al. 2004, 2006)

limited overlaps between NOE signals originating from the

ligand and those due to the APol. 15N labeling gave the

opportunity to also observe, at low concentration

(*10 lM) of receptor, protein spin resonances in non-

crowded regions of a 2D 1H,15N CRINEPT (Riek et al.

1999) spectrum (cf. Supplementary Fig. 17 in ref. Catoire

et al. 2010b).
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OmpX/NAPol

tOmpA/A8−35 TROSY, 800MHz, 30°C, pH 8 tOmpA/SAPol TROSY, 700MHz, 30°C, pH 6.8 KpOmpA/A8−35 TROSY, 600MHz, 40°C, pH 7.9 tOmpA/DHPC TROSY, 700MHz, 30°C, pH 6.8

OmpX/DHPC HSQC, 700MHz, 30°C, pH 6.8HSQC, 700MHz, 30°C, pH 6.8OmpX/A8−35 TROSY, 700MHz, 30°C, pH 8

Fig. 2 A comparison of the 2D 1H,15N NMR correlation spectra of

three b-barrel membrane proteins kept water-soluble by either

amphipols or detergents. Data from the following publications: ref.

(Zoonens et al. 2005) (tOmpA/A8-35 and tOmpA/DHPC); ref.

(Dahmane et al. 2011) (tOmpA/SAPol); ref. (Renault 2008) (KpOm-

pA/A8-35); ref. (Catoire et al. 2010a) (OmpX/A8-35 and OmpX/

DHPC); and ref. (Bazzacco et al. 2012) (OmpX/NAPol)
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More recently, following CFE and folding by transfer

from SDS, a MP featuring seven transmembrane a-helices,

BR, was studied in complex with A8-35. It gave rise to

well-resolved NMR spectra, slightly better than those

obtained in the detergent dodecyl-b-D-maltoside (DDM)

(Raschle et al. 2010; Etzkorn et al. 2013; Elter et al. 2014)

and significantly better than those in nanodiscs (NDs). In

this study, it was noted that, whereas the transmembrane

region of BR adopts the same structure in DDM, A8-35,

and dimyristoylphosphatidylcholine-based NDs, some loop

residues show chemical shift differences, indicating a dif-

ferent conformation or environment. In particular, in some

loop regions, BR associated with APols displays NMR data

that are similar to data observed by solid-state NMR of BR

832 N. Planchard et al.: Amphipols and Solution-State NMR
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in native membrane, as opposed to BR associated with

DDM or embedded in nanodiscs (Etzkorn et al. 2013).

Because BR can be expressed by CFE in the presence of

non-ionic APols (NAPols; see below) (Bazzacco et al.

2012), and NMR spectra of NAPol-trapped OmpX are of a

quality equivalent to those in A8-35 (Bazzacco et al. 2012),

it seems likely that CFE in NAPols followed by purifica-

tion can provide directly MP samples of NMR quality. A

recombinant approach using heterologous expression in

E. coli could also be considered, where BR would be

expressed as a fusion protein to target it to inclusion bodies

(cf. ref. Banères et al. 2011). SDS-denatured BR could then

be folded to [90 % by transfer to A8-35 (Pocanschi et al.

2006; Dahmane et al. 2013) following the protocol men-

tioned above for BLT2, a procedure that is now routinely

used to fold GPCRs (Banères et al. 2011; Bazzacco et al.

2012). Both CFE (Takeda and Kainosho 2012) and

expression in E. coli (Plevin and Boisbouvier 2012) lend

themselves to the sophisticated isotopic labeling schemes

required for the study of large complexes by solution

NMR. Overexpressing MPs as inclusion bodies allows the

production of large amounts of labeled protein (tens of mg)

at an affordable cost.

Which APols to Choose for NMR?

Over the years, various types of APols have been synthe-

sized and studied either free or associated with MPs (Popot

et al. 2011). Among them are: (1) A8-35, the first APol to

have been developed and validated (Tribet et al. 1996;

Gohon et al. 2006; Gohon et al. 2008); (2) phosphoryl-

choline-based APols (PC-APols) (Diab et al. 2007; Tribet

et al. 2009); (3) sulfonated APols (SAPols) (Dahmane et al.

2011); and (4) glucose-based, non-ionic APols (NAPols)

(Bazzacco et al. 2012; Sharma et al. 2012). The main

chemical difference between them lies in the groups

responsible for their solubility in aqueous solutions: A8-35,

PC-APols, SAPols and NAPols carry, respectively, car-

boxylate, phosphorylcholine, sulfonate, and glucose groups

(Fig. 4), which confer with them different behaviors at

acidic pH and in the presence of multivalent cations, and

different degrees of mildness toward MPs (Table 1)

(reviewed in Popot et al. 2011). A8-35, SAPols and

NAPols have all been validated for MP NMR studies

(Dahmane et al. 2011; Bazzacco et al. 2012; Zoonens et al.

2005).

The solution and association properties of A8-35 have

been thoroughly studied (Gohon et al. 2004, 2006; Giusti

et al. 2012; Perlmutter et al. 2011). A8-35 is highly soluble

in aqueous solutions ([200 g L-1), provided the pH is kept

C7. This limitation is due to the fact that, at pH \7, some

of the ionized carboxylate groups to which the polymer

owes its solubility in water start to protonate, which

increases its hydrophobicity and elicits aggregation both of

the polymer itself and of MP/A8-35 complexes (Gohon

et al. 2004, 2006). Above pH 7, 200 g L-1 is a comfortable

value, which allows one to work, if necessary, with highly

concentrated MP solutions. For instance, working with

1 mM of tOmpA (MW & 20 kDa) requires *20 g L-1 of

protein and 80 g L-1 of A8-35. At *100 g L-1 of A8-35,

the viscosity of the solution is not affected (L. J. C.,

unpublished data), and there is therefore no impact on the

NMR signal linewidths. However, the necessity to work

above pH 7 can be detrimental for the detection of labile

protons by NMR. 1H NMR observation of labile protons

depends on their rate of exchange with the solvent

(Wüthrich 1986). At the NMR chemical shift timescale, the

exchange rate has to be slow enough to allow the detection

of the signal; otherwise, the labile 1H signal is lost in the

dominant signal from water protons. The rate of exchange

of labile 1H in amino acids increases with the pH. For

instance, the exchange rate of amide protons (1HN) of the

polypeptide backbone is slowest at pH *3. It is five orders

of magnitude faster at pH 8 (Wüthrich 1986), rendering the

observation of 1HN resonances problematic for those pro-

tons that are not protected from the solvent (note, however,

that the higher the magnetic field, the easier the observation

b Fig. 3 Analysis of intermolecular contacts between KpOmpA trans-

membrane domain and amphipol A8-35. a Chemical structure of A8-

35. b 1D 1H spectrum of [u-2H,13C,15N]-KpOmpA/A8-35 complexes

(1:4, w/w) in 20 mM NaH2PO4 buffer (pD = 7.9) containing

100 mM NaCl, 10 mM EDTA, 10 % D2O. NMR assignments of

A8-35 resonances (labels 1–8) are reported on the spectrum. 1H

chemical shifts of side chain resonances are indicated in p.p.m. units.

c Selected 2D [15N,1HN] planes from the 3D 15N-edited (1H,1H)

HSQC-NOESY-TROSY spectra using 100 ms (red) and 200 ms

(black) NOESY mixing times obtained on [u-2H,13C,15N]-KpOmpA/

A8-35 complexes (1:4, w/w) in 20 mM NaH2PO4 buffer (pD = 7.9)

containing 100 mM NaCl, 10 mM EDTA, 100 % D2O. 2D [15N,1HN]

planes were extracted at the 1H frequencies indicated at the top of the

spectra. d Distribution of intermolecular NOE signals throughout

KpOmpA transmembrane domain (PDB accession code: 2K0L).

Color code: Light gray, residue not detected; dark gray, residue for

which intermolecular NOEs interactions could not be detected; light

color, residues for which intermolecular NOEs are only detected in

3D NOESY using long mixing time (e.g., 200 ms); dark color,

residues for which intermolecular NOE signals are detected in 3D

NOESY using short mixing time (e.g., 100 ms). The colors

correspond to the moieties shown in a. e Overview of intermolecular

contacts with A8-35 molecules (red) plotted on the solution NMR

structure of KpOmpA TM domain (blue). Side chains from aromatic

residues located at the interface are indicated with a stick represen-

tation. f Distribution of micro- to milli-second molecular motions

within KpOmpA transmembrane domain as revealed by chemical

exchange experiments performed on [u-2H,13C,15N]-KpOmpA/A8-35

at 30, 35, 38 at 40 �C. Color code: gray, residue not detected; blue:

residues with molecular motions slower than milli-second timescale;

red residues with molecular motions occurring on micro- to milli-

second timescales. All NMR experiments were performed on a

Bruker AVANCE spectrometer operating at a 1H Larmor frequency

of 700 MHz equipped with a triple-resonance QXI NMR probe and at

40 �C, unless indicated (Color figure online)
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of labile protons becomes). The pH limitation inherent to

the chemical structure of A8-35 has been a major incentive

behind the development and validation of two types of pH-

insensitive APols that have been shown to be compatible

with high-resolution solution-state NMR studies, SAPols

(Dahmane et al. 2011) and NAPols (Bazzacco et al. 2012;

Sharma et al. 2012), both of which are highly soluble in the

0–14 pH range. They each have their own drawbacks,

though: at variance with A8-35, NAPols are hard to

synthesize and could not be perdeuterated at an affordable

cost, whereas SAPols, which are easily amenable to deu-

teration, are time-consuming to purify in large amounts

and, probably because of their higher charge density,

appear to be less stabilizing toward MPs than A8-35 or

NAPols (Table 1; reviewed in Popot et al. 2011).

The concentration of surfactant required to obtain

monodisperse solutions of MPs can be quite high, which

may cause signal overlap with the protein of interest.

Fig. 4 Compared 1H NMR spectra of various APols. The spectra

were recorded either in deuterium oxide (A8-35 and DAPol, from

Tribet et al. (1996) and Gohon et al. (2008), respectively), in

deuterated methanol (perDAPol and SAPol, from Picard et al. (2006)

and Dahmane et al. (2011), respectively), or in deuterated dimeth-

ylsulfoxide (DMSO) (NAPol) (from Bazzacco et al. 2012). The

chemical structure and the corresponding NMR spectrum are

presented on the same line. Each signal that has been formally

identified and assigned is either individually related by an arrow to the

corresponding chemical group, or more extensively by a brace to a

category of functional groups

834 N. Planchard et al.: Amphipols and Solution-State NMR

123



Studies of large proteins or protein complexes by NMR are

generally conducted with isotope-labeled proteins along

with an ad hoc methodology. Thanks to isotopic filters, 1H

signals from the surfactant can be efficiently removed.

However, in some cases, it is essential to work with deu-

terated surfactants, e.g., in the studies of interactions of

organic molecules with a protein, especially when the cost

of labeling isotopically the ligands of interest becomes

extravagant. Two unsaturated fatty acid compounds, the

eicosanoid acid leukotriene B4 (LTB4) and the heptadeca-

noid acid 12-HHT (12S-hydroxyheptadeca-5Z,8E,10E-tri-

enoic acid), have been studied in interaction with BLT2

folded and stabilized in A8-35 (Catoire et al. 2010b, 2011).

In both cases, the protein was trapped with DAPol. In

Fig. 4 are compared the 1H resonances of hydrogenated

A8-35 and DAPol. Despite the residual protonation, the

resort to DAPol allowed the collection of enough intra-

ligand 1H-1H interactions to perform structure calculations

and competition experiments (Fig. 5). Of the three types of

APols that have been validated for NMR to date, A8-35

and SAPol remain the most amenable to partial or total

deuteration (Popot et al. 2011). A perdeuterated version of

A8-35 (‘perDAPol’) has recently been synthesized, which

will permit collecting more complete sets of distance

constraints from NOE signals (Giusti et al. 2014) (Fig. 4).

The availability of deuterated APols is also an asset in

multidimensional heteronuclear 1H,13C NMR experiments.

Because of the excess of APols over the protein and the

large number of alkyl chains and repeating units in each

APol chain, the natural abundance of 13C can give rise to

correlation peaks with intensities close to or higher than

signals from the protein (Fig. 6a). Methine, methylene and

methyl groups, which are abundant in APols, are also

common chemical groups in amino acids, creating signal

overlaps. This was for instance observed in the study of the

interaction of A8-35 with OmpX in a 2D heteronuclear
1H,13C Overhauser (HOESY) experiment (Catoire et al.

2009) (Fig. 6b). NMR methods, such as double-quantum

approaches, would not eliminate all interference signals.

Doing away with the contribution of natural abundance 13C

in A8-35 and its deuterated derivatives would be readily

possible by carrying out a complete synthesis, identical to

that described for perDAPol (Giusti et al. 2014), starting

from 13C-free acrylate, octylamine, and isopropylamine.

Should One Worry About the Size and Heterogeneity

of MP/APol Complexes?

As described above, APols specifically adsorb onto the

transmembrane, hydrophobic region of MPs (Zoonens et al.

2005; Catoire et al. 2009; Renault 2008; Althoff et al. 2011;

Perlmutter et al. 2014). The thickness of the APol belt has

been estimated to 1.5–2 nm (Althoff et al. 2011; Perlmutter

et al. 2014; Gohon et al. 2008), which is slightly thicker than

that of the thinnest detergent belts. Indeed, compared to MPs

in complex with detergents commonly used for solution-

state NMR studies, such as 1,2-hexanoyl-1-sn-glycero-3-

phosphocholine (DHPC) or n-dodecylphosphocholine

(DPC), the overall correlation times (sc) of small A8-35-

trapped MPs, tOmpA and OmpX, are *30–50 % longer

(Zoonens et al. 2005; Catoire et al. 2010a), consistent with

the hydrodynamic radius of the complexes being somewhat

larger. A limiting factor a decade ago, this range of sc, a few

tens of ns, does not, nowadays, hamper the observation of

well-resolved peaks nor the acquisition of 3D NMR data

within a reasonable time (Fig. 3) (Renault 2008), as long as

there are not too many overlapping signals. This is mainly

due to progress in instrumentation and NMR methodology,

as well as in efficient isotope-labeling strategies designed for

the study of large proteins and protein complexes (Plevin and

Boisbouvier 2012). Striving to produce the smallest particles

possible is therefore not as compelling today as it formerly

was, and certainly should not be sought at the expense of

distorting the protein’s native state and/or compromising its

stability (see e.g., Poget and Girvin 2007).

APols being inherently polydisperse molecules (their

mass distribution index is 1.5–2 (Sharma et al. 2012; Giusti

et al. 2014)), a recurrent concern has been that they could

form with MPs populations of complexes with a wide

distribution of sizes or NMR chemical shifts due to vari-

able electronic environments. This is both true and untrue.

True, in the sense that complexes formed between a small

MP, tOmpA, and A8-35 do migrate, upon size exclusion

chromatography (SEC), as a broader band than tOmpA/

octyltetraoxyethylene (tOmpA/C8E4) complexes (Zoonens

et al. 2007). Untrue, for two reasons. First, this effect is

probably due to the more discrete nature of APol versus

detergent binding, A8-35 molecules (on average

*4.3 kDa; see Giusti et al. 2014) being *109 bigger than

detergent ones (482, 351, and 511 Da for DHPC, DPC, and

DDM, respectively), and a less efficient thermodynamic

pressure toward optimization of the bulk of the APol versus

the detergent belt, rather than to APol heterogeneity. Sec-

ond, it does not prevent NMR resonances from BR/A8-35

complexes from being at least as well resolved as those

from BR/DDM ones (Etzkorn et al. 2013). Consistent with

this interpretation, a version of A8-35 with restricted length

polydispersity showed essentially the same behavior in

SEC as the classical polydisperse mixture (F. G. & C.

Tribet, unpublished results). It is interesting to note that

trapping tOmpA with an A8-35/detergent mixture results in

the formation of particles that migrate in SEC with the

same apparent RS as pure tOmpA/A8-35 complexes, but

are more homogeneous (Zoonens et al. 2007). A tentative

interpretation of this observation is that detergent
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molecules provide the ‘‘small change’’ that permits opti-

mization of the volume of the surfactant belt, and relaxa-

tion toward a more uniform size. Because APols have a

stabilizing effect on MPs even when used in mixture with

detergents (Champeil et al. 2000), using such mixtures

could prove useful when particle homogeneity is a must.

Close attention must be paid to the fact that many fac-

tors can contribute to increasing the polydispersity of MP/

APol complexes, which can lead to signal degradation.

Among those factors that have been identified to date, one

may cite: (1) deviations from the nominal composition of

A8-35: a slightly higher hydrophobicity leads to aggrega-

tion of APol particles and MP/APol complexes (see Gohon

et al. 2004, 2006); (2) incubation for a long time (days) at a

pH too close to pH 7 (ibid.); (3) the presence of traces of

calcium, which, presumably, bridge MP/A8-35 complexes

(Picard et al. 2006) (adding EDTA improves the quality of

solution NMR spectra; (Catoire et al. 2010b); (4) removal

of the excess of free APol that is required for efficient MP

trapping. This is a critical parameter. APols, as already

mentioned, are not very dissociating, and, in the absence of

a slight excess of them, MPs tend to form small oligomers

(see Zoonens et al. 2007; Gohon et al. 2008). Solutions of

A8-35-trapped tOmpA, for instance, appear monodisperse

in SEC for an overall MP/APol mass ratio of 1:4, whereas

the protein is estimated to bind only *1.4 g A8-35 per g

protein. Removing the excess APol by immobilized metal

affinity chromatography leads to the formation of small

oligomers, which redissolve if the polymer is added back

(Zoonens et al. 2007). The presence of oligomers does not

preclude solution-state NMR investigations, but it can

degrade the intensity and quality of the signals. Checking

for polydispersity can be done by SEC (Fig. 7a), radiation

scattering (not shown), or analytical ultracentrifugation

(AUC; Fig. 7b), as illustrated by a detailed analysis of BR/

A8-35 complexes (Gohon et al. 2008), AUC being by far

the most sensitive and quantitative technique.

Studying MPs in vitro in their supposedly native homo-

or hetero-oligomeric state is a difficult challenge. Once the

problem of preserving the original oligomeric state is

solved, which APols are good at, solution-state NMR is

able to detect signals from large complexes, provided that a

suitable isotope-labeling strategy in association with an

appropriate NMR methodology be used (see e.g., Fiaux

et al. 2002; Ruschak et al. 2010). Given that most MP/

APols preparations derive from MPs solubilized in deter-

gent solutions and that APols are less dissociating than

detergents, the association state of the APol-trapped protein

H1

H1

12−HETE + LTB4 + u−2H−BLT2/DAPol

Pure A8−35 Pure DAPol

Fig. 5 Superimposed 2D 1H–1H NOESY spectra of a MP/DAPol/

ligand complex and of hydrogenated and partially deuterated A8-35.

In black, the perdeuterated BLT2 receptor complexed by DAPol, in

the presence of the two protonated eicosanoids 12S-hydroxy-

5Z,8Z,10E,14Z-eicosatetraenoic acid (12-HETE) and leukotriene B4

(LTB4) (from a competition experiment recorded at 950 MHz); in red

and blue, spectra of pure A8-35 and DAPol, respectively, recorded at

400 MHz. The dashed lines on top and left of the spectra mark

resonances from the two ligands. All samples were prepared in D2O

solutions. Spectra were acquired at 25 �C. Thanks to the perdeuter-

ation of the isopropyl and octyl side chains of DAPol, additional intra-

ligand interactions could be observed (from Catoire et al. 2010a)
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will essentially reflect that in detergent solution. APols are

able to preserve fragile MP/MP interactions, as illustrated

by the electron microscopy study of the I1III2IV1 super-

complex of the mitochondrial respiratory chain from

bovine heart (transferred from digitonin) (Althoff et al.

2011) and by a recent biochemical study of photosynthetic

supercomplexes (transferred from DDM). A detailed study

of BR trapped by A8-35 revealed that each complex con-

tained one BR monomer and lipids in a lipid/protein ratio

similar to that in native purple membranes (Gohon et al.

2008). These examples indicate that the oligomeric state

and bound lipids of the protein(s) in detergent solution tend

to be preserved upon trapping with APols. Indeed, whereas

APols are most unlipid-like molecules, their inability to

effectively displace lipids from the hydrophobic surface of

MPs probably accounts in part for their mildness (discussed

in ref. (Popot et al. 2011)). It has also been noted that some

MPs transferred from detergent solution to APols tend to

recover functional properties more similar to those they

exhibit when membrane-bound than to those observed in

detergent solution. In the case of BR, this effect is clearly

due to lipid rebinding upon transfer to APols (Dahmane

et al. 2013), and such may also be the case for the nicotinic

acetylcholine receptor (see Martinez et al. 2002) and, for a

discussion, Popot et al. 2011). Mapping MP/lipid in APol-

trapped complexes contacts by solution NMR techniques

similar to those used for mapping MP/APol ones (see

below) would be readily possible.

When to Favor Detergents, Amphipols, Bicelles,

or Nanodiscs?

Pioneering structural studies in detergent solutions, carried

out on rugged b-barrel MPs from the outer membrane of

E. coli, led to very high-quality NMR data (e.g., Fernández
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Fig. 6 Detection of APol 13C natural abundance in 2D heteronuclear
1H,13C experiments. a Chemical structure of A8-35. Circled numbers

label the groups whose chemical shifts are shown in b and c. b Zoom

on a selected region of two superimposed 2D 1H,13C heteronuclear

Overhauser spectroscopy (HOESY) spectra, respectively, those of

[u-2H,13C,15N]OmpX/A8-35 complexes (in black) and of A8-35 alone

(in red). Circled black numbers refer to 1H (the corresponding 1H

spectrum of A8-35 is displayed on the left) and 13C chemical shift

resonances from the groups labeled on the chemical structure of A8-

35 in a (from Catoire et al. 2009). c Superimposed 1D proton spectra

(top) and 2D 1H,13C heteronuclear single quantum correlation

(HSQC) spectra (bottom), recorded at room temperature at

400 MHz 1H Larmor frequency, of fully protonated A8-35 (HAPol,

in black) and partially deuterated A8-35 (DAPol, in red). Groups

labeled 1, 2, 3, 4, 7, and 8 in a are deuterated in DAPol
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et al. 2001). Nevertheless, in the absence of a functional

test in vitro, high-quality spectroscopic signals do not

prove that the protein is in its native conformation (Poget

and Girvin 2007; Zhou and Cross 2013; Catoire et al.

2014). For instance, OmpX exhibits various backbone
15N/1HN chemical shifts depending on the surfactant used

(Fernández et al. 2001; Lee et al. 2008; Hagn et al. 2013).

These variations are unlikely to be due to changes in the

transmembrane electronic environment, given that, what-

ever the surfactant used, the amino acids pointing toward

the membrane face mostly CHn moieties. The chemical

shifts differences must mainly reflect modifications in the

structure of the protein. This being said, if the protein is

stable and active in their presence, detergents remain a

privileged medium for solution-state NMR measurements.

This is primarily due to the fact that the overall correlation

time of MP/detergent complexes is usually shorter than in

other environments. Some detergents, such as DDM, one of

the most widely used surfactants in structural biology, form

with MPs relatively large complexes, but they remain

smaller than MP/APol or MP/ND ones (e.g., Etzkorn et al.

2013). Mixed detergent/detergent or lipid/detergent

micelles, as well as bicelles, represent a valuable alterna-

tive to mono-detergent solutions (Sanders and Landis 1995;

Czerski and Sanders 2000; Poget and Girvin 2007; Catoire

et al. 2014), even though short-chain detergents, which are

mixed with lipids to generate bicelles (Triba et al. 2005),

could be a destabilizing factor. In addition, the size of MP/

bicelle complexes tends to be close to that of MP/APols

ones (Catoire et al. 2010a; Lee et al. 2008). A new

promising class of detergents, the maltose-neopentyl gly-

cols (MNGs), has been described recently. MNGs appear to

be less destabilizing to MPs than DDM (Chae et al. 2010).

One advantage of MNGs and, more generally, of detergents

over APols and NDs is their ability to directly extract MPs

from their native or host membranes. The compatibility of

MNGs with NMR investigations in solution remains to be

tested. To study the interactions of protonated ligands with

MPs, sugar-based detergents such as DDM or MNGs suffer

from the prohibitive cost of perdeuteration.

Whereas other interesting alternatives to detergents have

been proposed, among which lipopeptides (McGregor et al.

2003; Kelly et al. 2005; Privé 2009) and surfactant peptides

(Zhao et al. 2006; Wang et al. 2011; Koutsopoulos et al.

2012), both of which appear as interesting tools for solution

NMR, APols and NDs have emerged as particularly

promising technologies. For very small MPs, the slower

tumbling time of MP/APol complexes slightly reduces the

resolution observed as compared to the smallest MP/

detergent complexes. In many cases, this can probably be

at least partially compensated by working at higher tem-

perature, as MPs are much more thermostable in these

environments (Fig. 8) (Etzkorn et al. 2013; Dahmane et al.

2009, 2013; Tifrea et al. 2011; reviewed in Popot 2010;

Popot et al. 2011). It is likely that very fragile MPs will

tend to be even more stable in NDs than in APols (for a

discussion, see Popot 2010), as illustrated recently in an

elegant study of BR (Etzkorn et al. 2013). In most cases,

however, the stability afforded by APols is likely to suffice,

in which case the greater simplicity of the biochemical

preparation and the smaller size of the particles give APols

an edge, at least as long as a bilayer-like environment is not

essential to the measurements to be carried out. It is easier,

however, to control the oligomeric state of MPs using NDs,

by adjusting the size of the NDs and the ND/MP ratio at the

reconstitution stage (Ritchie et al. 2009). With APols, this

control is more difficult, because (1) the MP/APol ratio

cannot be modified totally at will, as APols must be present

in some excess at the trapping stage, (2) removing the

excess of APol after trapping can induce artifactual asso-

ciations, and (3) APols will not prevent monomers from

A

a

b M

A

M

D T

Fig. 7 Size exclusion chromatography (a) and analytical ultracentri-

fugation (b) analyses of two preparations of bacteriorhodopsin/A8-35

complexes. Sample BR/HAPol was trapped with unlabeled A8-35;

sample BR/DAPol with A8-35 whose side chains was deuterated.

Unrelated to the labeling of the polymer, their dispersity was slightly

different. The BR/HAPol sample was almost perfectly monodisperse.

In SEC (a), it migrated as a symmetrical peak, with a profile similar to

that of a control globular protein, catalase. Analytical ultracentrifu-

gation (AUC) (b) showed it to comprise *98 % BR monomers. The

SEC peak formed by sample BR/DAPol featured a slight shoulder. By

AUC, this sample was shown to comprise a majority of monomers

and a small proportion of small oligomers (*11 % dimers and *2 %

trimers). Conditions that may compromise the monodispersity of MP/

APol complexes are discussed in the text. V0 and Vt: excluded and

total volumes of the SEC column, respectively. J: detection by

refractometry; A: free A8-35 particles; M, D, T: BR trapped in A8-35

as monomers, dimers, and trimers, respectively. Figures adapted from

Gohon et al. (2008)
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associating if they have some affinity one for another (see

Zoonens et al. 2007). If, as can be the case in some studies

with GPCRs, it is essential to trap monomers and make

sure that they do not associate, even in a transient manner,

in the course of the experiment, NDs are definitely pref-

erable to APols (for reviews, see Popot 2010; Nath et al.

2007).

A great advantage of APols remains their chemical

versatility. APols carrying fluorophores (e.g., Zoonens

et al. 2007; Giusti et al. 2012) or tags (e.g., Giusti et al.

2014; Charvolin et al. 2009; Le Bon et al. 2014a, b) are

helpful in many biochemical and biophysical experiments,

and they facilitate the characterization of samples

(determination of the final MP/APol ratio, for example

Zoonens et al. 2014). As already discussed, the use of

deuterated (Gohon et al. 2004, 2006) or perdeuterated

(Takeda and Kainosho 2012) APols is a great asset in the

study of MP-bound hydrogenated ligands (Catoire et al.

2010b, 2011; Wüthrich 1986) and will also be for that of

through-space interactions in solving MP structures (see

below). It has also been exploited to map interactions

between A8-35 and tOmpA, by taking advantage of the fact

that 1HN lines of residues that are in contact with the sur-

factant become narrower if DAPol is substituted to HAPol

(Zoonens et al. 2005). In other words, many complemen-

tary sets of NMR (and other) data can be collected on a MP

experiencing chemically identical but differently labeled

APol environments.

How to Solve a MP Structure Using APols?

As of now, no MP structure has been solved de novo by

NMR using APols as the solubilizing medium. That is

indeed possible is shown by (1) the high resolution of

TROSY 1H,15N 2D spectra (Raschle et al. 2010; Etzkorn

et al. 2013; Dahmane et al. 2011; Bazzacco et al. 2012;

Zoonens et al. 2005; Catoire et al. 2010a) (Fig. 2) and (2)

the fact that high-resolution 3D experiments can be carried

out within a reasonable time span (Etzkorn et al 2014)

(Fig. 3). All APols tested to date for use in solution NMR

[A8-35 (Zoonens et al. 2005), SAPols (Dahmane et al.

2011), NAPols (Bazzacco et al. 2012)] form with MPs

complexes of a similar size and can be used for backbone

assignments. When studying large proteins or protein

complexes by NMR, one of the best strategies is to take

advantage of the favorable relaxation properties of methyl

groups immersed in a perdeuterated environment (Plevin

and Boisbouvier 2012) to either look at intra- or inter-

molecular interactions or perform relaxation measure-

ments. In this context, the 13C natural abundance of APols

could mask some 13CH3 correlations and it is advantageous

to work with APols that are either perdeuterated or, at least,

carry perdeuterated side chains. This modification, which

has been or can be easily achieved with A8-35 and SAPols,

dramatically reduces interference signals arising from
13CHn residual APol groups (Fig. 6c). 13C-free A8-35 and

SAPols could also be synthesized, provided 13C-depleted

acrylic acid, octylamine, and either isopropylamine or

taurine can be obtained at an affordable cost.

In the future, two further types of APols could con-

ceivably be of help for NMR studies. First, it ought to be

possible to develop a variant of SAPols with a lower

density of charges along the chain, e.g., one in which the

carboxylate groups currently present along with the sulfo-

nate ones (Fig. 4a) would be replaced by isopropylamine.

Fig. 8 Stability of APol-trapped versus detergent-solubilized BLT1

receptor. Top: Temperature-dependent stability of BLT1 kept in

solution with the detergent fos-choline-16 in the presence of lipids

(fos-choline-16/asolectin 2:1 mass ratio; D ? L, in blue), or folded in

pure A8-35 (AP, in red) or in A8-35 supplemented with asolectin in a

1:0.2 APol/lipid mass ratio (AP ? L, in gray). Thermostability was

assayed by heating the receptor at various temperatures for 30 min

before performing an antagonist (LTB4) binding assay. Compared to

the D ? L sample, the thermostability is improved by *11 �C in the

AP ? L one. Bottom: time-dependent stability of the BLT1 receptor

at 25 �C. Same samples and color code as above. High-affinity LTB4

binding by the D ? L sample dropped to *50 % of its initial value

after 20 days at 4 �C, whereas after folding in A8-35 or A8-35?

lipids, no significant loss was observed over the same period. Adapted

from Dahmane et al. (2009)
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A SAPol whose charge density would be comparable to

that of A8-35 would likely be as mild toward fragile MPs,

while remaining soluble at all pH, and it could easily be

obtained in perdeuterated form. Second, it might be inter-

esting to examine the usefulness in NMR studies of APols

carrying free radicals. It is relatively straightforward to

functionalize APols with almost any desirable chemical

moiety (reviewed in Le Bon et al. 2014a). Spin-labeled

APols could possibly be of use to simplify NMR spectra by

selectively suppressing, in a controlled and tunable man-

ner, the resonance peaks from transmembrane residues.

They could possibly also be used to improve the sensitivity

of the measurements by dynamic nuclear polarization

(magnetization transfer from the spin label to nuclei; see

Griesinger et al. 2012).

Conclusion

APols, which are chemically highly stable, offer an

excellent alternative to other surfactants for biophysical

investigations of MPs, in particular by NMR. The

improved stability of most MPs following trapping by

APols makes them particularly attractive tools for struc-

tural and/or dynamics studies using this spectroscopy.

Whereas APols are often criticized as being a highly arti-

ficial medium—which they undoubtedly are—one should

keep in mind that they favor the retention of lipids, thus

providing MPs with a more native-like environment than

detergents do. It is one factor by which they stabilize MPs

and, at least in some instances, bring them back to a

functional behavior closer to that observed in the original

membrane. APols are universal in terms of the MPs they

can trap and extremely versatile in their uses. From a

practical point of view, preparation and handling of MP/

APols complexes until their final location in the magnet are

both straightforward and easy to standardize. Current

investigations indicate that, given good biochemistry and

the use of efficient labeling strategies, NMR methodology

and hardware, the resolution of NMR spectra collected on

APol-trapped a-helical MPs is sufficient to obtain high-

resolution information about proteins at least up to the size

of BR.

It may be noted that solid-state NMR (ssNMR) is one of

the rare techniques that has not been applied to date to the

study of APol-trapped MPs. There is nothing to prevent it.

The motivation to do so may seem limited, in the sense that

one of the primary interests of ssNMR is to give access to

MPs in an environment resembling the native one. Fur-

thermore, MPs should not be expected to be more stable in

APols than in a membrane environment. APols, however,

could have the double advantage of making it possible to

pack more MP in a given volume, increasing sensitivity—

an important limitation in ssNMR—while keeping it

associated with most of its bound lipids.

Acknowledgments We are extremely grateful to Sophie Walmé
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Wüthrich K (1986) NMR of proteins and nucleic acids. Wiley, New

York

Yokomizo T, Kako K, Terawaki K, Izumi T, Shimizu T (2000) A

second leukotriene B(4) receptor, BLT2. A new therapeutic

target in inflammation and immunological disorders. J Exp Med

192:421–432

Zhao X, Nagai Y, Reeves PJ, Kiley P, Khorana HG, Zhang S (2006)

Designer short peptide surfactants stabilize G protein-coupled

receptor bovine rhodopsin. Proc Natl Acad Sci USA

103:17707–17712

Zhou HX, Cross TA (2013) Influences of membrane mimetic

environments on membrane protein structures. Annu Rev

Biophys 42:361–392

Zoonens M, Catoire LJ, Giusti F, Popot JL (2005) NMR study of a

membrane protein in detergent–free aqueous solution. Proc Natl

Acad Sci USA 102:8893–8898

Zoonens M, Giusti F, Zito F, Popot JL (2007) Dynamics of membrane

protein/amphipol association studied by Förster resonance

energy transfer. Implications for in vitro studies of amphipol-

stabilized membrane proteins. Biochemistry 46:10392–10404

Zoonens M, Zito F, Martinez KL, Popot JL (2014) Amphipols: a

general introduction and some protocols. In: Mus-Veteau I (ed)

Membrane protein production for structural analysis. Springer,

Berlin

842 N. Planchard et al.: Amphipols and Solution-State NMR

123

http://dx.doi.org/10.1039/9781849735391
http://dx.doi.org/10.1039/9781849735391

	The Use of Amphipols for Solution NMR Studies of Membrane Proteins: Advantages and Constraints as Compared to Other Solubilizing Media
	Abstract
	Amphipols as an Alternative to Detergents for Membrane Protein Solution NMR Studies
	Preparing MP/APol Complexes for Solution NMR Studies
	NMR Studies of APol-Trapped MPs
	Which APols to Choose for NMR?
	Should One Worry About the Size and Heterogeneity of MP/APol Complexes?
	When to Favor Detergents, Amphipols, Bicelles, or Nanodiscs?
	How to Solve a MP Structure Using APols?
	Conclusion
	Acknowledgments
	References


