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The biochemical processes of living cells involve a numerous series of reactions that work with exceptional
specificity and efficiency. The tight control of this intricate reaction network stems from the architecture of
the proteins that drive the chemical reactions and mediate protein–protein interactions. Indeed, the structure
of these proteins will determine both their function and interaction partners. A detailed understanding of the
proximity and orientation of pivotal functional groups can reveal the molecular mechanistic basis for the ac-
tivity of a protein. Together with X-ray crystallography and electron microscopy, NMR spectroscopy plays an
important role in solving three-dimensional structures of proteins at atomic resolution. In the challenging
field of membrane proteins, retinal-binding proteins are often employed as model systems and prototypes
to develop biophysical techniques for the study of structural and functional mechanistic aspects. The recent
determination of two 3D structures of seven-helical trans-membrane retinal proteins by solution-state NMR
spectroscopy highlights the potential of solution NMR techniques in contributing to our understanding of
membrane proteins. This review summarizes the multiple strategies available for expression of isotopically
labeled membrane proteins. Different environments for mimicking lipid bilayers will be presented, along
with the most important NMR methods and labeling schemes used to generate high-quality NMR spectra.
The article concludes with an overview of types of conformational restraints used for generation of
high-resolution structures of membrane proteins. This article is part of a Special Issue entitled: Retinal
Proteins — You can teach an old dog new tricks.

© 2013 Published by Elsevier B.V.
1. Introduction

Membrane proteins represent approximately 30% of proteins
encoded by all genomes. They are involved in a numerous range of
important cellular functions such as transport, cell-to-cell communi-
cation and signaling. Membrane proteins represent 50% of the sites
of action for known drugs and are therefore highly desirable targets
for the pharmaceutical industry [1]. However, membrane protein
structures at atomic resolution constitute less than 1% of the 3D struc-
tures deposited in the Protein Data Bank (PDB) [2]. These structures
have been predominantly solved by the use of X-ray crystallography
and to a lesser extent by cryo-EM, solution and solid-state NMR. De-
spite this exciting progress, membrane protein structure determina-
tion remains a challenge, even for X-ray crystallography, which
requires the growth of high-quality crystals from aqueous solutions
of detergent-solubilized proteins [3]. For this reason, biomolecular
NMR is a powerful complementary technique to X-ray crystallogra-
phy and, beyond being applied to structure determinations, can also
Proteins—You can teach an old
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provide additional information about the internal mobility and dy-
namics of structural elements within the protein. Recent successes
in structural studies of integral membrane proteins (IMPs) by solu-
tion NMR spectroscopy have been achieved in both the α-helical
transmembrane class (49 superfamilies) and the β-barrel transmem-
brane class (17 superfamilies) [4,5]. This review aims to summarize
some of the advances for the retinal proteins of the α-helical
class, with particular focus on techniques for expression and label-
ing, the NMR methodology and the structure calculation process.
Despite encouraging improvements that have been made over the
last few years, no discussion of solid-state NMR studies will be
included in the NMR spectroscopy methods and structure determi-
nation chapters. Instead, the reader is directed towards several re-
views [6,7].

2. Production of isotopically labeled membrane protein samples

The limited structural information obtained on integral membrane
proteins by the use of solution NMR can be attributed to several fac-
tors. Typically, only a low-yield expression of the desired isotopically
labeled membrane protein can be achieved. In addition, poor stability,
inadequate or insufficient isotope labeling and the size of the
resulting protein–detergent complex, which can be too large to be
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amenable to solution NMR techniques, represent several fundamental
problems to be circumvented before structural analysis of the mem-
brane protein can begin.
2.1. Overview of different expression systems

The over-expression of α-helical membrane proteins for biomo-
lecular NMR requires the incorporation of magnetically active iso-
topes such as 13C, 15N and sometimes 19F in order to exploit the full
potential of multidimensional multinuclear NMR experiments [8,9].
Crucially, and more challenging from an expression perspective,
samples are also required in which the majority of protons (1H) are
replaced by deuterons (2H). Typically, high-quality NMR samples
must contain near-millimolar concentrations of protein and be stable
over prolonged periods of time.

The choice of expression system is usually dictated by the labeling
scheme, which is itself determined by both the aim of the study and
the type of NMR experiments to be undertaken. When the goal is to
determine the 3D structure of an IMP and to study its backbone
and/or side-chain dynamics, one must accomplish uniform isotopic
labeling of the protein. Several research groups have shown that nu-
merous membrane proteins can be cloned and expressed in large
quantities in E. coli [10]. It has also been demonstrated that many in-
tegral membrane proteins can be expressed in minimal media,
allowing isotopic labeling for screening of NMR sample condi-
tions [11]. While the use of BL21(DE3) host cells has been successful
for this purpose, several other host cell variants derived from
BL21(DE3), such as Tuner, Rosetta (DE3), BL21(DE3)RP, BL21(DE3)
RIL, and especially C41(DE3) and C43(DE3) have been proposed to
reduce cytotoxic effects and often result in higher over-expression
yields [12]. C41(DE3) and C43(DE3), for example, contain phenotyp-
ically selected genetic mutations that prevent the cell death associat-
ed with the expression of heterologous membrane proteins. Another
derivative strain of BL21(DE3), Lemo21(DE3), is tunable for the
over-expression of proteins and appears to be ideal for screening pro-
cedures of IMPs [13].

Two production strategies are available for the expression of mem-
brane proteins in E. coli cells. The first involves the over-expression of
the IMP into inclusion bodies, after which it is extracted with denatur-
ing agents such as urea and guanidine hydrochloride. This is performed
in the presence of harsh detergents such as SDS (sodium dodecyl sul-
fate) or SLS (sodium lauroyl sarcosinate), after which the denatured
IMP is purified. The final stage is in vitro refolding and reconstitution
of the denatured IMP into detergent micelles or another suitable
membrane-mimetic medium [14]. For NMR studies, this strategy
has been primarily applied to the more well-behaved β-barrel mem-
brane proteins [15–18] but also to some α-helical IMPs [19–22].
This method can sometimes require the fusion of an N-terminal
partner peptide with a high fraction of both charged residues and
β-turn-forming residues to target the recombinant protein into
inclusion bodies [23].

The second production strategy is to constitutively express and fold
the protein of interest in the inner cell membrane, as demonstrated for
the proteins DsbB [24], UCP2 [25] and NpSRII [26]. The protein is subse-
quently extracted from the membranes into mild detergents such as
n-decyl-β-D-maltopyranoside (DM)or n-dodecyl-β-D-maltopyranoside
(DDM) and purified in its native folded state. However, with most eu-
karyotic membrane proteins this strategy leads to severe cellular toxic-
ity and low levels of expression. For this reason, the selection and
modification of a signal peptide and/or the co-expression of proteins
that assist the translocation and folding of the IMP are generally re-
quired [27,28]. Removal of the co-expressed protein and/or signal pep-
tide during purification is made possible by adding an appropriate
protease cleavage site during the cloning of the IMP into the expression
vector.
Incorporation of 15N and 13C into the IMP involves the growth of
E. coli cells in minimal media such as M9 or MOPS, thereby allowing
controlled supplementation of nitrogen and carbon sources [29,30].
While the choice of the nitrogen source is generally 15N-labeled am-
monium chloride, there are several available carbon sources including
acetate, glucose, glycerol, pyruvate and succinate [31]. The choice
depends on the cost and the desired labeling scheme. Deuteration,
where protons in the IMP are replaced with deuterons, reduces the
overall proton density. This improves the relaxation properties of
both the remaining protons and the heteronuclei 13C and 15N [32].
The 13C and 15N-labeling schemes do not interfere with the require-
ments for deuteration. However, if the protein is to be deuterated to
a high level, then the carbon source must also be deuterated. This
will significantly increase the costs of sample preparation. In order
to achieve a high deuteration level (beyond 75%), E. coli cells must
be grown in a D2O-based medium that strictly excludes any H2O. To
achieve this, a process of gradual adaptation to acclimatize the cells
to D2O is used to palliate the toxic effects of D2O on cell metabolism
[33].

Uniform deuterium labeling increases the performance of amide-
based backbone assignment schemes because it removes all the
non-exchangeable protons in the IMP. However, the lack of protons
on the side-chains leads to a dramatic reduction in the number of
NOEs, meaning that there will generally be insufficient distance infor-
mation for a high-resolution structure determination. This problem is
more fundamentally limiting for helical membrane proteins, where
the remaining inter-amide NOEs only define the secondary structure
in the individual helices (for β-barrel IMPs, the network of cross-
strand inter-amide NOEs also defines the tertiary backbone fold). To
circumvent this issue, a limited subset of protons can be selectively
reintroduced to the otherwise perdeuterated protein through the ad-
dition to the growthmediumof specifically labeled amino-acids such as
alanine [34], methionine [35] and aromatic residues [36], or biosynthet-
ic amino-acid precursors such asα-ketobutyrate andα-ketoisovalerate
[37,38].

In spite of the versatile isotopic labeling schemes and the numer-
ous vectors and host strains available for the production of IMPs in
E. coli, this expression system has some major drawbacks when com-
pared to other available expression systems. E. coli cells are unable to
perform the post-translational modifications of higher organisms and
have slightly different codon usage. They also lack some eukaryotic
membrane components, including cholesterol, and contain a substan-
tial number of contaminating proteins that possess a high affinity for
the divalent cations such as nickel, cobalt and copper that are exploited
in the most widely used purification technique, immobilized metal af-
finity chromatography (IMAC) [39].

An alternative to this prokaryotic expression system is the unicellu-
lar eukaryotic yeast Pichia pastoris [40], which allows cheap uniform
isotopic enrichment of IMPs [41,42], including perdeuteration [43–45].
Importantly, P. pastoris is able to perform the post-translational modifi-
cations found in higher eukaryotic membrane proteins [46]. Another
advantage of Pichia over E. coli is that Pichia is capable of correctly
forming the disulfide bonds generally found in eukaryotic IMPs [47].
However, the membrane composition of this expression system re-
mains quite different to that in higher eukaryotes and may hamper
the correct translocation and folding of some IMPs. It also has a relative-
ly thick cell wall that may impede purification. Despite this, the Brown
and Ladizhansky laboratories have doubly (13C/15N) isotopically labeled
the fungal rhodopsin protein from Leptosphaeria maculans [48] and
the human membrane protein aquaporin-1 [49] for solid-state NMR
studies.

In order to produce recombinant protein in Pichia, the gene of inter-
est is cloned into a suitable expression vector, afterwhich the plasmid is
linearized to stimulate recombination and transformed into protease-
deficient P. pastoris strains such as KM71, MC100-3 SMD1163,
SMD1165 or SMD1168H, where it will be integrated into the Pichia
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genome. Initial growth in glycerol- or glucose-containing media is rec-
ommended in order to reach a critical biomass and induction is then
achieved by addition of methanol. This induces the expression of the al-
cohol oxidase 1 gene, which in turn drives the expression of the gene of
interest. Uniform isotope labeling is achieved using a minimal medium
for fermentative growth with undiluted and 15N-labeled ammonium
hydroxide as both a base and the sole nitrogen source. A modified and
cheaper version of this scheme uses 15N-labeled ammonium sulfate or
15N-labeled ammonium chloride in combination with sodium hydrox-
ide [50]. For growth in shake flasks, recent studies have used complex
medium supplemented with 15N-labeled ammonium sulfate and 13C
glucose before induction with 13C methanol [51]. The possibility for se-
lective labeling has been demonstrated by Whittaker and coworkers
[52] but has very limited scope when compared to E. coli.

Cell-free (or in vitro) expression systems can also be used in the
preparation of samples for biochemical and biophysical studies of IMPs
[53,54]. Theprotein translationalmachinery of eukaryotic or prokaryotic
cells is isolated, thereby allowing protein production to take place in an
artificial environment. In addition to the cell-free extract, the basic reac-
tion components required are the T7 RNA polymerase, which controls
transcription, along with reducing agents to stabilize the enzyme and
nucleoside triphosphates as substrates for translation. Amino-acids,
PEG, Mg2+ and K+ are also critical for efficient expression [55]. Finally,
a DNA-template with a standard T7 promoter and an efficient T7 termi-
nator are necessary. In the special case of IMP expression, detergents,
lipids or polymers [56,57] that do not interfere with the expression ma-
chinery can be added to the reaction mixture to immediately stabilize
the protein in solution as it is translated. Otherwise, the protein of inter-
est is expressed as a precipitate that can be solubilized by gentle agita-
tion in mild detergents. This synthetic system allows the integration of
amino-acids with the desired labeling pattern suitable for NMR studies
[58]. The low level of metabolic activity reduces the scrambling of la-
beled isotopes, allowing near-total control over labeling strategies,
which is essential for structural investigation of IMPs byNMR. In general,
thehighest rates of protein production are achieved byusing continuous
exchange or continuous flow set-ups in which the reaction mixture
holding the high-molecular-weight compounds is separated by a
semi-permeable dialysis membrane from the feeding mixture contain-
ing the low-molecular-weight precursors. Cell-free expression also of-
fers the advantage of producing only the gene of interest with labeled
isotopes, which in theory allows specific NMR observation of the
expressed protein after only minimal purification procedures.

One of themost recent successes inwhich a cell-free expression sys-
temwasused to produce an IMP for structure determination by solution
NMR was achieved for the helical protein proteorhodopsin (PR) [59].
For the production of uniformly 15N-labeled, 13C,15N-labeled and
2H,13C,15N-labeled PR, commercially available amino-acid mixtures
were simply added to the reaction mixture. By simultaneously adding
a mixture of labeled and unlabeled amino-acids according to the de-
sired labeling scheme, Reckel and co-workers produced an extensive
range of selectively labeled samples. In addition, the use of stereo-
array isotope labeling (SAIL) technology was used to reduce spectral
broadening and overlap problems. This method relies on the use of
stereo- and regio-specifically synthesized amino-acids to produce pro-
teins with only one proton at every methylene carbon position, stereo-
specifically 13C,1H-labeled prochiral methyl groups and alternating
13C,1H/12C,2H labeling of aromatic moieties. Although this versatile
method offers complete control of the labeling scheme, it is a relatively
expensive technique.More recently the cell-free expression systemwas
used in the Wagner laboratory to study different membrane-mimetic
media by biophysical techniques and solution NMR [60]. In this
study nine double- or triple-labeled samples of bacteriorhodopsin
(bR) were made by using two commercially available algal amino-
acid mixtures supplied with unlabeled amino-acids to generate differ-
ent isotope-labeled samples. The level of deuteration was estimated to
be above 90%.
For the study of higher eukaryotic membrane proteins by NMR in
which expression of the functional IMP is not possible in the E. coli,
Pichia or cell-free expression systems, a few other eukaryotic expres-
sion hosts are available. Unfortunately, these systems generally have
only low-to-moderate yields, are expensive and, most crucially,
have a very limited scope for isotope-labeling schemes. In cases
where uniform labeling is not necessary, for example where the aim
is not to solve the 3D structure but to map the diverse interactions
of an IMP (as for rhodopsin [61,62]) or to detect motions and confor-
mational changes within the protein [63], some sparse labeling
schemes involving either single amino acids or single amino acid
types are possible. The baculovirus–insect cell expression system
has been successfully used for amino acid-specific labeling [64,65]
and uniform labeling [66,67] of soluble proteins. The basis of the tech-
nique involves two steps. First, the gene of interest is cloned into a
plasmid transfer vector downstream of the polyhedrin baculoviral
promoter. Then the plasmid is introduced, along with genomic viral
DNA, into insect cells such as Spodoptera frugiperda or Trichoplusia
ni. The heterologous gene is expressed, usually during the late stages
of infection. The protein is subsequently processed and targeted to its
final cellular location.

The strategies for isotopic labeling in the baculovirus system are
very simple. The amino acid of interest can be replaced by its labeled
version in the insect cell medium when the medium is made from
scratch [68]. The low level of metabolic activity present in this system
reduces the scrambling of labeled isotopes through undesired meta-
bolic pathways. In addition, custom-made synthetic drop-out medi-
um derived from commercially available protein-free medium can
be used, as demonstrated for visual rhodopsin [69,70]. In this work,
[αε-15N2]-labeled lysine and aromatic ring-2H4-labeled tyrosine rho-
dopsin was expressed by substituting the relevant unlabeled amino
acids by their corresponding labeled versions, leading to the first
NMR spectra of an IMP produced with the baculovirus–insect cell ex-
pression system.

Another approach using cell lines from higher eukaryotic hosts,
which is contributing to both the general field of retinal proteins
and NMR of membrane proteins, is the use of mammalian cells. How-
ever, uniform isotope labeling in mammalian cells such as CHO, HEK,
BHK21, HT1080 or Namalwa is rather expensive and frequently yields
only small quantities of protein. The heterologous expression of an
IMP was first established for unlabeled rhodopsin, where the wild-
type opsin gene was co-transfected with another plasmid conferring
tetracycline resistance into HEK293S cell lines. The cells expressing
the selectable marker were screened for drug resistance to identify
a stable cell line that expressed opsin [71]. Researchers have subse-
quently focused their efforts on amino-acid specific labeling in mam-
malian cells. Different laboratories have successfully managed to
incorporate 15N-labeled lysine, 13C-labeled glycine [72,73], α,ε-15N-
labeled tryptophan [74] and also a mixture of amino acids (15N/13C
GKLQSTV(W)) [75] into wild-type and mutant H65C/C140S rhodop-
sin. The labeled amino acids were simply added to cell culture medi-
um lacking the appropriate amino acids.

2.2. Membrane-mimetic media for NMR studies of IMPs

Solution NMR spectroscopy of membrane proteins generally relies
on their solubilization in a micelle-forming detergent. The objective is
to obtain a mono-disperse protein–detergent complex in which the
protein adopts its native fold while keeping the molecular weight of
the complex as low as possible. The detergent monomers that encap-
sulate the hydrophobic regions of the IMP confer solubility in aqueous
solutions but dramatically increase the overall molecular weight. As a
consequence, the tumbling (or rotational diffusion) rate becomes
slower, which consequently increases the transverse relaxation
rates of the nuclear spin states. The faster transverse relaxation not
only leads to greater intensity losses during magnetization transfer



Table 1
Details of the structures of detergent-solubilized α-helical membrane proteins sensory
rhodopsin II and proteorhodopsin.

Sensory rhodopsin II Proteorhodopsin

Organism Natronomonas pharaonis γ-Proteobacterium
Molecular weight (kDa) 26.4 26.0
Expression system E. coli Cell-free
NMR conditions

Protein concentration 0.5 mM 0.3–0.5 mM
Detergent used C7-DHPC C7-DHPC
Detergent concentration 60 mM 42 mM
Temperature 323 K 323 K
Buffer system 50 mM sodium phosphate 25 mM sodium acetate
pH 6 5

Size of complex (kDa) ~70 ~85
Conformational restraints

H-bond 132 133
Dihedral angle 190 196
NOE 5564 239
RDC – 81
PRE – 1006
Other – 4

Calculation program CNS 1.1 and ARIA 1.2 CYANA
PDB entry (year) 2KSY (2010) 2L6X (2011)
Reference [26] [59]
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steps, but also broadens the resonance linewidths, with both effects
resulting in reduced signal-to-noise ratios. The line-broadening also
leads to increased peak overlap, greatly complicating spectral inter-
pretation. In terms of size, membrane proteins bound to detergent
behave as much larger proteins (ca. 75–100 kDa), but with compara-
tively fewer resonances.

The introduction of new approaches such as specific isotopic label-
ing schemes [76], novel spectroscopic techniques [77] and more sen-
sitive equipment [78] have allowed the molecular-weight limit of
solution NMR to be pushed ever higher, with systems in excess of
100 kDa now amenable to structural characterization by solution
NMR. Nevertheless, for membrane proteins it is clear that the deter-
gent introduces more difficulties than merely an increase in the effec-
tive size of the protein. If too few detergent molecules are available to
satisfy the hydrophobic surface of each protein molecule, then oligo-
merization will occur, resulting in the formation of even larger com-
plexes. However, if the concentration of detergent is too high, then
the viscosity of the solution is significantly increased, further reduc-
ing the tumbling rate of the protein–detergent complex and ultimate-
ly leading to uninterpretable spectra [79].

Given the large number of detergents available, choosing an ap-
propriate detergent can be a lengthy process [80]. Some of the general
properties of detergents can be used to guide the selection of suitable
candidates for screening. The critical micellar concentration (CMC) is
the concentration above which additional monomers assemble to
form micelles. The CMC decreases with the length of the alkyl chain
and increases with the introduction of double bonds and branch
points. The aggregation number is the number of detergent molecules
contained in a single micelle. The hydrophilic–lipophilic balance
(HLB) indicates how hydrophilic a detergent is, with large values cor-
responding to more hydrophilic detergents. Detergents with a HLB of
12 to 20 are preferred for non-denaturing solubilization of membrane
proteins. The performance of a detergent also depends on its concen-
tration, alkyl chain length and purity, and also on the presence of or-
ganic additives, temperature and pH and ionic strength of the buffer.

Detergents that have been used successfully for solution-state NMR
spectroscopy of both classes of IMPs include N,N-dimethyldodecylamine
N-oxide (LDAO), sodium dodecyl sulfate (SDS), CYFOS-7, n-octyl-β-
D-glucoside (β-OG) and n-dodecylphosphocholine (DPC) [81]. Some of
these detergents are also available in a deuterated form. However, it ap-
pears that, from a relaxation perspective, there is no significant benefit in
using perdeuterated detergents for the final stage of NMR sample prep-
aration as no improvement in the quality of the NMR spectra has been
observed [82]. This indicates that detergent–protein interactions are
not a major source of spin relaxation. In terms of side-chain assignment,
however, the use of deuterated detergents will invariably improve the
quality of the NMR spectra by largely removing t1-noise stripes associat-
ed with imperfect suppression of strong protonated detergent signals. In
addition, genuine peaks arising fromdetergent protons attached to 13C at
natural abundance,which can be at least as intense as protein signals, are
also removed [83].

The majority of high-resolution structures of IMPs solved by X-ray
crystallography and NMR spectroscopy have resulted from the solubi-
lization of the membrane proteins in a micellar environment. Howev-
er, detergent micelles cannot fully mimic a lipid bilayer membrane
due to their inherently dissimilar super-structure and their tendency
to destabilize or change the biochemical properties of the IMP that
they surround. This can be explained by their differences to natural
lipids with respect to the charges of the head groups, the disparity
in the length and number of the alkyl chains and also to the variation
in lateral pressure applied to the membrane protein. Alternatives to
traditional detergents can be found in the short-chain saturated phos-
pholipids c6-DHPC and c7-DHPC, and also lysophospholipids such as
LMPG, LMPC, LOPG and LPPG. The use of some of these phospholipids
has led to the structure determination of several IMPs of different
classes and sizes by solution NMR spectroscopy [16,26,59,84,85].
New perspectives on native bilayer substitution are also being
provided by the application of nanodiscs [86]. These lipoproteins con-
sist of two molecules of an amphipathic protein called membrane
scaffold protein, which embeds lipids such as DMPC, POPC, POPS,
POPE and POPG. Recent studies have demonstrated that IMPs
reconstituted in nanodiscs can be studied by high-resolution solution
NMR [87,88]. In parallel, other biophysical and structural studies
employing non-traditional detergents indicate that these may be
worthy of further investigation and screening for NMR studies.
These compounds include steroid-based detergents [89], facial am-
phiphiles [90], fluorinated detergents [91], amphipols [92], neopentyl
glycols [93] and peptide surfactants [94]. Extensive description and
analysis of these novel-solubilizing agents can be found in multiple
comprehensive reviews [95,96].

During the final stage of NMR sample preparation, one needs to con-
sider not only the choice of detergent but also the absolute detergent
concentration and, most importantly, the protein-to-detergent ratio.
For example, two seven-transmembrane proteins (7-TM) gave different
optimal detergent concentrations, with a 120-fold c7-DHPC excess
found to be best for NpSRII, while an ~85-fold excess was optimal in
the structural determination of PR (Table 1). DPC was used at a
112-fold excess for the protein DAGK [21] but only at a 7-fold excess
for the tetrameric KcsA [97]. In addition — as for soluble proteins —

searching for the appropriate temperature, pH, buffer system and
ionic strength is critical for successful optimization of the sample
conditions.

3. Solution NMR spectroscopy methods

3.1. Backbone resonance assignments

For the structure determination of IMPs by solution NMR spectros-
copy, 1D and 2D NMR spectra have restricted application for reso-
nance assignment, as the resonance overlap is severe. Spectral
crowding can be reduced by the use of multidimensional multinucle-
ar NMR experiments in combination with uniform 13C,15N labeling
[8]. Typically, triple-resonance experiments are applied for the as-
signment of backbone moieties. These rely on the transfer of magne-
tization through large scalar couplings to connect the different
heteronuclei in the protein backbone. In the case of NpSRII, pairs of
out-and-back triple-resonance experiments were used to establish
the sequential connectivity of the residues via matching of the

pdb:2KSY
pdb:2L6X
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chemical shifts of the 13Cα, 13Cβ and 13CO nuclei. The six pair-wise
experiments required — HNCA/HN(CO)CA, HNCACB/HN(CO)CACB
and HN(CA)CO/HNCO — are recorded on 2H,13C,15N-labeled protein
samples [98]. For PR, the backbone assignment was obtained by re-
cording TROSY-type BEST (bandwidth-selective excitation short-
transient) versions of HNCA, HN(CO)CA, HNCACB and HNCO spectra
in combination with 3D and 4D 15N-separated NOESY spectra.

The high molecular weight of IMPs surrounded by detergents
leads to slow molecular tumbling in aqueous solutions, and therefore
fast transverse relaxation, which results in broad and weak lines, and
severe loss of magnetization during transfer steps within the pulse
sequences. As mentioned above, the relaxation properties of the
backbone nuclei can be greatly improved by substitution of protons
by deuterons. The magnetic moment of deuterons is approximately
one-sixth that of protons, so that perdeuteration of the amino-acid
side-chains dramatically reduces the total dipolar contribution to
the transverse relaxation rates of the remaining protons and also
the heteronuclei 13C and 15N. It is also worthwhile to mention that
it is crucial to back-exchange all the amide deuterons for protons.
After purification in H2O-based buffers, back-exchange is often nearly
complete. However, it can sometimes be difficult to exchange all the
amide protons, particularly those buried in the core of the protein,
such that development of unfolding/refolding protocols may be re-
quired [21].

In addition to perdeuteration, the use of transverse relaxation-
optimized spectroscopy (TROSY) at high magnetic fields can further
improve the relaxation properties of the backbone amide spin-
system, allowing application of HN-detected experiments, including
triple-resonance assignment experiments, to ever-larger systems
[99–101]. Cross-correlation between the 1H or 15N chemical shift an-
isotropy (CSA) and 1H–15N dipole–dipole relaxation mechanisms
leads to differential relaxation of the individual components of the
1H and 15N doublets, respectively. The two components of each dou-
blet have different linewidths due to either cancelation or reinforce-
ment of the local fields due to the CSA and the magnetic dipole of
the attached spin. TROSY is a form of line-selective spectroscopy
that detects only the slow-relaxing doublet components in both 15N
and 1H dimensions, while suppressing the other lines that have less
favorable relaxation properties [102,103]. The size of the TROSY effect
depends on the cross-correlation rate, which is approximately direct-
ly proportional to the rotational correlation time, and the strength of
the magnetic field through its effect on the size of absolute magnitude
of the CSAs. Hence, the relative benefit of 15N-TROSY over traditional
15N-HSQC-based techniques becomes more pronounced as the size of
the protein increases and for a given system is maximized at fields of
~900 MHz and above (the optimum fields for the 1H and 15N TROSY
effects are different due to their different CSAs). In addition, the max-
imum TROSY effect can only be realized if other relaxation pathways
are suppressed, particularly those due to dipolar interactions with re-
mote protons. Therefore, TROSY-based spectra are typically recorded
on perdeuterated samples.

Another important contributor to the success of the backbone as-
signment is the use of non-uniform sampling (NUS) schemes [104] in
combination with maximum entropy reconstruction [105] or other
non-linear processing schemes. These can be employed in all indirect
chemical shift evolution periods, maximizing the sensitivity per unit
time, although the indirect 15N dimension of the triple-resonance as-
signments is typically acquired in a constant-time fashion, so that
sensitivity benefits are only expected from NUS in the indirect 13C di-
mension. An alternative reconstruction technique for non-uniformly
sampled data is the “compressed sensing” protocol recently devel-
oped by Nietlispach and co-workers, which leads to a large reduction
in experiment time for non-sensitivity-limited experiments or sensi-
tivity benefits without compromising spectral resolution [106,107].
Provided that peak overlap is not too severe, 3D 15N-separated
NOESY spectra on perdeuterated protein can be used to complement
and/or confirm the backbone assignments. Indeed, short-range NOE
cross-peaks between HN

i to HN
i ± k are normally intense, particularly

in the characteristic α-helical secondary structures found in IMPs,
and can be used for early identification of the transmembrane helices.

3.2. 1H and 13C side-chain resonance assignments

Typically, the strategy employed for the structure determination
of IMPs, as with soluble proteins, is to first sequentially assign the
backbone resonances and then to progress to the assignment of the
side-chain resonances. Finally, assignment of NOESY spectra will
allow the conversion of the measured NOEs into distance restraints
for structure calculation. The backbone assignment of IMPs is
achieved by recording multinuclear multidimensional NMR spectra
on perdeuterated 13C,15N-labeled samples. As mentioned earlier,
back-exchange at labile proton sites leads to re-protonation of amides
and amines, but the side-chains remain almost completely deuterat-
ed, and therefore only a relatively small number of NOEs, and hence
distance restraints, can be measured. The reintroduction of a small
number of additional protons via the selective methyl protonation
of the hydrophobic amino acids (Ala β, Ile δ1, Leu δ, Met ε and
Val γ) has become a common practice and is often applied to large pro-
teins or complexes [108]. This robust and relatively cost-effective label-
ing scheme relies on the addition of biosynthetic precursors during
cell growth of the prokaryotic expression system E. coli. Addition of
α-ketobutyrate and α-ketoisovalerate to otherwise deuterated growth
medium (using both D2O and deuterated glucose) leads to selective
protonation of the Ile δ1, Leu δ and Val γ methyl groups [38]. For the
studies of the integrin αIIbβ3, NpSRII, DsbB or VDAC-1, U-[2H,13C,15N],
[13CH3]-Ile(δ1) [13CH3/12CD3]-Leu,Val-labeled (ILV) samples were pro-
duced (Fig. 1) and used for side-chain methyl resonance assignment.
First, correlation of the methyl moieties with their corresponding back-
bone amides was achieved via COSY-type 3D Ile-(HM)CM(CGCBCA)NH,
3D Leu-(HM)CM(CGCBCA)NH and 3D Val-(HM)CM(CBCA)NH ex-
periments. Then, the samemethyl groupswere correlatedwith their cor-
responding 13Cα and 13Cβ resonances using out-and-back-style 3D
HMCM[CG]CBCA experiments. For the study of NpSRII, the high concen-
tration of detergent created intense resonances and t1-noise strips
that overlapped with many of the 13C protein resonances. The use of
coherence-order-selection with pulsed field gradients was found to be
beneficial in all methyl-detected NMR experiments by reducing the
t1-noise arising from the detergent signals. For NpSRII, in addition to
this strategy, a fully protonated 13C,15N-labeled sample was prepared
and used to assign themajority of Ala, Ile γ2, Met and Thr methyl groups
via a combination of CT-13C-HSQC and 3D HCCH-COSY experiments.
Using the same protonated sample, additional assignments ofmethylene
and methanetriyl groups were obtained by analyzing 3D (H)CCH-COSY
and 3D H(C)CH-COSY experiments in combination with 3D NOESY-13C-
HMQC and 3D NOESY-15N-HSQC spectra. In 3D NOESY-13C-HMQC spec-
tra recorded on protonated and ILV-labeled samples, many short-range
intra-residue and long-range inter-residueNOEswere observable and as-
signable. However, there was significant signal overlap in the methyl re-
gion and a large number of cross-peaks could not be assigned due to their
proximity to the strong diagonal peaks. This overlap problemwas exacer-
bated by the additional presence of NOE cross-peaks between the deter-
gent and the protein. To overcome this problem a 4D HCCH-NOESY
spectrum was recorded on ILV-labeled NpSRII but due to limited resolu-
tion and low signal-to-noise ratios, only 30 long-range inter-residue
NOEs could be assigned in this spectrum.

For the study of PR, produced with the cell-free expression system,
the sequence-specific assignment also started with the methyl-
containing amino-acids. The methylene and methanetriyl groups of
Ala, Ile, Leu, Met and Thr were first assigned using 3D (H)CCH-TOCSY
experiments and then linked to methyl groups with HMCMCB or
HMCMCBCA experiments. Combining the 3D COSY-type out-and-back
experiments described above for NpSRII with 3D 13C-separated NOESY



Fig. 1. Comparison of proton-labeling schemes achieved for sensory rhodopsin II NpSRII. A: The remaining protons of a 2H,13C,15N-labeled protein are the backbone amides protons
(red) and the side-chain protons of Asn δ, Gln ε, Lys ζ, Arg η1,2, Ser γ, Thr γ1 and Tyr η (green). B: The U-[2H,13C,15N], [13CH3]-Ile(δ1) [13CH3/12CD3]-Leu,Val-labeled NpSRII has the
same labeling scheme as in A except that methyls of Ile δ, Leu δ and Val γ are also protonated (blue). C: Expression of 15N- and 13C,15N-labeled protein leads to perprotonation of
NpSRII with more than 1900 protons.
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and 4D 13C,15N-separated NOESY spectra yielded themethyl side-chain
assignments of oro-SAIL Leu- and Val-labeled samples. There are 10 Trp
present in PR that are mostly localized in the hydrophobic transmem-
brane region, and hence their side-chain assignment was attempted
by first linking the δ1-CH groups with the Cβ nuclei using 13C-TROSY-
HCD(CG)CB experiments. Then the indole group was assigned by re-
cording a 3D 15N-TROSY-HNC spectrum and finally the remaining four
CH groups were assigned from a 3D NOESY-13C-HMQC spectrum. The
large number of contacts to Trp side-chain protons was extremely
valuable for extracting both short-range, intra-residue and long-range
distance restraints. However, in order to improve the quality of the
structure, two more samples were prepared (ALVW- and AILMTVW-
labeled PR), from which a substantial number of inter-methyl NOEs
were identified by recording 4D SOFAST-methyl-TROSY HCCH-NOESY
experiments.

4. Distance restraints for structure determination

3D structure calculations of soluble proteins and IMPs require all
possible structural information on the protein of interest. A pre-
requisite for calculation of the 3D structure is the primary amino acid
sequence. In most cases, a randomized extended conformation is creat-
ed from the sequence as the initial structure fromwhich the calculation
proceeds, but the increasing sophistication of homology modeling pro-
grams and the emergence of software to predict 3D structures from
NMR data allows folded models to be used as starting points for the
structure calculation [109,110].

4.1. Hydrogen bonds and backbone dihedral angles

The backbone torsion angles of proteins can be predicted following
the assignment of the backbone resonances. The backbone chemical
shifts are used by dihedral prediction software to forecast the ϕ and ψ
torsion angles. These programs, such as TALOS [111], TALOS+ [112]
or DANGLE [113], use Hα, Cα, Cβ, C′ and NH chemical shifts for a run
of three or five consecutive residues to make a prediction for the dihe-
dral angles of the central residue. These predictions can therefore be
used to obtain secondary structure information, which can be con-
firmed with other related methods such as the classical chemical shift
index (CSI) [114] or the secondary chemical shift difference ΔδCα −
ΔδCβ. This analysis can be further extended by building hydrogen
bond (H-bond) tables for amide protons. Experimentally, CLEANEX ex-
periments [115] are used to infer which amide protons are involved in
secondary structure H-bond networks by measuring the rate of solvent
exchange. In addition, information from short-range inter-residueNOEs
(HN

i to HN
i ± kwith k = 1, 2, 3) identified during the backbone sequen-

tial assignment [59,98] can be incorporated to build reasonably
well-defined individual helices. However, the overall tertiary structure
will be ill-defined at this stage as no inter-helix distances are available
to restrain the global fold. Therefore, other sources of distance restraints
are required to orient the helices relative to each other, give them cor-
rect curvature and position the side-chains.

4.2. NOE-based restraints

As mentioned above, a high level of cross-peak assignment in
the NOESY spectra is necessary to determine a high-resolution pro-
tein structure. Dipolar interactions between protons that are close
in space give rise to cross-peaks in NOESY spectra. Typically, 3D
13C-separated and 15N-separated NOESY experiments that are
recorded on protonated samples contain a very large number of NOE
peaks. Substantial peak overlap together with limited spectral resolu-
tion may prevent a complete assignment of the inter-side-chain
NOESY cross-peaks that represent an important source of long-range
distance information.

On a typical protonated protein sample, only pairs of protons that
are closer than about 6 Å give rise to detectable cross-peaks in NOESY
spectra. NOE peaks that are observed and assigned then need to be
converted into distance restraints. The peak heights of cross-peaks
in NOESY spectra are typically used as proxies for the NOE peak vol-
umes [116]. However, in a crowded NOESY spectrum it is often the
case that each resolvable peak has contributions frommultiple proton
pairs. In addition, it can be difficult to identify all the contributions to
a particular cross-peak, such that the peak cannot be assigned in one
dimension. In this latter case, candidate protons for the unassigned
dimension can be identified from the proton chemical shift list. In
both cases, the peak height can be converted into an ambiguous dis-
tance restraint, a concept introduced by the program ARIA (Ambigu-
ous Restraints for Iterative Assignment). ARIA (which is interfaced to
the software CNS [117]) calculates structures in an iterative fashion,
reducing the ambiguity of the distance restraints at each cycle by
using the current trial structure to identify protons that cannot con-
tribute to the ambiguous NOEs and discarding them from the candi-
date list for the ambiguous assignment. In addition, the calibration
for the conversion of NOE peak intensities into distances is improved
iteratively as the structure converges over the course of the calcula-
tion [118,119]. Eventually, ARIA filters and reduces the number of
ambiguous assignment possibilities in order to obtain predominantly
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unambiguous restraints in the last iteration. Other programs such as
CYANA [120] and XPLOR-NIH [121] can also be used for automated
NOE assignment and/or structure calculation and refinement. Overall,
the methodology of these calculation programs is based on simulated-
annealing molecular dynamics simulations with additional potential
energy terms corresponding to the available NMR restraints [122].

4.3. Residual dipolar couplings

While the reduced number of protons in deuterated samples is
important for backbone assignment, the corollary is that the number
of detectable NOEs is drastically reduced, so that these are generally
insufficient for a high-resolution structure determination. Selective
re-protonation can lead to highly useful additional NOEs, but the
distance-restraint density still remains significantly lower than
would be achievable for typical small-to-medium-sized soluble pro-
teins. However, the peak overlap in the NOESY spectra of fully pro-
tonated IMPs or large proteins is such that only partial assignment
of the observable NOE cross-peaks is likely to be feasible. Thus addi-
tional structural restraints are required to improve the accuracy and
precision of the NOE-based structures. Residual dipolar couplings
(RDCs) can be exploited for characterization of protein dynamics
and can provide angular restraints for structure refinement of soluble
proteins and IMPs [123]. Typically, 1D(N–HN), 1D(Hα–Cα), 1D(N–C′),
1D(C′–Cα) and 2D(HN–C′) couplings can be recorded on protein sam-
ples with ARTSY, IPAP-HSQC and TROSY-based HNCO-type experi-
ments [124,125]. The measured dipolar coupling is determined by the
ensemble-averaged orientation of the internuclear vector connecting
the two coupled spins with respect to the magnetic field, and can be
converted into orientational restraints within a molecular alignment
frame. These distance-independent restraints can be beneficial for accu-
rately orienting the different α-helical secondary structure elements of
IMPs, as demonstrated by solutionNMR studies of phospholamban [20],
PR [59], DAGK [21], DsbB [24], UCP2 [25] andM2 [19]. There are numer-
ous media available to generate partial alignment of the protein [126]
but only relatively few are compatible with the presence of detergents
or lipids. The use of stretched and compressed polyacrylamide gels
has been successfully applied in recent years to provide the weak pro-
tein alignment required [127,128]. As for the choice of detergents to
sustain IMPs in their native state, the exact conditions used to formulate
these gels can have a strong effect of the resulting spectra, but to a large
extent suitable formulations must be identified by a process of
trial-and-error. From a steric perspective, differentmolar ratios of acryl-
amide and bis-acrylamide aswell as different overall percentages of the
gel can be tested. Some types of gel also have an electrostatic compo-
nent [129,130] and these can be made positively or negatively charged
by substituting the acrylamidewithAPTMACor AMPS, respectively. Dif-
ferent net charges should lead to different anisotropic orientational
probability distributions and hence provide additional sets of restraints.
This is an important requirement since the angular restraints derived
from RDCs are subject to a certain degree of degeneracy that can be re-
duced bymeasuring the same RDCs in different alignment media. More
practically, the gels can be compressed laterally by casting them with
diameters greater than the inner diameter of a NMR tube used. The
transfer of the gel into the NMR tube can be achieved with a commer-
cially available system [131] or by first drying the gel, transferring it
to the tube in its dehydrated state and then rehydrating the gel with
the protein–detergent solution. Longitudinally compressed gels can be
produced by initially casting the gel in the NMR tube. The gel is then ex-
truded, cut to a precise length, dried and finally rehydrated in the same
NMR tube but with a plunger to restrain its longitudinal extension and
hence create the anisotropic environment. The height of the plunger
will dictate the degree of compression and therefore the size of the di-
polar couplings recorded [24]. More recently, the structure determina-
tion of the membrane protein UCP2 highlighted the potential of a new
medium, DNA-nanotubes, to induce alignment of IMPs [25].
4.4. Paramagnetic relaxation enhancements

In cases where structural restraints from long-range NOEs and/or
RDCs are insufficient to accurately define the 3D structure, additional
long-range distance restraints can be derived from the measurement of
paramagnetic relaxation enhancements (PREs). This strategy relies on
the attachment of a paramagnetic probe or spin-label, such as a nitroxide
radical that possesses an unpaired but stable electron. For example the
compound MTSL, which is derived from methanethiosulfonate, can be
covalently attached to the target protein through formation of a disulfide
bond to a free thiol group of an exposed cysteine residue [132]. The un-
paired electron on the nitroxide group in this tag generates a strong di-
polar magnetic field that strongly affects the spin relaxation properties
ofmagnetic nuclei in the vicinity of the spin-label. These effects are called
paramagnetic relaxation enhancements, the magnitudes of which are
strongly dependent on the distance between the nuclear spin and the
paramagnetic probe. There are several ways to measure paramagnetic
relaxation enhancements. The most straightforward method, as used
for PR, UCP2, ArcB, QscE, KdpD [84] and the presenilin-1 CTF [133], is
to compare the signal intensities between HSQC or TROSY spectra of
the MTSL-labeled protein with the attached radical either unquenched
or quenched. The quenching can be achieved simply by addition of ascor-
bic acid to the sample. The relative attenuation of the signal intensities in
the spectrum of the MTSL-labeled protein can be converted into dis-
tances between the nuclear spins and the spin label, providing additional
distance restraints for structure calculation. This strategy has been effec-
tively applied to the structure determinations of a dozenα-helical mem-
brane proteins. A more rigorous approach is to record a set of amide
proton T2 relaxation experiments in the presence of the unquenched
and quenched radical to directly derive the paramagnetic relaxation en-
hancement as the difference between the measured relaxation rates.
PREs can also be measured using other paramagnetic probes such as
metal-binding peptides or synthetic metal-chelating tags, which can
then be used for refinement of IMP structures [134]. In addition to para-
magnetic relaxation enhancements, both residual dipolar couplings and
pseudo-contact shifts can be detected if the unpaired electron has an an-
isotropic g-tensor and these effects can be exploited for both structure
determination and to extract additional information on dynamics and
protein–ligand interactions. A more comprehensive description of the
various tags, paramagnetic effects and their applications can be found
in detailed reviews [135,136].

4.5. Structures of NpSRII and PR

The first solution NMR structures of seven-transmembrane
α-helical proteins are both retinal proteins (Fig. 2). Except for the
fact that these two IMPs were embedded in the same detergent and
that the NMR experiments were recorded at the same temperature,
it is remarkable to see that the strategies adopted are quite distinct
(Table 1). The use of different expression systems yielded disparate
labeling schemes and therefore different assignment methods for
the backbone and side-chain resonances [59,98]. 96% and 100% of
the backbone assignments were achieved for PR and NpSRII, respec-
tively, while 44% of the side-chains in the PR trans-membrane region
were assigned compared to 66% for NpSRII. The structure of the latter
was solved with ARIA/CNS using NOE distance restraints alone [26].
The lower proportion of side-chain assignment for PR corresponding-
ly reduced the number of assignable NOEs and hence long-range dis-
tance information. Compensating additional inter-helix restraints
were derived from biochemical experiments, PREs and RDCs, which
were combined with the available NOE restraints for structure calcu-
lation using CYANA. Structural validation of the two proteins in their
micellar environments also differed significantly. For PR, titration
experiments involving paramagnetic agents were used to discrimi-
nate solvent-accessible residues from the micelle-embedded amino
acids of the transmembrane helices, while for NpSRII Ramachandran



Fig. 2. Retinal membrane proteins determined by solution-state NMR spectroscopy.
Cartoon representation viewed across the membrane using rainbow colors with blue
for N-terminus and red for C-terminus of A: sensory rhodopsin II NpSRII [26] (PDB
2KSY) and B: proteorhodopsin PR [59] (PDB 2L6X). All-trans retinal is shown with
sticks in pink.
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analyses of the structure closest to the mean (Fig. 3) and the ensem-
ble were performed using the programs PROCHECK [137] and
PROCHECK-NMR [138], respectively. The structure of NpSRII was
also found to be consistent with the two available crystal struc-
tures [139,140] while no crystal structures of PR have yet been
made public. The most significant difference between the two retinal-
binding structures is the absence of an anti-parallel β-sheet between he-
lices II and III in PR, which instead appears to form a β-turn. The lengths
of the helices in PR and NpSRII are similar and the same kink in helix V is
observed in both structures. Slight bends are observed for helices IV and
V of PR whereas all the helices in NpSRII tend to be straight. Except for
the extra-cellular loop 2 (ECL2), which does not form a β-sheet in PR,
the other intra- and extra-cellular loops are comparable in length. The
two retinal-binding pockets have matching protein conformation with
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Fig. 3. Ramachandran plot generated by PROCHECK for the NpSRII structure that is the
closest to the mean. 93.2% of the residues are classified as favored (red), 5.8% as allowed
(yellow), 0.5% as generously allowed (cream) and 0.5% as disallowed (white). The steri-
cally allowed regions correspond to β-sheet (labeled B, b and ~b), right-handed α-helix
(A, a and ~a) and left-handed α-helix (L, l and ~l).
both Asp75 and Asp201 in NpSRII and the corresponding Asp97 and
Asp227 residues in PR acting as counter-ions by pointing towards the
protonated Schiff base.

5. Conclusion and perspectives

The view that solution-stateNMR spectroscopy canplay a pivotal role
for structure determination of membrane proteins has been supported
by the publication of 3D structures of almost 100 unique IMPs including
two seven-helix transmembrane receptors [81]. Well-established ex-
pression systems for protein production, sophisticated isotope labeling
schemes and cutting-edge NMR methods together with state-of-the-art
spectrometers and innovative strategies to generate distance constraints
are likely to provide more and larger membrane protein structures in
the next few years. Furthermore, NMR spectroscopy can also provide
dynamic and functional information at atomic resolution, providing un-
precedented insights into the molecular mechanisms of ligand recogni-
tion, receptor activation and membrane–lipid interactions. Beyond the
retinal protein field, 7-TM proteins and larger IMPs should benefit from
the combination of the strategies established for PR andNpSRII, especial-
ly the most prominent members of the 7-TM class — the G-protein
coupled receptors (GPCRs). These receptors play numerous critical
roles in eukaryotic cells, but up to now, only a single structure — that
of CXCR1 — has been obtained by combining a modeling approach
with solid-state NMR-derived dipolar couplings [141]. More high-
resolution NMR structures would allow detailed characterization of the
dynamic and structural changes that occur upon receptor-binding with
different ligands (agonists, reverse agonists and antagonists). A deeper
understanding of these conformational changes will provide insights
into mechanisms of ligand selectivity, biased signaling and GPCR activa-
tion, and facilitate the rational design of drugs aimed at these important
pharmaceutical targets.
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